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Abstract 
 

Detection of drugs or illegal compounds in food or drinking water increasingly plays an 

important role in human health and safety regulations. For this thesis different tools 

enabling the monitoring of these compounds were investigated. Three different optical 

biosensors (grating coupler, Surface Plasmon Resonance and total internal reflection 

fluorescence) and a variety of immunoassays were investigated to develop a system 

best suited for this task. 

 

Initially, the device based on total internal reflection fluorescence (TIRF) promising the 

highest sensitivity was developed and validated. In the final set-up oligonucleotides at a 

concentration as low as 10 pM (3 fmol total amount) could be detected by hybridisation 

to their complementary sequences. 

To enable the detection of low molecular weight analytes such as most veterinary 

drugs, this transducer platform was combined with antibodies in order to obtain a 

specific detection and quasi real time measurements at the same time.  

For the immobilisation of probes (biomolecules) to the biosensor surface and to prevent 

non-specific binding effects, surface modification with dextran as a surface coating was 

studied. Non-specific binding effects could be reduced to 2 % of that detected to a non-

treated surface and the immobilisation of proteins to the surface coating could be 

monitored in real time.  

Further, alternative appropriate detection assays, for a model system with 

Sulphamethazine (SMZ) as analyte, were investigated on a commercially available 

optical SPR-based system (Biacore©). Best results were obtained with an inhibition 

assay using anti-idiotype antibodies, witch showed a good reproducibility and a 

detection limit of 2 µg/l in diluted urine. The inhibition assay was then tested on a 

grating coupler and the TIRF device. The TIRF device showed the highest sensitivity 

and detection limit (0.4 µg/l). 

 

This biosensor platform showed the potential of a fast and sensitive detection capable 

of real time measurements, which are indispensable for a prompt separation of 

infectious from safe material as aiming at a broad screening of animal and farm 

products. 
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Glossary of Symbols  
 

∆Neff    change of effective refractive index 
°C    Celsius 
A    Adenosine 
AFM    atomic force microscope 
APTS    aminopropyltriethoxysilane 
BSA    bovine serum albumine 
BPB    bromphenol blue 
bp    basepare 
C    Cytosine 
CCD    Carge coupled device 
Cy    cyanine dye  
dist.    distilled  
DNA    deoxyribonucleic acid 
DMF    dimethylformaide 
DMSO    dimethysulfoxide 
EDC    ethyl-3-[1-dimethylaminopropyl] carbodiimide 
FIA    flow injection analysis 
G    Guanine 
GC    grating coupler 
GOPS    3-glycidoxypropyltrimethoxysilane 
HBS    HEPES buffered saline 
HCl    hydrochloride acid 
HEPES   4-(2-hydroxyethyl)-piparazine-1 ethansulfon acid 
Hz    Hertz 
min    minute 
NaOH    sodium hydoxide 
NHS    N-hydroxysuccinimide 
OD    optical density 
PBS    phosphate buffered saline 
PCR    polymarase chain reaction 
PD    photo-diode 
pI    isoelectric point 
PMT    photo-multiplier 
pos    position 
RifS    reflectometric interference spectroscopy 
RU    Response Units 
RT    room temperature 
SPR    surface plasmon resonance 
T    Tymine 
TE    transversel electric 
TIRF    total internal reflection fluorescence 
TM    transversel magnetic 
sec    seconds 
SD    standard deviation (see Eq. 2-1) 
SDS    sodium docecyl sulfate 
U    Uracile 
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1 Introduction to the thesis 
 

This thesis describes the development and characterisation of tools for the detection of 

low molecular-weight compounds. For this purpose biosensors, especially based on 

planar optical transducers were chosen as the measuring platform. General properties 

of biosensors and transducers will be described initially (section 1.2). A short 

introduction to the basics and physics behind optical measurements and their use in 

various optical devices will follow (section 1.3.1), leading to a detailed description of the 

optical biosensors, in terms of mechanisms and applications (section 1.3.2). 

 

Additionally, the importance of low molecular-weight compounds from an analytical 

point of view is highlighted. Information about their presence/absence or concentrations 

are required in several areas. The details and principles of the detection methods will 

be discussed in section 1.3.5. 

 

In the following chapters essential the tasks necessary to create a functional system 

were investigated. Initially an optical biosensor promising high sensitivities was built 

and characterised in chapter 2. Surface modifications and the immobilisation of the 

receptor were analysed in chapter 3 and chapter 4 details the creation of a detection 

assay. A general overview, the aims of this thesis and chapter links are given in the 

following section. 
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1.1 Aims and Objectives of this thesis 

1.1.1 Aims 
The use of optical transducers for the detection of low molecular weight analytes is 

investigated. As the system is also designed for screening samples it has to meet the 

following requirements:  

a) achieve high specificity for the target analyte 

b) improve speed of delivery of qualitative and quantitative information 

c) enable automation and reusability  

d) identify appropriate optical sensors and 

e) allow measurements in real samples with a minimum of sample pre- 

treatment 

1.1.2 Overview of Objectives 
The lower detection limit and the sensitivity of the system should be as low as possible 

to enable the detection of the presence of the lowest concentrations of illegal 

compounds such as anabolic or toxic molecules in e.g. food. 

Two different approaches have been followed. Firstly, assay formats were tested for 

their applicability and their sensitivities and secondly a more sensitive transducer was 

developed and characterised. 

 

Considering these tasks the following directives were investigated: 

a) Development and characterisation of a sensitive fluorescence based optical 

biosensor 

b) Investigation of surface modifications and immobilisation strategies suitable 

for optical transducers 

c) Characterisation of a model assay for low molecular-weight analytes 

d) Application of the assay to different optical transducers and their 

comparison 
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1.1.3 Detailed format of thesis and detailed overview 
Corresponding to the four preceding objectives the thesis is separated in four chapters, 

each having its own introduction, description of the methods, obtained results and 

conclusions. Each chapter also corresponds to an accepted or submitted publication 

(see appendix A). 

 

The first chapter deals with the development and characterisation of a TIRF device. 

Due to the fluorescence based technique and according to previous publications 

(section 1.3.3) higher sensitivities than can be obtained with other optical transducers 

were expected. Additionally, the system is not as sensitive to temperature change as 

fluorescence emission is affected only indirectly through the viscosity and extinction 

coefficient of the solution. However, compared with the effect of temperature on the 

effective refractive index used in other optical transducers the temperature effects 

encountered here can be neglected. Moreover, bulk effects due to buffer and matrix 

changes are minimal for TIRF systems. Characterisation of this system was performed 

with oligonucleotides using a hybridisation assay. 

 

In the second chapter, immobilisation techniques for the biological recognition element 

(receptors) were investigated. Dextran was chosen as a coating for the transducer 

surface (compare section 1.3.4) in order to enable an easy immobilisation protocol and 

inhibition of unspecific binding events which could falsify the measurements. Another 

advantage of such a coating is the creation of a three dimensional structure where 

higher amounts of receptors can be immobilised and which allows an easier access of 

binding partners. 

 

Characterisation of a suitable detection assay was performed and is described in the 

third chapter. A low molecular-weight (sulfamethazine) analyte with high relevance for 

food quality control was chosen as a model system. The investigations were performed 

with a well-known commercially available optical instrument (BIAcore system). Different 

assay formats were tested but only one appeared to be applicable which was then 

tested for sensitivity, reproducibility and stability. 

 

This assay was then transferred to two other optical transducers, a grating coupler and 

the TIRF device (demonstrated in the first chapter). In the fourth chapter the three 

devices and the results for the chosen detection assay are compared. Advantages and 

disadvantages of the transducers are discussed. 
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In Figure 1-1 the links between the chapters are highlighted. 

O li go nucleotide detection
Charac ter isation of T IRF devic e De te ct ion  Assay f or LM W

T IRF- d evice B IAcor e

Com par ison of opt ical tra nsd uc er s

G rat ing cou p le r

O ptimisa tio n of s urfa ce chemistry
Cha pter 3

O ptimisa tio n of a n as say
Cha pter 4

Pl atform  for a  s ens iti ve a ss ay
Cha pter 2

Cho ice o f detecti on s ys tem for sam ple s creening 
Cha pter 5

In trod u ct ion  to Biose nsor s

G eneral inform atio n abo ut B ios enso r, wi th  a fo cus to  O ptical  B io sens ors
Cha pter 1

Figure 1-1 Overview of the links between the chapters of this thesis 
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1.2 Biosensors for analytical measurements  

In several areas of environmental control, food quality control [Bilitewski 2000], medical 

diagnosis [Turner 1995, Lubbers 1995], and industrial process control [White et. al 

1995] information is necessary to declare food or drinking water as safe or to choose 

the right medical treatment of patients. Consequently, information about the presence 

or absence of a wide range of substances is required. Often an online-monitoring could 

enable a fast response and tuning of production processes and medical diagnoses. In 

general the measurements need to be sensitive to detect low concentrations, very 

reliable, fast to increase the sample through put and reduce the time consumption, and 

with a high specificity for the chosen analyte.  

 

Common systems, in particular in food quality control, are based on chromatographic 

techniques such as HPLC, FPLC, GC or microbial inhibition test [Wu et al. 1996]. 

Although they are very reliable and accurate the systems need extensive sample pre-

treatment and well-trained personnel.  

 

The main advantage of biosensors is their specificity to the target analyte, allowing 

measurements in complex matrices, such as body fluids, cultivation media and the 

environment with a minimum of sample pre-treatment. Biosensors respond quickly, 

sensitive and often provide information about the biological activity of the analyte. 

Depending on the stability of the biological compound, biosensors can be regenerated 

and re-used, reducing cost and time of the measurement. 

 

Biosensors, as the name indicates, use biological molecules as sensing elements. In 

living animals or plants these biological molecules have very specific tasks, such as 

enzymes which usually catalyse only one reaction or antibodies which bind only to their 

specific target molecules. Monitoring those molecular interactions and the use of those 

molecules as recognition elements (referred to as receptor in later chapters) will yield 

information about the presence and concentration of the target analyte. Usually the 

receptor is immobilised on a solid substrate – the sensing area – and the molecule of 

interest (target analyte) – is introduced to this sensor surface. The receptors commonly 

applied are discussed in section 1.2.2. The incidence of the molecular interaction (the 

recognition) must be converted via a suitable transducer (section 1.2.1) to an electronic 

signal which can be recorded and used for further data processing (Figure 1-2). 
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transducer electronicsligand receptor

Acoustic
Electrochemical
Thermal
Optical

Antibody
DNA / RNA
Enzymes
Inhibitor

Change in : Temperature, Optical- or electrochemical properties

PC
Plotter
Data processing

Figure 1-2 General principle of a biosensor 
 

1.2.1 Transducing principles 
The transduction of the biological interaction can act according to four major different 

sensing principles, which are summarised below: 

1.2.1.1 Thermal transducers  
In principle every chemical and most biological processes are associated with a 

significant absorption or development of heat. This temperature change can be 

measured and used for quantification of such processes. Thermistors with sensitivities 

down to 10-5 – 10-6 °C are common [Ramanathan et al 1998]. The majority of thermal 

transducers use enzymes as biological recognition elements [Johanson et al. 1976, 

Danielsson et. al 1996]. Enzymatic reactions generally have a heat evolution of 

25-100 kJ/mol [Danielsson et al. 1987] which makes them suitable for versatile 

applications. For affinity reactions, such as antibody-antigen reactions the thermal 

changes are usually not sufficient.  
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1.2.1.2 Electrochemical transducers 
Several approaches for electrochemical measurements are in use. Basically every 

procedure relies on the flow of electrons from electrochemically active molecules to 

electrodes or vice versa. In amperometry a constant potential is applied and the 

resulting current, due to the reduction respectively in the oxidation of these molecules, 

is measured. In voltametric measurements this potential is varied in a specific form 

(cyclic voltamerty, linear sweep) and the resulting current is recorded as a typical wave. 

Another approach is the measurement of the conductivity of a liquid, where the signal 

represents the increase in the flow of electrons between the electrodes mediated by 

the ions and molecules within the sample. Electrochemical measurements have been 

described by Cass in 1990 and Hamann et al. 1998. 

1.2.1.3 Acoustic transducers 
The physical phenomenon behind acoustic transducers is based on piezoelectricity. 

Compression of quartz crystals produces an electric potential, whereas application of 

an electric potential causes mechanical deformation. The crystals are placed in an 

oscillating electric field and the resonant frequency of the crystal is measured. This 

resonant frequency depends on the crystal's chemical nature, its size, shape and mass 

[Luong et al. 1991]. Therefore the resonance frequency is influenced by matter 

adsorbed on the quartz crystals surfaces. Two different principles, bulk acoustic waves 

(BAW) [D’Amico et al 1997] and surface acoustic waves (SAW) [Bowers and Chuan 

1989] are known. The devices are used for a broad range of applications which are 

reviewed by O’Sullivan et al. 1999 and Rickert et al. 1997. 

1.2.1.4 Optical transducers 
Most of the optical transducers utilise the formation of a so called evanescent field 

interacting with the sample. This field typicaly establishes at the interface of two 

dielectric media when light is totally internal reflected. The adsorption of mass 

extending in the medium with the lower refractive index, leads to a local change of the 

refractive index (section 1.3.1.4) and by this to a change of reflection conditions which 

can be used as measuring parameter. Additionally, the evanescent filed can be used 

for the excitation of fluorescently active molecules.  

 

Optical biosensors are divided in two main areas: systems based on fibre optics and on 

planar wave guiding structures. Fibre optical devices have been used extensively for 

    



1 Introduction to the thesis  9 

fluorescence measurements [Wolfbeis 2000] but also in a commercialised SPR-based 

system (BIAcore X, Uppsala, Sweden).  

 

The current work was focused on the use of planar optical transducers for affinity 

sensors. A detailed description of their working principles and applications are given in 

section 1.3. 

 

1.2.2 Receptors (recognition elements) 
An additional option is the classification of biosensors by the selected receptor and its 

function. Receptors based on a metabolic reaction such as enzymes and microbial 

sensors, and affinity based receptors such as antibodies are in use. The principles of 

these are summarised in more detail below (sections 1.2.2.1 to 1.2.2.3). Common 

combinations of the transducer and the biological recognition element (receptor) and 

their application are shown in Table 1-1. 
 

TRANSDUCER RECEPTOR APPLICATION 

Thermal Enzymes Danielsson 1996 
Acoustic Antibody 

 
DNA 

Rickert 1997 
O’Sullivan 1999 
Rickert 1997 
Storri 1998 

Electrochemical Antibody a 
Enzymes 
DNA  

 
 
Wang 1998b 

Wang 1999 
Palecek 1998 

Optical Antibody 
DNA 

Rabbany 1994 
Crouch 1999 

Table 1-1 Common transducer and receptor combinations a with Label (usually Enzyme), 
b use of PNA as receptor 
 

1.2.2.1 Enzymatic sensors 
The first biosensor to be described [Clark and Lyons 1962] was an oxygen electrode 

combined with an enzyme membrane. The oxygen consumed by the catalytic reaction 

of glucose oxidase in the presence of glucose in the sample was used to quantify its 

concentration. This typical enzymatic sensor combines an enzyme (glucose oxidase) 

with a transducer (electrochemical) to produce the signal. Usually, the enzyme is 

immobilised on the transducer surface and catalyses specifically the conversion of the 

substrate by a chemical reaction. This catalytic turnover is combined with a measurable 

change in pH, molecular charges, heat emission, or the colour of the product or 

additionally the consumption or production of compounds e.g. oxygen, H2O2, ammonia. 
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Nevertheless, assays are not limited to the monitoring of the catalytic reaction but 

measurements of the inhibition are also possible [Günther and Bilitewski 1995]. In the 

past the enzyme acetyl cholinesterase, which is inhibited by several pesticides and 

toxic compounds has been used extensively for these purposes [Bachmann et al. 

2000].  

 

The relative high stability of enzymes compared with other receptors, their easy 

purification and the fact that the substrate binding region is regenerated by the catalytic 

reaction itself (in contrast to affinity sensors) gives enzymatic biosensors a wide range 

of applications [White and Turner 1997, Phadke 1992, Mulchandani and Rogers 1998]. 

1.2.2.2 Microbial sensors 
Microorganisms (bacteria or yeasts) or animal tissue can be immobilised on transducer 

surfaces in order to allow the determination of a large spectrum of substances 

[summarised by Riedel et al. 2000]. The microbial sensor utilises the physiological 

response of living cells as the measuring parameter. The signal is often created by an 

increased or decreased microbial population, combined with a change in respiration, 

due to substances (the analyte) within the sample [Karube 1990]. During this change 

the oxygen concentration or electrode-active compounds such as ammonium ions, 

H2S, CO2 or a change in pH can be measured [Riedel et al. 2000]. The measurement 

of complex parameters such as the biological oxygen demand (BOD) [Li and Chu 

1991, Yang et al. 1996] and the presence of toxic compounds are the major application 

fields.  

1.2.2.3 Affinity sensors 
Affinity based biosensors are analytical devices that use an antibody, DNA-sequence, 

or receptor proteins (such as cell-membrane proteins or proteins with a function in 

signal transduction pathways) interfaced to a signal transducer to measure a binding 

event [Rogers 1998]. This interaction behaviour is called affinity. The binding event is 

induced by the molecules three dimensional structure and molecular properties, such 

as ionic charges, hydrophobicity and Van der Waals forces. A complex of the two 

binding partners which possesses different properties e.g. in mass and volume is 

formed. In particular, transducers which are affected by mass (optical and acoustical) 

can be used for such measurements. The two binding partners can be separated again 

by a change in pH, salt concentration, heat or addition of chaotropic reagents [Yarmush 

et al.1992]. This separation, also called regeneration, is essential for the affinity sensor, 

since a following binding event (measurement) is only possible when the binding sites 
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of the immobilised receptors are unoccupied. The regeneration conditions have to be 

chosen very carefully. An incomplete regeneration – e.g. by using mild conditions - 

leaving bound molecules on the surface can influence the sensor performance. 

However, a harsh regeneration can damage the immobilised receptor. Both too mild or 

too harsh a regeneration can inhibit or reduce the binding event in the next measuring 

cycle (as observed in chapter 3). 

 

The most often used affinity based receptors are antibodies, the resulting sensors are 

known as immunosensors [Hock 1997]. Additionally oligonucleotides [Bier and 

Furste 1997], biological receptors or molecules involved in signal transduction, and 

biomimetic materials are in use. Oligonucleotides are used for hybridisation assays to 

detect complementary sequences in either DNA or RNA, but also for detection of DNA 

interfering molecules [Davies and Wilson 2000]. Biological receptors are often difficult 

to purify and can be damaged by immobilisation or storage. Their use is therefore 

limited to only a few applications. The development and production of biomimetic 

materials (molecular imprinting) is rather difficult and not always reproducible. 

Additionally they often have only low affinities for their targets. 
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1.3 Optical Biosensors 

As mentioned above optical biosensors utilize the evanescent wave to form the 

sensing device (section 1.3.1.4). The measurements are based on the effect of matter 

bound to the sensor surface leading to a local change of the refractive index and 

coupling conditions within the transducer. Additionally, the evanescent field can be 

used to excite fluorophores bound to the transducer surface. A detailed overview of the 

physical associations and measuring principles is given in sections 1.3.1 and 1.3.2. 

Due to transducer properties affinity based receptors (section 1.2.2.3) are typicaly 

immobilized and used as recognition elements. 

OPTICAL PRINCIPLE REFERENCE COMMERCIALLY AVAILABLE DEVICES 

 
Grating Couplers (GC) 
 
 

 
Lukosz 1991 
Tiefenthaler 1992 
 

 
ASI (Artificial Sensing Instrument in Zurich) 
Reflection coupler (IPM Freiburg) 

(http://www.ipm.fhg.de/gfelder/bioanalytik/) 
 
Resonant Mirror (RM) 

 
Crush 1993 
Buckle 1993 

 
IAsys (Affinity Sensors) 

(http://www.affinitysensors.com) 
 
Surface Plasmon Resonance 

(SPR) 

 
Karlson 1991 
Fägerstam 1992 

Kooyman 1991 
Lenferink 1991 

 
BIAcore (BIAcore AB) 

(http://www.biacore.com) 

IBIS (Windsor Sci. Lim.) 
(http://www.windsor-ltd.co.uk) 

 
Interferometry (IO) 

 
Heideman 1992 
 
 
Fattinger 1992 
Cross 1999 

 
MZI IBS 101 (IPM Freiburg) 

(http://www.ipm.fhg.de/gfelder/bioanalytik/) 
DF Farfield Sensors 

(http://www.farfield-sensors.co.uk) 
 
Reflectrometric interference 
spectroscopy (RIfS) 

 
Brecht 1992 
Gauglitz 1993 

 
Modified SPECOL 1100 PM (Zeis) 

 
Ellipsometry (EL) 

 
Noort 1998 
Madenius 1988 
Elwing 1998 

 
Model 436 (Rudolf Research Co., NL)a 
 (see section 1.3.2.7 ) 

 
Total internal reflection 
fluorescence (TIRF) 

 
Hischfeld 1965 
Kronik 1975 
Christensen 1996 
Duveneck 1997 

 
Zeptosens 

(www.zeptosens.com) 

Table 1-2 Overview of optical transducers a not designed for real-time measurements 
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This kind of analysis has the advantage of being able to deliver a result in a very short 

time and enables continuous measurements in real-time and different environments. 

Optical sensing principles are well-established for real time monitoring of biochemical 

affinity reactions and allow the qualitative and quantitative determination of analytes. 

Various different sensing principles have been investigated and described [Brecht and 

Gauglitz 1995, Leatherbarrow and Edwards 1999] ranging from so-called direct sensor 

principles (surface plasmon resonance and wave guiding principles such as grating 

couplers and interferometers), reflectometric techniques (ellipsometry (EII) and 

reflectrometric interference spectroscopy (RIfS)), to indirect sensors, namely 

fluorescence sensors. Some of them are already commercialised [Hutschinson 1995, 

Robinson 1995] and are in use in several different applications. 

 

However, these systems differ in their sensitivities and flexibility for surface 

modification and creation of the sensing layers. A common feature of all these devices 

is the use of a thin dielectric or metal layer coated onto a glass substrate creating the 

real transducing element of the sensor. The receptor responsible for the specific 

interaction has to be immobilised on this material. In Table 1-2 an overview of the 

transducers used in optical biosensors are given. 

 

1.3.1 General physical considerations 
In this section fundamental physical properties of light which are relevant for the optical 

devices in section 1.3.2 will be described. These devices are mainly based either on 

the “evanescent wave interactions” or on interference of light.  

1.3.1.1 Nature of light 
I. Newton (1643-1727) considered light to be like a bundle of tiny particles which 

propagate in a line. Around the same period C. Huygens (1629-1695) believed that 

light was made up of waves vibrating up and down perpendicularly to the direction of 

the light propagation. Huygens argued that if light was made of particles then two 

crossed beams would cancel out each other like two streams of water interrupting each 

other. He described light and its actions completely by wave theory. His theory 

explained why light shining through a pin hole or a slit spread out rather than going in a 

straight line (T. Young's double slit experiment early 1800's). Propagation of light 

through reflection, interference, diffraction, and refraction can all be explained by the 

wave theory, but for energy transformation from light to electrons, atoms or molecules 

and vice versa this theory fails.  
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At the end of the nineteenth century J.C. Maxwell (1831-1879) combined the theories 

of electricity, magnetism and light into one. He called his theory the electromagnetic 

theory which explained the various behaviours of light known until then. Maxwell said 

that light carried the same properties as other electromagnetic waves and 

electromagnetic waves could not transmit themselves in empty space. Therefore there 

must be a substance through which light travels as it comes to us. This substance was 

called the ether. It was supposed that the ether existed in all space between the atoms 

and in empty space. Ether was invented because the science of that era could not 

understand the transmission of a wave in a void. It was later demonstrated that ether 

does not exist and that no substance is necessary for light propagation. Maxwell was 

able to predict the speed of light by using this theory. His calculations proved to be very 

close to the nowadays accepted value (3 x 108 m/sec in vacuum). Maxwell's theory, 

however, was unable to explain the photoelectric effect which was discovered by H.R. 

Hertz in 1887, a phenomenon in which electrons are released from a metal surface 

when light energy is absorbed. These experiments could only be understood if light had 

a well defined energy and impulse. 

 

In 1900, Max Planck (1858-1947) described another theory about light. He suggested 

that light was transmitted and absorbed not in a continuous form, but in small packets 

of energy. He called these packets of energy "quanta." The amount of energy in the 

quanta, he stated, was proportional to the frequency of the light. This correlation found 

in Eq. [1-4] and the multiplication factor (h) was named Planck’s constant. Albert 

Einstein (1879-1955) agreed with Planck's theory and stated that light not only was 

transmitted and absorbed as quanta, but also travelled as quanta. Einstein termed the 

units of quanta as photons and was able to explain the photoelectric effect in 1905. 

This work become famous as the quantum theory and combines the two major theories 

of light, which are known as the particle and the wave theory. This is necessary 

because light does not always behave as a particle but neither does it always behave 

as a wave. 
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1.3.1.2 Speed of light  
The first real measurement of the speed of light was performed in 1676 by a Danish 

astronomer Ole Römer. He had made a systematic study of Io, one of the moons of 

Jupiter, which was eclipsed by Jupiter at regular intervals. He noticed that over a year 

the eclipses lagged more and more behind their expected times but then began to pick 

up again, in a repetitive cycle. He concluded that the origin of the time differences was 

the change in the distance between Jupiter and Earth over the year and calculated the 

speed of light to be 225 000 km/s which is about three quarters of the correct value. In 

the following years the speed of light was calculated and determined with different 

methods and higher accuracy. Like other electromagnetic waves light travels in 

vacuum with a speed of 299 792 456 m/s. 

 

In 1850 Jean Foucault discovered that light is slowed down in transparent media such 

as air, water and glass. The medium, due to the higher optical density, gives an 

increased resistance to light propagation. The ratio by which it is slowed is called the 

refractive index (n) of the medium which is defined as 

c
cn 0=         Eq 1-1 

where c0 and c are the velocities of light in vacuum and the medium respectively. 

Corresponding to this formula the refractive index of vacuum is 1 by definition. In table 

1.3 some other relevant refractive indices are summarised. 

 

MATERIAL REFRACTIVE INDEX 

air  1.0003 
water 1.33 
ethanol 1.36 
glass 1.5-1.9 
Si-O2 / Ti O2 1.8 
Ta2O5 2.2 
diamond 2.47 
gallium phosphide 3.5 

Table 1-3 Refractive indexes of some materials (for the sodium yellow d-line at 589.3 nm, 
273 K and 760 mm Hg) taken from Kuching 1991 and Stuard 1992. 
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Not only the speed of light changes when light travels in a medium other than vacuum, 

but also the wavelength of the light (λ0) is affected. In general the refractive index n is 

greater for shorter wavelengths. This causes light guided in materials to be refracted by 

different amounts according to their wavelength. With Eq.1-2 the differences can be 

calculated. 

n
λλ 0=          Eq 1-2 

Additionally the speed of light (c) is determined by its frequency (ν) and its wave-length 

(λ) which is valid in all media (Eq. 1-3). 

λν=c          Eq 1-3 

Presuming the energy (E) of light does not change when travelling from medium n1 to 

n2 it can be seen from equation 1-4 that the frequency (ν) remains constant. 

νhE =          Eq 1-4 

Where h is known as the Planck’s constant (6,63 10-34 Js). 

1.3.1.3 Reflection and refraction of light 
One of the most important properties of light with regards to optics is reflection. 

Reflection occurs when a light beam hits an object. Depending on the material itself 

and the roughness of the surface a part of the light energy goes through the object and 

the other part is reflected. Newton's law states that the angle of incidence (α1) will 

equal the angle of reflection (α2) (Figure 1-3). 

α1 α2

β1

n1

n2

 
Figure 1-3 Reflection and refraction of light  
 

Another very important characteristic of light is refraction. Snell's Law describes this 

phenomenon. When light that propagates through the medium with a refractive index 
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(n1) crosses a medium with the refractive index (n2) part of the light will be reflected 

according to Newton’s law at the phase boundary between the media. The other part of 

the light will be refracted and passes through that medium at another angle (β1) 

different to the angle of incidence (α1), due to different refractive indices of the media. 

Refraction is the result of light travelling through different media with different 

resistances. Light will have a higher or smaller velocity depending on the refractive 

index of the medium it travels in (Eq. 1-1). Due to retardation, light will “bend” towards 

the normal (doted line in Figure 1-3) as it passes through glass. The opposite will occur 

for a light wave travelling from a “slower” medium to a “faster” one (lower and higher 

refractive index media respectively).  

 

Snell found the relationship between the angles and refractive indexes as follows : 

n
n

1

2

1

1

sin
sin

=
β
α          Eq 1-5 

1.3.1.4 Total reflection and evanescent field theory 
If a material of a higher refractive index is surrounded by a medium of lower refractive 

index an optical wave-guide is formed. Corresponding to Newton’s and Snell’s Law the 

light is reflected and refracted at the border between the two media. At a certain angle 

of incidence the light is totally reflected (Figure 1-4), i.e. it is kept within the high 

refractive material layer by multiple reflections on both interfaces sides and guided 

through the medium over considerable distances, as in an optical fibre. The critical 

angle (αT) is the minimum angle at which total internal reflection takes place and no 

light passes to the low refractive index layer. 

n2

n1

Laser beam na

d

α1

Wave guide

 
Figure 1-4 Total internal reflection within wave guide. Whereas α1 > αT to enable light 
guiding and n2.> n1 and n2.> na. 
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Using Snell’s Law the critical angle (αT) can be calculated with the angle β1 from Eq.1-5 

being 90° (and sin β1 = 1), as the light propagates perpendicular to the normal (doted 

line in Figure 1-4). Thus the critical angle αT is  

n
n

T
1

2sin =α          Eq 1-6 

At total internal reflection (TIR) no wave exists travelling in the lower refractive index 

medium (n1). However, a wave results travelling along the interface and decaying 

exponentially in medium n1. Thus, at the low refractive index side an electromagnetic 

field (evanescent field) is present even in the case of TIR. The penetration depth of the 

evanescent field (κ-1) depends on the refractive indices of the layers and the angle of 

incidence of the light beam. For visible light κ-1 is in the range of 50 to 500nm. Due to 

this, a change in the lower refractive index medium will influence the propagation 

characteristics of the guided light (Figure 1-5).  

 
Figure 1-5 Evanescence field occurring at TIR conditions. The upper medium na from 
figure 1-3 is replaced by air as medium ( nair ~ 1), κ-1: penetration depth of the evanescent 
filed. 
 

From Eq. 1-6 it can be seen that greater differences in the refractive indices (n1 and n2) 

allow greater angles of incidence for the light guide, due to the effect on the critical 

angel (αT). The thinner the guiding layer (the high refractive index layer (n2), usually 

100 –200 µm for sensor elements) the greater the number of reflection incidences for a 

given distance, whereas d (in Figure 1-4) becomes shorter. The result of both effects is 

an increase of the interacting area of the evanescent wave. In optical biosensors this 
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can increase the sensitivity of the devices, hence thin guiding layers and the use of 

high refractive index materials (see Table 1-3) are preferred. 

1.3.1.5 Interference  
Interference is a phenomenon limited to waves and was first described for light by 

T. Young in the early 1800’s. He set-up an experiment where light had to pass through 

a screen with two very thin identical slits to a screen located behind the first one which 

was illuminated. Young saw that the screen was lit up with a pattern of parallel bands 

of light. There were several bands, not just two. 

 
Interference is caused by waves overlapping with each other, causing a cancellation of 

the wave at that point, or an amplification of the wave at that point. The resultant wave 

is the sum of the two waves interfering with each other. Young saw the points of 

constructive interference appearing as bright bands and the points of destructive 

interference appearing as dark bands on his screen. Important for his experiment was 

the diffraction of the light at the slits. Diffraction means the “bending” of light waves 

around obstacles in its path. This diffraction is due to Huygen's principle, which states 

that all points along a wave front act as if they were point sources. Thus, when a wave 

comes against a barrier with a small opening, all but one of the effective point sources 

are blocked, and the light coming through the opening behaves as a single point 

source, so that the light emerges in all directions, instead of just passing straight 

through the slit. In Young’s experiments this happened at two different positions the 

result is an interference pattern behind the barrier (Figure 1-6). 

 
Figure 1-6 Young’s double slit experiment. On the screen examples of constructive and 
destructive interference can be seen for a red light sours 
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Interference of light also occurs at thin films. Here the light is partially reflected at the 

first boundary of the two media, whereas the rest of the light travels to the second 

boundary. Light that is reflected there travels in the same direction as that reflected at 

the first boundary. The phases (amplitudes) of the two light waves are shifted with 

respect to one other and interference occurs. In every day life this phenomenon can be 

observed when oil is spread over a water surface to give a multicoloured surface and 

this technique is used in the RIfS devices discussed in section 1.3.2.6.  

1.3.1.6 Fluorescence 
If a molecule or substance is irradiated, light can be reflected or absorbed. Depending 

on the energy of the light different modes are excited: infrared light (IR, low energy) 

leads to the excitation of vibrations of chemical bonds (IR- spectroscopy), whereas 

visible or UV-light is used for the excitation of electronic states (UV/Vis – 

spectroscopy). The absorbed energy is released either in a radiation-less fashion 

(heat) or as light. 

 
Figure 1-7 a) Fluorescence excitation b) Absorption and fluorescence spectrum of Cy5 
 

This absorbed energy produces a change in the electronic state of the molecule, where 

the electron is moved to a higher energy level (Figure 1-7a). This state is only 

temporary and the electron returns to its normal state by remitting the energy, usually 

as heat or light at a different wavelength. Due to the loss of energy (e.g. heat 

emission), this fluorescent radiation has a longer wavelength than that of the absorbed 

light, usually in the order of 30-50 nm. The distribution in the wavelength that a 

molecule can absorb is known as the absorption spectrum, and the distribution of the 

wavelength emitted is known as the fluorescence emission spectrum. These two 

spectra are highly specific to the molecule (Figure 1-7b). 
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1.3.2 Optical sensor systems 
The following section deals with the description of the physics behind the techniques 

used for optical affinity sensing. Applications for each transducer will be highlighted. 

First of all the non-direct technique of TIRF (Total Internal Reflection Fluorescence) is 

described, followed by the direct measurement principles. Within the work for this 

thesis a TIRF system developed by A. Brandenburg (FhG-IPM, Freiburg, Germany) 

was characterised, details are given in chapter 2. A theoretical discussion of the 

properties (advantage/disadvantage) and sensitivities of all these transducers will be 

given in chapter 1.3.3.  

1.3.2.1 TIRF (Total Internal Reflection Fluorescence)  
The application of the evanescent field of optical fibres or waveguides for 

immunosensing using TIRF has already been described by Kronick and Little in 1975 

utilising fluorescence labelling of binding partners and found further application in the 

following years (see below). As in other optical affinity sensors one partner of the 

affinity reaction is immobilised on the waveguide surface and binding of the 

fluorescently labelled complementary partner is monitored. Usually the exciting light is 

guided through the waveguide leading to an excitation of those molecules that are in 

close proximity to the waveguide surface within the evanescent field and the emitted 

fluorescence is monitored (total internal reflection fluorescence, TIRF) using 

photomultipliers [Badley 1987, Abel 1996, Bier 1992, Kleinjung 1997], photodiodes 

[Choquette 1992, Duveneck 1997, Kotz 1998 and 1999], (confocal) microscopes 

[Poglitsch 1990] or, nowadays, CCD-cameras [Budach 1999, Plowman 1999, Rowe 

1999]. Alternatively, the volume of liquid might be excited with a lamp at right-angles to 

the waveguide, by which the emitted light is collected [Badley 1987, Bier 1992, 

Kleinjung 1997]. Whereas early publications dealt with the establishment of systems for 

the determination of a single analyte using either optical fibres [Andrade 1985, Bier 

1992, Kleinjung 1997, Abel 1996] or planar waveguides [Andrade 1985, Duveneck 

1997, Poglitsch 1990], recent work has been focussed on the simultaneous detection 

of several analytes in one sample. This led to the clear preference of planar wave-

guides, such as bulk optical glass slides [Klotz 1998, Rowe 1999] or single mode 

planar waveguides [Duveneck 1997, Budach 1999, Plowman 1999].  
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1.3.2.2 Grating Coupler 
Lukosz and Tiefenthaler first introduced grating couplers in 1983. A thin dielectric 

waveguiding layer is coated onto a glass support and a grating is used to introduce the 

light beam in the guiding layer. Based on these features different measuring principles 

have been realised: input (Bernhard and Bosshard 1995), output (Clerk and Lukosz 

1997), and reflection grating couplers (Brandenburg et al. 1996) have been described 

and used. The input grating coupler has been commercialised in the BIOS-1 device 

(Artificial Sensing Instrument (ASI), Zurich, Switzerland) and is therefore the most 

popular technique. In Figure 1-8 a schematic diagram of the input grating coupler is 

given. A grating (1333 lines/mm2) which is imprinted at the substrate waveguide 

interface [Lukosz and Tiefenthaler 1983] is used to couple light into the dielectric 

waveguide. The combination of waveguiding layer, the glass support and the imprinted 

grating is called the sensor chip. During the measurements the sensor chip is rotated 

around its midpoint (Rp in Figure 1-8) which leads to different angles of incidence. The 

angle of the light beam leading to optimal incoupling of the light and the highest 

efficiency is recorded and plotted against time. If molecules adsorb or bind specifically 

(adlayer) to the sensor chip a change of the refractive index occurs resulting in 

changes of reflection conditions and thus in a different optimal incoupling angle for the 

light beam. 
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Figure 1-8 Schematic diagram of the input grating coupler. Molecules bound to the 
sensor surface have influence to the coupling conditions.  
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In case of the output grating coupler the working principle is reciprocal to the input 

coupler. Adsorption of molecules on the sensor surface leads to a different out-coupling 

angle which is usually monitored with a CCD-array. The advantage here is that no 

moving parts are used, and the measurement frequency is not limited with respect to 

the rotation speed of the sensor chip as in the input grating coupler. However, coupling 

the light into the thin waveguide is more difficult and a prism or a second grating has 

usually to be introduced onto the chip. 

 

The reflection coupler (Figure 1-9) combines the advantages of input and output 

coupler. The laser beam is focussed to obtain a bundle of different incidence angles 

simultaneously. The light is reflected from the grating except at those particular angles, 

which are coupled into the waveguide. Monitoring the light intensity a reflected light 

minimum in at a certain position can be determined. Adsorption of molecules lead to a 

shift of the minimum, which can be recorded with a CCD-array (Brandenburg and 

Gombert 1992). A comparable approach is used in SPR- devices, which will be 

discussed in section 1.3.2.3. 
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Figure 1-9 Set-up of a reflection coupler (see text for details). Light coupled into the 
waveguides is not illustrated. In the diagrams (top/right) the detector responses for two 
different refractive indexes are given.  
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Output and reflection couplers can be used as a basis of multi-channel devices. The 

sensor chip can be moved in the z-direction with a stepper-motor and the signal of 

each specified measuring point has to be collected successively (as with the TIRF 

device described in chapter 3). A multi channel reflection coupler was developed by 

A. Brandenburg (IPM, Freiburg, Germany) [Klein-Gunewigk 1995]. 

 

Label free monitoring of affinity interactions has been studied with grating couplers 

ranging from antibody-antigen [Clerk and Lukosz 1997] peptide/hapten-antibody 

[Bernard and Bosshard 1995, Piehler et al. 1996], receptor-ligand [Brandenburg et al. 

1996], protein-herbicide [Jockers at al. 1993] and oligonucleotide [Bier and Scheller 

1996] interactions. 

1.3.2.3 Surface Plasmon resonance (SPR) 
The use of SPR for sensing biomolecular interactions was first described by 

Liedenberg et al. 1983. However, the basic set-up for exciting surface plasmons was 

originated by Kretschmann (1971). There is a strong similarity between the excitation of 

guided modes in a dielectric material, i.e. coupling of light into a waveguide in a 

reflection grating coupler (section 1.4.2), and the excitation of a surface plasmon in a 

metal layer. This metal layer (~50 nm) can be placed directly on a prism or covers a 

glass chip with the same refractive index attached to a prism. A resonant coupling 

between the incident light energy and surface plasmons in the conducting metal film 

occurs at a specific angle of incident light (SPR-angle), absorbing the light energy and 

causing a characteristic drop (light minimum) in the reflected light intensity at that 

angle. Changes in the refractive index beyond the gold layer shift that minimum which 

can be measured with an CCD-array (Figure 1-10). 

Nobel metals such as silver and gold are used in the conducting metal layer. Silver 

gives a sharper minimum and therefore a better resolution. But in most cases gold is 

preferred due to a better adhesion to the glass support and a higher stability. Gold 

layers also enable easy thiol coupling protocols, which are needed for further surface 

modifications and receptor immobilisation. 
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Figure 1-10 Overview of an SPR device. In the diagrams (top/right) detector response for 
two different refractive indexes are given. 
 

SPR devices are the most often used devices for monitoring biological affinity reactions 

[Homola et. al 1999, Green et al. 2000]. In 1990 the first commercial device BIAcore 

1000 was launched by BIAcore AB (Uppsala, Sweden), then Bialight (1994), BIAcore 

2000 (1997) and BIAcore 3000 (1999) followed [http://www.biacore.com]. The devices 

(except Bialight) are combined with an auto-sampler and full PC-controlled fluid 

system. Based on the number of publications BIAcore currently dominates the SPR 

market with approximately 90% of the 1998 and 1999 published articles utilising this 

technology [Myszka 1999, Rich and Myszka 2000].  

 

SPR based biosensors were also introduced by Windsor Scientific Limited (IBIS) in 

1997. The systems are also available with PC-control and auto-sampler.  

 

SPR-devices and especially the BIAcore devices have been used in various kinds of 

molecular interaction analysis [Silin et al. 1997, Fivash et al. 1998, Green et al. 2000, 

Mullett et al. 2000] and a comprehensive survey of the 1999 publication was given by 

Rich and Myszka 2000. Also kinetic information about the binding and separation of the 

interacting molecules can be obtained [George et al. 1997]. 

 

Additionally, in recent years new concepts using the SPR-detection such as spectral 

resolved SPR [Stemmler et al.1999], dark field SPR [Gricorenko et al 2000, Steiner et 

al. 1998] and light scattering SPR [Perkins and Squirrell 2000] have been discribed. A 
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comparative study of spectral and angle-dependent SPR (see above) is given by 

Aldinger et al. in 1998. Other approaches are the combination of SPR with waveguiding 

structures [Harris and Wilkinson 1995], the development of SPR-interferometers 

[Kabashine and Nikitin 1998, Harrsi et al. 1999], and multimode waveguide coupled 

surface plasmons [Weisser et al 1999]. 

1.3.2.4  Resonant Mirror 
In 1993 the Resonant Mirror was introduced by Cush et al. as a new principle based on 

the use of evanescent wave techniques. The construction of the instrument is very 

similar to the one based on SPR (Figure 1-11). The metal layer is replaced by a thin 

layer (100 nm) with a high refractive index (e.g. titania). This is separated from the 

prism by a low index layer (e.g. silica). This layer, typical around 1 µm thick, enables 

the light to couple in the high index medium at a special angle. At this resonant point 

the light propagates some distance along the sensing interface creating an evanescent 

field before coupling back into the prism. As in other evanescent based sensors 

changes in the refractive index beyond this guiding layer have an influence on the 

reflection angle within this layer [Cush 1993a]. Unlike SPR, where the resonance 

position is seen as a dip in reflected light, the Resonant Mirror produces a shift in the 

phase of reflected light so that in exclusion with interference effects a peak rather than 

a dip is measured.  
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Figure 1-11 Principle of the resonant mirror. Changes in the evanescent field result in a 
change of the reflection angle in the high index resonant layer and lead to interference 
effects within the reflected light beam. 
 

Based on this technique a device called IAsys was launched from Affinity Sensors 

(1993, UK). From then on this device has been used in different formats and 

applications, i.e. antibody-antigen interactions [Crush 1993b] and calculations of affinity 

constants [George et al. 1995, Edwards et al. 1995], antibody-petide interactions 

[Hussain et al. 1996], DNA and oligomer hybridisation [Watts et al. 1995, Koval et al. 

1999], receptor-ligand interactions [Woodbury et al. 1999, Krupp et al. 1999], their 

binding kinetics [Rahmoune 1998] and detection of low-molecular weight compounds 

[Skladal et al. 1999].  

As with the BIAcore device the IAsys system is combined with an auto-sampler and a 

fluidic system enabling rapid and automated measurements. 

1.3.2.5 Interferometer 
As the name indicates interference of light is used for the signal creation. Also here 

different set-ups have been investigated. The Mach–Zender interferometers [Heideman 

et al. 1992] and the difference interferometer [Fattinger et al. 1992] are the common 

ones. 

In a Mach–Zender interferometer (MZI) a wave guide is divided into two arms of which 

only one interacts with the sample, whereas the other is covered with a protecting 

layer. Binding events occurring on the sensing un-protected layer introduce a phase 

shift. The phase difference between both light beams is determined either directly after 
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out-coupling of the light [Schipper et al. 1998] or through changes in transmission due 

to interference occurring after recombination of both arms [Brecht et al. 1997]. A 

schematic diagram of a MZI is illustrated in Figure 1-12. 

 

Figure 1-12 Principle of a planar wave-guide Mach-Zender. Details and image described 
in Bier F.F (1994) and Brecht A. (1995). 
 

The difference interferometer (Figure 1-13) uses only one waveguide. But the 

transverse electric (TE) and transverse magnetic (TM) modes are excited coherently 

and are guided along the sensor surface. The effective refractive index of the sensor 

surface as a sum of not only the refractive index of the waveguide material is greatly 

different for the two modes. Adsorption or binding events to the sensing layer lead to a 

phase shift between the TE and TM modes, which is measured and the surface 

coverage estimated.  

 

 
Figure 1-13 Diffraction Interferometer, where ∆φ determines the phase shift between TE 
and TM (image taken from Heidemann et al. 1992). 
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In general the waveguide structures are more complex and their fabrication requires 

more time and is cost intensive compared to SPR and grating coupling devices. 

However these systems are more sensitive by a factor of 10 [ Heidemann et al. 1992]. 

1.3.2.6 Reflectrometric interference spectroscopy (RIfS) 
RIfS is based on the phenomenon of thin film interference already described in section 

1.3.1.5. White light (containing all visible wavelengths) is reflected at a thin waveguide 

and an interference pattern of the reflected light is monitored (Figure 1-14). When 

proteins adsorb on the sensing area a third layer is generated in addition to n1 and n2. 

Therefore the interference pattern is shifted according to the mass of the bound 

molecules and the change in the optical thickness [Brecht et al. 1992]. 

For the measurements, a halogen lamp (300-700 nm) for illumination of the sensing 

area and a diode array for detection of the reflected light are used with both light 

beams being transported through optical fibres. 

 

The technique was used for the detection of antigen-antibody interaction [Brecht et al. 

1992], hapten-antibody interaction [Kraus et al. 1994, Mouvet et al. 1996, Brecht and 

Gauglitz 1997] and also for the direct detection of DNA intercalators [Piehler et al. 

1997].  

 
Figure 1-14 Sensing principle of a RIfS device (modified from Gauglitz 2001). 
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1.3.2.7 Ellipsometry 
When polarised light is reflected at a boundary (section 1.3.1.3), the transverse 

magnetic (TM) and transverse electric (TE) components are influenced differently due 

to their perpendicular orientation (Figure 1-14) [Rothen et al. 1946]. If molecules are 

bound to the sensor surface, the phase and amplitude of the incident TE and TM 

polarised polychromatic light (white light) is affected by the refractive index and the 

thickness of the additional layer differently. This information can be used to quantify 

this layer. An interesting aspect is that this kind of effect also occurs at reflecting metal 

and ceramic surfaces [Ivarsson and Lundstroem 1986]. This technique has often been 

used for characterisation of solid surfaces [Elwing 1998], biomembranes [Striebel et al. 

1994] and additionally for protein or cell adsorption [Mandenius et a. 1984] to those 

surfaces, rather than for real-time interaction studies. However, an early use of 

ellipsometry for observation of an antibody–antigen recognition was described by 

Langmuir and Schaefer in 1937.  

 

 
Figure 1-15 Ellipsometer, after the reflection a phase shift between TM and TE mode 
occurs (modified from Gauglitz 2000). 
 

1.3.3  Sensitivities of optical biosensors 
As mentioned previously (section 1.2.1.4) optical biosensors respond to the increase of 

mass loading (except TIRF) onto their surfaces. According to the measuring principle 

this response can be highly different for each of the devices with respect to the amount 

of matter necessary for the signal creation. However, the sensitivity and detection limit 

of a system is not only determined by the physical properties of the transducer but also 

by external influences. Sources for those effects can be found e.g. in the fluidic system 

like pulsation of the pump and valves or devices with moving parts (input grating 

coupler), where vibrations and small mechanical instabilities can cause loss in the 

sensitivity. Additionally changes in the temperature influence the refractive indices of 
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liquids and waveguides, which can cause an increase in noise and errors. This is often 

the reason why the theoretical calculations for the sensitivities of a device are not 

always achieved empirically. However, the performance of a system can be optimised 

by taking into account these parameters. pg/mm2 

Apart from these physical aspects the performance of a system depends also on the 

biological molecules (receptors and ligands) and the detection assay (section 1.2.2) 

This will be discussed in section 1.3.3.2.  

1.3.3.1 Theoretical detection limits 
Since all optical devices (except TIRF) measure the change in refractive index caused 

by matter adsorbed onto the sensing area the lowest measurable refractive index 

change is the minimum resolution of the device given as ∆Nmin. This can also be 

described as the baseline noise. Additionally the amount of matter generating a 

significant signal on the transducer surface can be quantified in mass per area, a 

common dimension is given by ∆Γ in pg/mm2. In Table 1-4 these values are 

summarised for the different transducers (unfortunately these values are not known for 

all devices). 

 

PRINCIPLE ∆Γ (PG/MM2) ∆NMIN REFERENCE 

Grating coupler (GC) 
in/ out put 
reflection 

5.6 2 10-6 Huber 1992 
Lukosz 1991 
Brandenburg 1996 

Surface plasmon 
resonance (SPR) 

8.7 20 10-6 Huber 1992 

Resonant mirror (RM) 9 ND Product Manual 
Interferometry (IO) 
Difraction (DIS) 
Mach-zender (MZI) 

 
0.38 
0.1 

 
0.5 10-7 
ND 

 
Huber 1992 
Schipper 1997 

RIfS 2 ND Schmitt 1997 
Gauglitz 2000 

Table 1-4 Sensitivity of optical transducers 
 

The minimum resolution ∆Nmin of SPR devices is at least one order of magnitude higher 

than that of the other devices. However, the field distribution of the plasmon mode 

creates a higher signal [Huber et al 1992]. A general conclusion of these theoretical 

considerations is that grating couplers, SPR, and resonant mirror devices should have 

comparable sensitivities. An increased sensitivity by a factor of 3-4 can be found with 

RifS. Interferometers are at least one order of magnitude more sensitive than grating 

couplers and SPR.  
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TIRF devices use a different principle, making a direct comparison difficult. Here the 

molecular weight and surface coverage have nearly no effect on the signal, but depend 

on the quantity of fluorescent labels and their molecular characteristics (i.e. quantum 

yield ε). Nevertheless, the experimentally found detection limits are discussed in the 

following section. 

1.3.3.2  Experimentally found detection limits 
The affinity of the chosen receptor to the target molecule plays an important role in the 

performance of the system. During the incubation the ligand has contact with the 

immobilised receptor and an equilibrium between bound molecules and soluble ones is 

formed. However, only the bound molecules are creating the signal. A conclusion is 

that the sensitivity of a system is not only determined by the transducer itself, but by 

the sum of different factors such as choice of assay type, affinity between the 

molecules, molecular weight of compounds, amount of immobilised receptor, and 

concentrations of tracer (section 1.8). The results for the detection limits are therefore 

difficult to compare and need a careful evaluation of parameters such as flow rate and 

injection times. However, a comparable value is the achieved lower detection limit for 

the analyte with respect to its molecular weight (Mw). In Table 1-5 some results for each 

transducer are summarised, the focus was set to direct detection of proteins and low 

molecular weight compounds and their detection principles. 

 

PRINCIPLE EXPERIMENTA DETEC. 
LIMIT. 

 MW  KD 
(Analyte)B REFERENCE 

 
Antibody adsorption 
αhIgG- hIgG 
Avidin- biotin rIgG 
FABP- α FABP (competitive 
assay) 
SMZ (inhibition assay) 
Terbutyl (competitive assay) 
 

 
300 µg l-1 
150 µg l-1 
50 µg l-1 

330 µg l-1 
 
5 µg l-1 
1 µg l-1 
 

 
150 
150 
150 
15 
 
0.278 
0.225 

 
Nellen 1991 
Nellen 1990 
Clerk 1997 
Kröger 1998 
 
(Table 5-3) 
Bier 1994 

GC 
in/ out put 

 
 

 
 
 
 
 

reflection Protein G - hIgG 
Simazine (inhibition assay) 
Simazine (inhibition assay) 

200 µg l-1 

0.2 µg l-1 

0.25 µg l-1 

150 
0.202 
0.202 

Brandenburg 1996 
Brecht 1997 
Piehler 1997 
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PRINCIPLE EXPERIMENTA DETEC. 
LIMIT. 

 MW  KD 
(Analyte)B REFERENCE 

 
FABP- α FABP (competitive 
assay) 
 

 
200 µg l-1 

 
15 

 
Kunz 1996 

Theophyline (competitive assay) 
SMZ (inhibition assay) 
SMZ (inhibition assay) 
2-4D (inhibition assay) 

4.5 µg l-1 
1 µg l-1 
5 µg l-1 
3 µg l-1 

0.180 
0.278 
0.278 
0.221 

Appl. Note 202 
Sternesjö 1995 
Akkoyun 2000 
Svitel 2000 

SPR 
(BIAcore) 

 
 
 
 
 
 
 
Integrated 
optical SPRc  

Simazine (inhibition assay with 
AB) 
Simazine (inhibition assay with 
FAB) 

 
0.16 µg l-1 
0.11 µg l-1 

 
0.202 
0.202 

 
Harris 1999 
Harris 1999 

RM Protein A - hIgG 
Saporin – α Saporin AB 
Egg lyz. -α Egg lyz Fab-Fv  
Atrazine (inhibition assay) 

300 µg l-1 
225 µg l-1 
6.8 µg l-1 
1 µg l-1 

150 
150 
25 
0.216 

Yeung 1995 
George 1995 
Gill 1996 
Skladal 1999 

 
IgG-αIgG binding 
IgG-αIgG binding 
Simazine (inhibition assay) 
 

 
15 µg l-1 
50 µg l-1 
1 µg l-1 
 

 
150 
150 
0.202 
 

 
Fattinger 1993 
Stamm 1996 
Luff 1997 
 

IO 
DIS 
 
 
 
 
MZI α-hSA - hSA 

Atrazine (competition assay) 
Atrazine (inhibition assay) 
Simazine (inhibition assay) 
Simazine (inhibition assay) 

20 ng l-1 
0.1 µg l-1 
0.1 µg l-1 

0.1 µg l-1 

1 µg l-1 

65 
0.216 
0.216 
0.202 
0.202 

Lechuga 1995 
Schipper 1997 
Schipper 1998 
Brecht 1997 
Luff 1997 

RIfS DNA - DNA -Intercalators 
Simazine (inhibition assay) 
DNP (competitive assay) 
Polymer – org. Pollutants 
 

31 –70 mg 
l-1 
0.28 µg l-1 

5 µg l-1 
40-325 µg l-
1 

0.3-1.2 
0.202 
0.184 

Piehler 1997 
Brecht 1997 
Lang 1994 
Kraus 1994 

TIRF Simazine (Inhibition assay) 
2-4D (inhibition assay)  
SMZ (inhibition assay) 
DNA hybridisation 

26 ng l-1 
35 ng l-1 

0.5 µg l-1 

0.5 ng l-1 

0.202 
0.221 
0.278 
5d 

Klotz 1998 
Klotz 1998 
(not published) 
Duveneck 1997 

Table 1-5 Experimentally determined detection limits . a receptor –ligand, b molecular 
weights of small molecules are also given in kD (1 D = 1 g/Mol) c interference based SPR, 
d one fluorescence label (see text for details). 
IgG Immunoglobuline     DNP Dinitrophenol 
Egg lyz - hen egg lysozme   FABP fatty acid binding protein 
SMZ Sulphamethazine    hSA human serum albumin 
2-4D Dichlorophenol oxyacetic acid 
 
The theoretical considerations for the detection limits (section 1.3.3.1) are usually 

reflected in the experimentally determined values. In direct measurements of analyte 

concentration such as protein – receptor or antibody interactions, grating couplers, 
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SPR and resonant mirrors achieve comparable lower detection limits. With respect to 

the experimental set-up (flow rate, concentrations e.g.) for receptor – antibody 

interactions a lower detection limit of approximately 200 µg l-1 is described in all 

systems. By using a higher affinity reaction where biotin labelled antibodies were 

detected (Biotin –Avidin KD 10 –15 M-1, Green 1990] even 50 µg l-1 could be measured 

[Clerk and Lukosz 1997]. In the case of SPR sensors the commercially available 

BIAcore has the lowest detection limit, a reason could be the effects of temperature 

control and an optimised fluid system. Difference- and Mach-Zender interferometers 

show an approximately ten fold decreased lower detection limit, whereas TIRF devices 

enable detection down to 0.5 ng l-1 of a 16 oligomer with a single fluorescence label. 

 

In non direct measurements (inhibition and competition assay, see sections 1.3.5.1 and 

1.3.5.2) a similar ranking is obtained. Due to the assay principle (section 1.3.5) the 

molecular weight of the tracer, not of the analyte, is relevant for the signal creation. The 

lower detection limit in these assay types is determined by receptor or tracer 

concentrations (for details see section 1.3.5). Reducing these concentrations increases 

the sensitivity (the slope of the curves at test-midpoint is higher) and decreases the 

lower detection limit (smaller amounts can be detected). Thus, the lower detection for 

the direct measurements are not directly transferable to the non direct measurements. 

In general, the interference based systems (IO SPR, RifS, Interferometer) show 2-5 

times decreased lower detection limits compared to grating coupler, SPR, and resonant 

mirror. Brecht et al. 1997 compared four different sensor devices by using the same 

biological material (see Table 1-5) and found the same relationship. 

With TIRF devices, analyte concentrations down to 30 ng l-1 [Kotz et al. 1998] were 

detected, which again is a 5 fold decrease in the lower detection limit.  

 

1.3.4 Immobilisation on wave guides 
The immobilisation of the receptor is very important for the performance of the 

biosensor itself due to the influence on the stability, activity and reusability of the 

sensing layer. A simple and easy way of linking biological receptors to the sensor 

surface is physical adsorption [Bernard and Bosshard 1995, Polzius et al. 1996], which 

is achieved by simply incubating the protein over the sensor surface. Van der Waals, 

hydrophobic, and ionic interactions take place and keep the proteins attached to the 

solid support. Often the surface is modified with charged residues to increase these 

interactions [Brandenburg et. al 1996]. But changing the experimental conditions such 

as pH, salt or the use of detergents may reduce these forces and leakage of the 
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receptor can occur. Adsorption to solid surfaces can also cause conformational 

changes and can lead to reduced activity [Butler et al. 1991] of the immobilised 

receptor. 

 

An interesting tool based on protein adsorption lead to photo-immobilisation of proteins. 

Gao et. al. [1995] described a method for protein immobilisation by using lithographic 

techniques in combination with photo-active reagents as a tool for positioning the 

antibodies on grating coupler waveguides. Photo-biotin was also used in a similar 

approach for patterning antibodies on SiO2 surfaces [Morgan et al. 1995]. Both authors 

used carrier proteins (avidin and BSA respectively) to adsorb the photo-biotin to the 

surfaces. However, these techniques lead to structured immobilisation of antibodies on 

optical waveguides that could be used for a multi-analyte sensor system. 

 

A covalent attachment of receptors is more stable, and additional spacing groups 

[Shriver-Lake et al. 1997] can be used to increase the mobility of the receptor and the 

accessibility of the binding sites for the analyte. 

Usually the receptor is coupled by an amine, carboxyl or thiol group. Various methods 

for silane surfaces (e.g. Si, SiO2) including the necessary solid surface treatment have 

been described [Scauten et al. 1995, Hermanson et al. 1992, Weetall and Lee 1989]. 

For immobilisation on gold surfaces mostly thiol coupling and self assembling 

monolayers creating reactive surfaces are preferred [Millot et al. 1995]. 

 

Often the sensor surface is coated with polymers which have low interactions with 

proteins. Langmuir-Blodget films [Hartman et al 1994], simple antibody crosslinking 

[Sasaki et al. 1998] and creation of multilayer networks with glutaraldehyde [Byrnda et 

al 1999], polyethylene glycols [Jo and Park 2000], polystyrene [Brecht et al. 1992], 

cellulose [Hardmann et a. 1996], copolymers of vinylpyrrolidone and vinylchloroformate 

[Millot et al. 1995], amino dextran [Piehler et al. 1996], and carboxymethyl dextran 

[Löfas and Johnson 1990] have been used. Attachment of the polymers to the 

transducer surface was performed by simple adsorption or covalent attachments. The 

structures of the polymers range from simple covering of the sensor surface to so 

called hydrogels which are three dimensional networks of the polymers enabling 

buffers and injected samples easy access and immobilised receptors limited movement 

and flexibility. Byrnda et al. 1999 could increase the mesh-size of the surface coating 

by adding non-reacting substance to the monomer mixture during the polymerisation 

and removing the non-reacting substance afterwards. 
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The use of dextran as a coating for commercial SPR devices is common 

[Hutschinson 1995]. These devices have a thin gold layer – essential for the signal 

creation - to which carboxymethyl dextran (CM) using thiol chemistry is linked [Löfas 

and Johnson 1990]. In SPR-devices this coating has proven to be inert against 

unspecific bindings even from crude or diluted samples such as culture media and 

serum [Karlson et al. 1993], whole blood [Hannson et al. 1999], milk [Sternesjö et al. 

1995], bile [Elliott et al. 1999], and urine [Akkoyun et al 2000]. Surfaces of optical wave 

guides (e.g. SiO2 and Ta2O5) are, unlike SPR surfaces, not capable for thiol coupling 

but dextran has been immobilised using a different chemistry. Piehler et al. 1996 linked 

an amine modified dextran (AMD) to a surface modified with carboxyl groups. Coupling 

of carboxymethyl dextran to epoxy surfaces was described by Polzius et al. in 1996. 

Immobilisation of haptens on dextran and their use in ELISA assays was described by 

Böcher et al. 1992 . Similarly prepared dextrans with pesticide modifications could also  

be used in inhibition assays for optical biosensors [Piehler et al.1996, Luff et al.1997]. 

Besides good protecting properties, simple and fast immobilisation of molecules can be 

performed on carboxymethyl (CM) dextran surfaces. The most often used 

immobilisation method - coupling protein’s amine groups to EDC/NHS activated CM-

dextran - was first described by Löfas and Johnson 1990. Atomic force microscopy 

(AFM) images of CM-dextran layers with gold labelled antibodies proved that this 

chemistry creates a homogenous surface [Howell et al. 1998]. The CM-dextran can be 

transformed to amine, hydrazide and maleimide derivatives which enables the use of 

different immobilisation strategies [O´Shannessy 1992]. Coupling through thiol groups 

was described by Löfas et al. 1995. Usually the number of thiols (cysteines) in proteins 

is much less and often their exact positions are known. In contrast to the amine or 

carboxyl- groups, this can lead to site directed immobilisation and a better-

characterised and more homogenous surface. 
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1.3.5 Low molecular-weight analytes in optical affinity sensors 
Pollutants found in environmental samples or food are frequently small molecules with 

low molecular weight (LMW). Pesticides, fungicides, antibiotics, anabolics, peptides or 

similar molecules are usually very small (molecular weight < 1000 D). However, they 

often play important roles in the metabolism of plants, animals, and microorganisms, 

e.g. in signal transduction, cell division, control of gene expression and enzyme activity 

or they are analogous to molecules involved with those functions replacing or inhibiting 

them. 

 

So far LMW compounds could only be measured in indirect assays such as 

competition or inhibition assays, where the detection limits were between 0.1 and 5 µg/l 

(Table 1-5) and down to 30 ng/l with a TIRF device [Klotz et al. 1998]. 

 

As mentioned above the optical transducers described here, except TIRF, respond to 

the change in refractive index in the close vicinity to the sensor surface. The extent of 

the change is proportional to the mass of the molecules bound to the sensor surface. A 

signal that is due to the binding of molecules with a low molecular weight (LMW) is 

therefore much smaller than one that is due to binding of high molecular weight 

compounds (HMW) if equal numbers are assumed. Moreover the area of the sensor 

surface - where the receptors could be immobilised - is limited, which also (negatively) 

affects the number of analyte molecules that can maximally be bound. Therefore it is 

not possible to compensate the smaller signal with higher amounts of bound analyte 

even if lower detection limits were accepted. Noort et al. 1998 described the direct 

monitoring of binding events of biotin (Mw = 244) and a peptide (Mw = 1994) by 

increasing the receptor density on the sensor surface. This method is only applicable 

for RifS devices (since they not depend on the height of the evanescent field), but still 

detection limits between 2-40 µM ligand have to be tolerated (compare table 1-5). 

Although the detection limit of interferometers is lower (for sensitivities see section 1.5), 

different sensing approaches are required to detect low molecular weight analytes at 

low concentrations. Briefly, a molecule of high molecular weight (HMW) is introduced 

into the assay and its binding behaviour (binding or not binding) is monitored. In the 

following these assay types are described in more detail. 
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1.3.5.1 Competition assay 
The recognition molecule (e.g. antibody) is immobilised on the sensor surface. The 

sample is mixed with a molecule which in addition to the analyte also binds to the 

recognition molecule – the tracer (enabling the detection, preferably a HMW compound 

for optical direct  biosensors or with a fluorescent label for TIRF devices). Analyte and 

tracer now compete with each other for the available binding sites of the recognition 

molecule, as shown in Figure 1-16a. The number of those binding sites on the sensor 

surface has therefore to be limited. Only the bound tracer will give a signal but the 

amount of analyte present will reduce the tracer signal. As a result the obtained signal 

is a reciprocal of the sample concentration.  

 

Depending on the chemical structure of the analyte the synthesis of the tracer can be 

difficult. Reactive groups such as amine, carboxyl or sulphur groups need to be present 

within the analyte molecule in order to link the label (e.g. protein or fluorescence). 

1.3.5.2 Inhibition assay 
The analyte molecule or an analogue is immobilised on the sensor surface and the 

recognition molecule is mixed with the sample. Often this mixture is pre-incubated in 

order to enhance the sensitivity and detection limit of the assay. The analyte present in 

the sample now inhibits the binding of the recognition molecule to the sensor surface 

and reduces the binding signal. (Figure 1-16b) 

 

As with the competition assay a possible drawback could be that the analyte or an 

analogue molecule need a reactive group to make the immobilisation feasible. 

1.3.5.3 Displacement assay 
Like the competition assay the recognition molecule is immobilised on the sensor 

surface, but then incubated with the tracer. The sample is now injected without any 

additives. The link between the tracer and the recognition molecule becomes displaced 

if analyte is present in the sample, leading to a decrease of the baseline signal that is 

proportional to the analyte concentration (Figure 1-16c). 

 

The interaction conditions between the recognition molecule and the tracer are critical. 

If the binding is very strong the analyte will only be able to replace the tracer at high 

concentrations. Incubation of the analyte or stop-flow injection can enhance 

displacement of the tracer. If, however, the binding is too weak the tracer will be 

removed simply by the buffer flow, resulting in a negative slope of the baseline. 
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The advantage of this assay type is that regeneration of the surface is not required and 

the recognition molecule is not damaged during this cleavage. For screening programs 

where only a few positive samples are expected, new tracer has to be incubated only 

after a positive sample is measured or after a significant baseline decrease. 

 

a) Competition assay

b) Inhibition assay

c) Displacement assay
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Figure 1-16 Different assay types for the detection of low molecular weight analyte. The 
tracer has preferably a high molecular weight. In assays a) and b) low concentrations of 
analyte (or if no analyte is present) results in a high signal due to the binding of tracer or 
recognition molecule. Increasing analyte concentration leads to less binding of tracer 
e.g. recognition molecule. 
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1.3.6 Fluidic systems  
Monitoring of biomolecular interactions only take place at the sensing area of the 

transducer, additionally all reactions (except detection in the gas phase) need an 

aqueous environment. In automated systems the transport and delivery of buffers, 

reagents, and samples is performed through thin tubes by pumps and the sensing area 

is covered by a “flow cell”. In addition an automated liquid handling system (auto 

sampler), which controls the injection of samples and reagents can help to increase the 

reproducibility of the measurements, leading to shorter analysis cycles and a higher 

sample throughput. The sum of all these components is called the fluidic system of a 

device. The properties of this system can have a lager influence on the performance of 

the device. Relevant factors are  

 

a) the adsorption characteristics of the materials, 

b) applicable flow rates, 

c) dimensions and distances between the components, and 

d) the design and geometry of the flow cell, 

 

Adsorption of the injected samples and reagents in the fluidic system has to be 

eliminated by the careful choice of materials; often Teflon or similar materials are in 

use, in some cases a coating of the whole system with a protein layer can be useful 

(see chapter 3).  

 

The flow rate used for the measurements determines the contact time of the injected 

fluid segment with the sensing area when a certain volume is given. By using low flow 

rates the contact time can be increased and in general reagents and samples can 

therefore be used in lower concentrations and amounts. However, low flow rates 

increase the dispersion of the injected segment (the segment is spread out during the 

transport), due to the length and diameter of the tubes, and the time needed for the 

transport. As a result the concentration of the injected sample varies within the 

segment [Rocks and Riley 1982]. Higher flow rates reduce dispersion effects. In some 

cases measurements and data interpretation do not allow such variations and a sharp 

separation of the reagents and running buffer is desired. For example for the 

determination of kinetic constants of molecular interactions the concentration of the 

injected binding partner is very critical. A conclusion is that the applicable flow rate is 

not only determined by the pump, but also by the dispersion and the properties of the 

whole fluidic system with respect to separation of sample and running buffer. 
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The location where molecular interactions can occur and can be monitored, but also 

the place for the signal transduction, is determined by the flow cell location and 

geometry. In some optical transducers the size of the area which transduces the signal 

[Brecht and Gauglitz 1995] correlates directly with the sensitivity of the device 

(interferometers, TIRF, in/out-put grating coupler). But in all systems the flow cell limits 

the area and the amount of receptors which can be immobilised and influences 

consequently the measurements as well.  

 

Two different types of flow cells are in use. Flow through cells where the solutions are 

introduced and “removed” at other positions (compare Figure 1-10) enable the creation 

of miniaturised cells (30 nl BIAcore 3000®). In these systems the solutions are 

transported by a laminar flow though the flow cell and depending on the height of the 

flow cell, all molecules may not come in contact with the sensor surface (mass 

transport limitation [Glaser 1993, Myszka et al. 1997]). Here miniaturisation of flow cell 

and transport tubes, due to diffusion, can reduce these effects. In contrast cuvette 

based systems (IAsys®, compare Figure 1-11) need a pipeting system to introduce and 

remove sample and buffers. Here the solutions can be mixed by either the pipette 

(IBIS®) or a stirring system (IAsys®). In these systems the replacement of the solution is 

more time consuming than in flow-through systems. 
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2 Construction and characterisation of the TIRF device 
 

In the following chapter the optical set-up and the performance of the TIRF device will 

be described in detail. Initially, fluidic and optical characteristics of the sensor system 

were investigated. Additionally, the sensor system was used for the detection of DNA 

sequences. 

2.1 Optical set-up of the device 

The optical set-up is shown in Figure 2-1. For fluorescence excitation the evanescent 

field of a modulated laser beam was used. The instrument was equipped with a red 

laser diode operating at 635 nm wavelength or with an argon-ion laser operating at 

488 nm. The semiconductor laser (PDL 635/003/F10, 6 mW, Polytec, Waldbronn 

Germany) was mounted inside the instrument, while a polarization preserving fibre 

coupled the argon-ion laser (Modell 2011, Uniphase, Germany) in. The laser diode and 

the argon-ion laser were used for excitation of the dyes Cy5 and fluorescein (FITC), 

respectively. In both cases a modulation of the exciting light beam with a frequency of 

about 1 kHz was provided. The laser diode was modulated electrically, the argon-ion 

laser mechanically by a chopper. Modulation was necessary for background reduction 

by a lock-in technique (Modell HMS 410, HMS-Elekronik Germany). Beams of both 

lasers could be focussed to ellipsoid spot with the dimensions of 0.8 mm x 0.4 mm 

[Schuderer 1999].  

For the adjustment of different angles of incidence the semiconductor laser and, 

alternatively, the fiber end of the argon-ion laser system were mounted on a rotary 

stage with the endface of the sensor elements in the centre of rotation.  

For separation of fluorescence and scattering light, two identical interference filters with 

bandpass properties (682+22 nm for Cy5 and 530+30 nm for FITC, Omega Optics) 

were set in front of the photo-multiplier (PMT). The PMT was surrounded by a shield 

case to reduce the influence of outer magnetic fields. A lens with a focal length of 

10 mm and a numerical aperture of 0.63 collected the fluorescence light to guide it 

parallel through the interference filters. 
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Figure 2-1 Schematic overview of the TIRF – device. The line A---B indicates the plane of 
the cross-section shown in Figure 2-2. 
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Figure 2-2 Schematic diagram of the flow-cell along the axis A---B from Fig. 2-1 with the 
position of the photo-multiplier. The light source was placed perpendicular to the 
drawing plane. Distances are given in mm. 
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The whole detection unit with the flow cell was fixed on a lift table, which moved the 

sensor element relative to the laser beam, photo-multiplier and the photo-diode by a 

stepper motor (OWIS GmbH, Staufen, Germany). Aligning the lift table at defined 

positions, corresponding with the measuring chambers, could illuminate each channel 

of the flow cell. A computer controlled the stepper motor. Usually, the lift table changed 

to the different positions periodically. At each position, the signals of the PMT and of 

the photo-diode at the end of the sensor element were recorded. The frequency of 

measurements depended on the number of measuring chambers in use. Using only 

one channel allowed the recording of 50 data points/s, if the whole transducer surface 

was scanned each channel was reached 3-4 times per min. (scanning rate 1 mm/s; 

scanning distance approx. 8 mm in one direction). The photodiode was used for 

adjusting a new chip in the instrument. The detection unit, consisting of the sensor 

element, the flow cell and the PMT is shown in Figure 2-2. The laser (diode) is 

positioned perpendicular to the PMT, i.e. perpendicular to the plane of the drawing. 

 

The sensing elements (Figure 2-1) were optically polished multiple reflection elements 

(borofloatglass) manufactured from Hellma GmbH, Müllheim. These devices have a 

parallelogram shape with dimensions of 45 mm x 16 mm x 0.8 mm and an angle of 60°. 

This geometry with regard to the flow cell dimensions lead to 2-3 total reflections per 

cm at the boundary to the analyte solution. To obtain high sensitivity of the whole 

system, the low fluorescence and the low losses due to the guiding properties of the 

borofloatglass transducers were essential.  
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2.2 Fluidic set-up of the device 

The fluidic set-up of the TIRF system consisted of the flow cell block, tubing, auto 

sampler and a peristaltic pump. These components and their connections are 

described below. 

2.2.1 Flow cell 
A 4-channel flow-through cell made of black teflon was used, as shown in Figure 2-3. 

Perbutan o-rings were pressed in milled deepenings of the teflon block around each 

measuring chamber. Tight sealing of the measuring chambers was achieved by 

pressing the flow cell against the sensor element which was placed in a holder with 

openings for the PMT (mask). The four channels took up 10.5 mm in width. The volume 

of each cell was approx. 15 µl (16.7mm² x approx. 1mm (thickness of o-ring)).  

Each cell had its own inlet and outlet capillary which had to be connected to tubing. 

Thus the cells could be connected one to the other allowing serial incubation of the 

same sample in each channel, or each cell could be connected to its own pump and 

liquid reservoir thus allowing parallel investigation of several samples. 

 
Figure 2-3 Illustration of the sensor element mounting. By pressing the teflon block 
against the sensor element flow cells are created. On both linear sides of the sensor 
element (perpendicular to the PMT) the photo-diode and the laser are placed, 
respectively. 
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2.2.2 Liquid handling 
Usually, peristaltic pumps (HP60, Meredos GmbH, Nörten-Hardenberg, Germany) and 

Teflon tubing (i.d. ø0.3, OmniLab, Braunschweig Germany) were used for liquid 

transportation. Further automation was achieved by connection to an auto-sampler 

(Abimed, Langenfeld, Germany). In Figure 2-4 the fluidic system is illustrated. The 

pump was controlled using the electronics of the auto-samplers. To perform injections 

the pump was stopped, the injection needle of the auto-sampler was moved to the 

desired sample and the pump started again automatically. After the chosen injection 

time the injection needle was moved back to the running buffer, again combined with 

stopping and starting the pump to prevent injection of air to the fluidic system. Using 

this technique pre-programmed methods could be used to perform complete assay 

cycles, including sample injection, incubation and regeneration of the surface with a 

high reproducibility (see experimental sections). 

PumpTIRF

Auto-sampler

PC
Figure 2-4 Fluidic system. The pump transports the solutions from the auto-sampler to 
the TIRF device. By changing the autos-ampler position different samples (e.g buffers) 
could be applied. 
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2.3 Material and Methods 

2.3.1 Chemicals 
All solvents and chemicals used were of analytical grade or chemically pure. 

Aminpropyltriethoxysilane (APTS) was obtained from Sigma (Deisenhofen, Germany), 

avidin from Fluka (Buchs, Switzerland). Fluorescein- and biotin-labeled 

oligonucleotides (FITC-GCATCGATCAAGAACGCA, biotin-

TGCGTTCTTGATCGATGC) were synthesized and purified by Life Technologies 

GmbH (Karlsruhe, Germany). Cy5-labelled oligonucleotides (same sequence as FITC-

oligonucleotide), oligonucleotides labelled with biotin and Cy5 (9mer T), and mismatch 

containing oligonucleotides (mismatched bases are underlined: 

Cy5-GCATCGAGACAGACCGCA, Cy5-GCATCAAGACATACCGCA) were obtained 

from TIP Molbiol (Berlin, Germany).  

Sodium phosphate buffer supplemented with NaCl (PBS, 40 mM phosphate, 150 mM 

NaCl), pH 7.5 was used as running buffer. Prior to use the buffer was filtered using 0.2 

µm cellulose nitrate membranes (Sartorius GmbH, Göttingen, Germany) and 

degassed. Sodium phosphate buffer pH 7.5 supplemented with 500 mM NaCl was 

used as hybridization buffer. 

2.3.2 Devices characterisation 
For the experiments in section 2.4 and 2.5 a Cy5 labelled antibody (goat anti rat IgG, 

Dianova) was dissolved at different concentrations (0.01 – 2 µg/ml) in PBS buffer. 

Depending on the application, the solution was incubated (2.4.1) or injected (2.4.2) 

over the sensor elements. In some cases a 1% BSA solution was injected for 5 min 

prior the experiment (2.4.2) to block the sensor surface and connection tubes to inhibit 

unspecific bindings of the labelled antibody. 
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2.3.3 Determination of standard deviation for photo-multiplier and photo-
diode signals 

For each detector (PMT and PD) three scans (detector signal vs. position) were 

performed (like in Figure 2-5). The mean value and the standard deviation (SD) for 

each position (n=3) and detector was calculated respectively and were assumed to be 

the standard deviation for each position. The deviations of these values were then used 

to calculate the standard derivations for the sum of all positions (n=118). Table 2-1 

details these calculations. 

 PMT PD 

Pos Scan 1 Scan 2 Scan 3 mean SD Scan 1 Scan 2 Scan 3 mean SD 
1 
: 
: 
: 

118 

5,934 
5,932 
5,928 
5,927 
5,925 

5,921 
5,917 
5,914 
5,915 
5,917 

5,917 
5,915 
5,915 
5,916 
5,916 

5,924 
5,921 
5,919 
5,919 
5,919 

0,008 
0,009 
0,007 
0,006 
0,004 

0,277 
0,268 
0,262 
0,254 
0,244 

0,284 
0,277 
0,273 
0,270 
0,263 

0,278 
0,282 
0,282 
0,282 
0,282 

0,279 
0,275 
0,272 
0,268 
0,263 

0,002 
0,004 
0,005 
0,008 
0,010 

 SD of PMT signal 0,002 SD of PD signal 0,003 

Table 2-1 Calculation of the standard deviation of the sum of the PMT e.g. PD positions 
(all values in V). 
 

The standard deviations were calculated by using equitation 2-1 for random sample. 

( )
1

2
1

−
−Σ

= −

n
xxSD i

n
i         Eq 2-1 

Whereas, xi is the individual value, x  the mean and n the sample size.  

2.3.4 BIAcore measurements 
The fluorescence sensor and the BIAcore 2000 were compared by using streptavidin-

coated sensor chips (SA-chips, BIAcore AB, Uppsala, Sweden) and monitoring the 

binding of the oligonucleotides labelled simultaneously with biotin and Cy5. The 

oligonucleotide-solution (100nM) was injected several times for 2 min. each using a 

flow rate of 30 µl/min, each injection was followed by an injection of the running buffer 

(2 min, 30 µl/min).  

2.3.5 TIRF measurements 

2.3.5.1 Silanisation and cleaning of sensor elements 
The surface of the fluorescence sensor chips was cleaned with propanol in an 

ultrasonic bath. The chips were then placed in a mixture of concentrated sulfuric acid 

and 30% H2O2 for 2 min and thoroughly rinsed with deionised water. 

For silanisation the glass chips were incubated in 10% APTS in PBS for about 2 hours 

at 80 °C. They were rinsed in deionised water and dried at 120 °C for at least one hour. 
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However, silanisation of the glass chip proved not to be essential for avidin adsorption 

and was not done in each case. 

2.3.5.2 Immobilisation of receptors  
Immobilisation of avidin, bovine serum albumin (BSA) and oligonucleotides on the 

glass chips was done directly in the fluorescence sensor system, allowing coverage of 

defined surface areas with different proteins and oligonucleotides. Avidin (0.1mg/ml) 

was adsorbed using a flow rate of 15 µl/min for 20 min (or 20 µl/min for 10 min.), the 

surface was saturated with 1% BSA for 5 min., and biotinylated oligonucleotides (1ml, 

6µM) were bound using a flow rate of 200 µl/min or by direct injection of 100 µl of a 10 

µM-solution and incubation for 10 min. It was assumed that the avidin surface was 

saturated with oligonucleotides by these procedures [Brecht et al. 1997]. 

2.3.5.3 Hybridisation assay 
The assay cycle in the fluorescence sensor system comprised the following steps: 

Initially the sensors were equilibrated in PBS until a stable background signal was 

obtained. Hybridisation of the complementary oligonucleotide was achieved by its 

injection in the flow cell. Unspecifically bound oligonucleotides could be removed by 

washing with PBS. The sensor surface was regenerated with 50mM NaOH and the 

cycle could be repeated. FITC-labelled oligonucleotides were injected for 1.5 min using 

a flow rate of 200 µl/min, for Cy5-labelled oligonucleotides the solution (5 nM) was 

injected for 2 min with a flow rate of 40 µl/min.  

Oligonucleotides (9T) labelled simultaneously with biotin and Cy5 were used for 

comparison to the BIAcore instrument (also see section 2.3.4) and for characterisation 

of the instrument. They were immobilized using a solution of 1nM for 2 min with a flow 

rate of 30 µl/min. 

2.3.5.4 Mismatch detection 
To determine the specifity of the hybridisation assay the method (section 2.3.5.3) was 

repeated, but the target DNA oligonucleotide was replaced by a sequence not 

completely complementary to the receptor oligonucleotide (sequences are given in 

section 2.3.1). 
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2.4 Characterisation of optical set-up 

2.4.1 Photo-multiplier / photo-diode signals 
In Figure 2-5 a typical response from the PMT and the photo-diode for a scan of the 

entire sensor element surface (movement of stepper motor leading to a position scan, 

see section 2.1) is shown. The signal from the photo-diode consisted of seven “dips”, 

which originated from the perbutan o-rings pressing against the transducer surface and 

scattering the guided light. The distances of the dips are in good agreement with the 

distances of the o-rings. The “dips” marked with B define the second o-ring in the 

Teflon block. Since four o-rings are in use (see Figure 2-2) eight “dips” would be 

expected, however the scan shows that the first flow cell (the missing second dip A) is 

not entirely within the scanned area.  

In the experiment only the first three flow cells were filled with a fluorescence molecule 

(Oligo 9merT), and only at these positions a signal could be recorded from the PMT 

(Peaks 1-3). One conclusion of this experiment was that the first flow cell could not be 

used for following experiments and that the o-ring position gives information about the 

exact flow cell positions.  
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Figure 2-5 Position scans for PMT and photo-diode signals (see text for details). 
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Using this method the flow cell positions were determined prior to all experiments and 

the position of the data collection were adjusted accordingly (see section 2.1 and 

Figure 2-5). Additionally it could be seen that in each flow cell similar light quantities 

were present (photo-diode signal), and similar excitation of fluorophores could be 

expected.  

For repeated position scans the standard deviation for the PMT and photo-diode 

signals was at 0,01 % (data not shown, for calculations see section 2.3.3).  

 

2.4.2 Injection of fluorescence molecules 
In contrast to the position scan (section 2.4.1), during measurements the signal 

obtained from the PMT was plotted against time. The presence (i.e. the binding event) 

of fluorescence molecules leads to an increase of the PMT signal. In Figure 2-6 Cy5 

labelled oligonucleotides were injected over the sensor surface and only the PMT 

signals are shown. Prior to the measurements the sensor surface was blocked with an 

avidin solution to inhibit unspecific binding to the glass surface. Avidin was chosen as 

surface coverage to investigate at the same time unspecific binding events between 

oligonucleotides and the avidin, which was essential in later experiments. Due to a 

missing biotin tag the oligonucleotides only passed over the surface without binding.  
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Figure 2-6 Injection of Cy5 labelled oligonucleotides over the sensor surface (for 
explanation see text). The oligonucleotides only pass over surface and do not bind. 
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From Figure 2-6 it can be seen that the signal at the PMT increases when the Cy5 

containing segment passes over the sensor surface and returns to the baseline signal 

afterwards. Higher concentrations of Cy5 lead to higher signals from the PMT. 

Additionally, it can be seen that the flow cells respond differently to the same Cy5 

concentration. By changing the direction of flow (In Figure 2-6 marked with *) this effect 

does not change but the heights of the signal from each flow cell are similar to the 

initial injection. It can be concluded that this effect is not based on dispersion and 

transport of the solutions and rather a result of a slightly different excitation of the 

fluorophores due to flow cell, mask and PMT and laser position. During the 

experiments, these effects could sometimes be observed but often the flow cell showed 

a similar response (compare flow cell 2 and 3 in Figure 2-5). However, one major 

limitation of the device was the difficulty in comparing the signals obtained from the 

different flow cells (see conclusions). 
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2.5 Characterisation of fluidic set-up 

2.5.1 Reproducibility of flow cell position 
To check for reproducibility of the flow cell positions the sensor element was mounted 

into the device and the photo-diode signal was scanned for each position. Afterwards 

the sensor element was removed, cleaned with ethanol, air-dried and re-mounted. In 

Figure 2-7 ten repeated scans are shown, the deviation of the minima for each O-ring 

position is between 58 and 76 µm, which means that the flow cell position is maximally 

moved 76 µm over the sensor surface after a remounting of the sensor elements. An 

exact positioning is important for storage or treatment of sensor elements outside the 

device. 

In some cases the whole Teflon-block (see Figure 2-3) had to be removed and re-

mounted, which resulted in a much higher shift in flow cell position, but this was not 

further investigated. 
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Figure 2-7 Reproducibility of flow cell position. The labels A, B, and C mark the position 
of the flow cell, whereas I, II and III mark the intermediate area (see Figure 2-2). 
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2.5.2 Influence of flow cell pressure on the photo-diode signal 
By increasing the force applied to the teflon block the o-rings were pressed against the 

sensor element. At the beginning the sensor element was only placed in the teflon 

block, without using the screw (top curve in Figure 2-8). After each scan the screw was 

turned half a turn and the scan was repeated. As shown in Figure 2-8 the light is 

suppressed increasingly for higher pressures at the flow cell positions (A, B, C in 

Figure 2-8). This experiment again proved that the dips in the photo-diode signals can 

be attributed to the o-rings. It also explains the different minimal signals of the dips in 

Figure 2-7. Additionally, it can be seen that higher pressures are combined with a small 

increase in the photo-diode signal and the intermediate (I, II, III in Figure 2-8). This 

increase is not due to experimental noise, since the high reproducibility of the signals 

(see section 2.4.1), but may be caused by the increased light scattering at the o-ring 

positions. The measurement without using the screw (top curve in Figure 2-8) showed 

the highest signals over the entire area, here the light is better guided within the sensor 

element and less light is uncoupled due to the scattering. 
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Figure 2-8 Variation of the pressure applied to the flow cell block (see text for details). 
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2.5.3 Applicable flow rates 
To evaluate the optimal flow rate, two effects should be considered. Low flow rates 

increase the contact time of the injected sample with the immobilised receptor, but 

increase the spread out (dispersion) of the injected segment. Additionally, at low flow 

rates the transport of the samples from the auto sampler to the flow cells and from one 

flow cell to the other is more time consuming.  

 

In order to determine the flow rate at which dispersion effects are tolerable (see section 

1.3.6), a Cy5 labelled oligonucleotide was injected with varying flow rates. In Figure 2-9 

the effect of dispersion is shown. For all injections the same oligonucleotide solution 

and same injection time were applied. In the insert the first injection with a low flow rate 

is shown enlarged. The time between set points A and B shows the original injection (in 

case of no dispersion we would observe a rectangular shape, since no binding event 

between the oligonucleotide and the avidin surface occurs). Additionally, set points 

I,II,III show the sample reaching the different flow cell. The sample needs -at this  
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Figure 2-9 Flow rate and the effect of dispersion (see text for details). Different flow rates 
were applied to three sequential connected flow-cells and the dispersion effects 
investigated. 
 

particular flow rate- another 25 sec to appear in the second flow cell. It can be seen 

that the dispersion is much higher in cell 3 than in flow cell 1, which is a result of 

turbulences within the flow cells and the tubing between them and the additional time 

consumption during the transport. 
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Increasing the flow rate lead to a decrease of dispersion effects and additionally 

shortens the time the samples needs to appear in the following cells. This is important 

because data are collected every 3-4 seconds (depending on flow cell positions, see 

section 2.1). A flow rate of 50 µl/min was found to be a good compromise between a 

tolerable dispersion effect and providing sufficient sample contact time. 

However, for kinetic measurements the dispersion at 50 µl/min is too high and the flow 

rate should be increased to 150 µl/min (see section 1.3.6).  

 

2.5.4 Reproducibility of sample injection 
In Figure 2-10 repeated injections of a Cy5-oligonucleotide over an avidin coated 

surface is shown. As in the previous experiment (section 2.5.3) no binding event 

occurred and only the signal of fluorescence molecules passing over the sensor 

surface was observed. As the intention was to compare the repeatability of maximal 

signal, a high flow rate (200µl/min) and an injection time of 150 sec were applied. 
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Figure 2-10 Repeated injections of a Cy5-oligonucleotide over the sensor. 
 

The standard deviation of the obtained signals in each flow cell was between 0.9 and 

1.5 %. Additionally, it could be see that the injected segment is spread out during the 

transport to 180, 200, 214 sec for each flow cell respectively. 
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2.6 Characterisation of the TIRF using biological molecules 

Oligonucleotides labelled both with biotin and with Cy5 allowed monitoring of the 

performance of the set-up including the immobilisation of the oligonucleotides. 

Moreover, first results were obtained with respect to the achievable binding capacity of 

the sensor surface and the detectable amounts of oligonucleotides. These results were 

compared to BIAcore-experiments. The application of a system relying on fluorescent 

labels will always require either the use of fluorescent intercalators [Kleinjung et al. 

1997] or of fluorescence labelled primers or nucleotides integrated via polymerase 

chain reactions. Thus, the fluorescence sensor was only to be used and developed 

further, if it showed superior properties compared to a labelfree sensor system. 

In Figure 2-11 results are shown from multiple injections of 60 fmol (2 min. with 

30 µl/min., 1nM) of the oligonucleotide solution, without regeneration between 

injections. The data points in the figure were taken after a change to the running buffer 

and achiving a stable baseline. The signals obtained in reference channels in which the 

sensor surface was covered with BSA were in the range of the signal shown at 0 

concentration of oligonucleotide and could thus be neglected with respect to the 

measuring channel. Saturation of the sensor surface was observed after the sixth 

injection, i.e. a total of 300 fmol oligonucleotide. 
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Figure 2-11 Binding of Cy5-9T-biotin to avidin adsorbed to glass slides inserted in the 
TIRF-device. A Cy5-9T-biotin-solution (1 nM; 30 µl/min. 2 min each) was injected several 
times, interrupted by washings with running buffer. The total amount of injected 
oligonucleotide is given. 
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The same oligonucleotides were also used in the SPR-device using streptavidin-

covered chips. The injected amount was 6 pmol (injected volume: 60 µl, with a flow rate 

of 30 µl/min for 2min), which resulted in a signal of 9 RU (Figure 2-12) and could easily 

be detected. Saturation of the surface was not yet observed, even after injection of 

more than 220 pmol of the oligonucleotide. From the maximum signal of approx. 80 RU 

a total amount of approximately 80 pg/mm² bound oligonucleotide can be calculated 

which corresponds to approx. 25 fmol/mm² of bound oligonucleotide. Considering the 

measuring area of 2 mm² of the BIAcore, this shows that only a negligible amount of 

the injected oligonucleotide was immobilised (ratio approx. 1:10-4). If the binding 

efficiency in the fluorescence sensor system was comparable, approximately 0.3 fmol 

oligonucleotide could be immobilised (efficiency of 10-4 of the injected amount of 

oligonucleotide but a 10times larger measuring area). Hence, the binding capacity of 

the BIAcore sensor chip exceeds the one of the glass chip covered with adsorbed 

avidin by almost 2 orders of magnitude. 
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Figure 2-12 Binding of a Cy5-9T-biotin-solution (100nM; 30 µl/min, 2 min. each)  to a 
streptavidin-surface of SPR-chips of the BIAcore device. No regeneration was done 
between injections. 
 

On the other hand, the results also show that even under consideration of background 

signals in the fluorescence sensor device the lower detection limit for this 

oligonucleotide is approx. 10 fmol (injected amount of oligonucleotide) as signals of 

100 mV can easily be detected. Thus the fluorescence sensor device allowed the 

detection of amounts of the respective oligonucleotide which were approx. 3 orders of 
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magnitude lower than in the SPR-device (6 pmol gave 9 RU, which is almost the lowest 

detectable signal of this device, using the same flow rate and injection time). 

 

2.6.1 DNA hybridisation assay 

2.6.1.1 Hybridisation of complementary oligonucleotides 
As a model system, the hybridisation of an 18-mer oligonucleotide, immobilised via a 

biotin anchor to the avidin layer, with the complementary FITC-labelled strand was 

studied. Measurements were performed using an argon-ion laser emitting at 488nm for 

fluorescence excitation and a diode laser emitting 635 nm for FITC and Cy5 

respectively. 

Figure 2-13 shows typical signals as recorded from the fluorescence sensor system 

from 10 repeated hybridisation cycles using the FITC-labelled oligonucleotide with a 

concentration of 100pM. When the fluorescently labelled analyte reached the flow cell 

chamber, the signal increased due to excitation of the fluorophor being present also in 

the bulk of the solution. Replacing the oligonucleotide solution by buffer after 90 sec a 

fast signal decrease was observed. A residual fluorescence signal remained due to 

bound analyte even after having exchanged the sample solution completely. The shape 

of the strong increase and decrease was influenced by dispersion in the fluid transport 

system, and by dissociation processes of the bound oligonucleotide, but also by the 

time constant used in the lock-in amplifier and by averaging routines used for signal 

recording. 

The maximum peak value is correlated to the amount of fluorescent oligonucleotides 

excited also in the bulk of the solution and is dependent on the penetration depth of the 

evanescent field, which depends not only on the wavelength of the exciting light and 

the waveguide material but also on the angle of incidence [Bradly et al. 1987]. The 

larger the penetration depth, the more fluorescence molecules in the solution will be 

excited, which are near, but not bound to the sensor surface. 
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Figure 2-13 Fluorescence signal of 10 repeated cycles, showing the binding of FITC-
labelled 18 mer oligonucleotides (100 pM) to the immobilized complementary strand 
(image taken from Schuderer 1999). 
 

The decrease of the signals with increasing assay cycles indicated that the 50mM 

NaOH not only removed the hybridised oligonucleotide but probably also avidin from 

the sensor surface (adsorptive immobilisation). However, the stability was comparable 

to the one reported by other authors using the same regeneration method [Kleinjung et 

al. 1997]. Regeneration by urea, as suggested by Duveneck et al. 1997, was not 

performed as denaturation of the avidin was expected, and thermal regeneration [Abel 

et al. 1996, Kleinjung et al. 1997] was not possible, as no thermostating was planned. 

Similar results were obtained using the Cy5-labeled oligonucleotides. In Figure 2-14, 6 

consecutive cycles are shown as recorded in 3 channels during parallel hybridisation to 

the immobilised probe. Two of the three channels were considered as specific 

channels, the sensor surface being covered with avidin, the third was used as 

reference channel. Both channels showed reproducible data during the whole 

measuring sequence, but differed slightly from each other. This can be attributed to 

slightly different measuring areas due to the deformation of the o-rings or to 

misalignment of the measuring chamber of the flow cell and the openings in the mask 

(Figure 2-1, see also section 2.4.2). 
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Figure 2-14 Repeated hybridisation of the Cy5-labelled 18 mer – oligonucleotide to the 
immobilised complementary strand (curves are baseline corrected). 
 

A dose response curve for hybridisation of the FITC-labelled oligonucleotides is shown 

in Figure 2-15, the solid line is the best sigmoidal fit to the data. Quantification was 

possible in the range from 1 nM to 10 nM. For concentrations above 10 nM the sensor 

was saturated. 
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Figure 2-15 Dose-response curve for the hybridisation assay using the FITC-labelled 
oligonucleotides. The solid line represents the best sigmoidal fit to the measured data 
image taken from Schuderer 1999).. 
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2.6.1.2 Detection of modified DNA targets  
In order to test for the specificity of the hybridisation reaction, FITC-labelled 

oligonucleotides were designed that contained three or five base mismatches 

(mismatched bases are underlined: GCATCGAGACAGACCGCA; 

GCATCAAGACATACCGCA) and were therefore expected to display a lower binding 

affinity to the immobilised strand. Figure 2-16 shows the results from duplicate 

injections of the complementary and the two non-complementary oligonucleotides. 

Injections and regenerations were performed as described in section 2.6.1. The 

injected samples were first introduced to the reference cell . Fluorescence data were 

recorded approx. 530 sec after the sample injection. The highest signal could be 

obtained with the complementary oligonucleotide (approx. 100mV), while the more 

mismatches were present, the lower was the recorded signal. The oligonucleotide 

attributed with five mismatches exhibited a signal (approx. 15 mV) only just above the 

background noise (10 mV). Three mismatches caused a signal reduction of about one 

third (approx. 69mV).  
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Figure 2-16 Hybridisation of a complementary and mismatched DNA-sequence (curves 
are baseline corrected). 
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2.6.2 Detection limit of the TIRF device 
The lower detection limit of the TIRF was investigated by step wise reducing the 

concentration of the injected FITC labelled olligonucleotides. A fluorescence signal 

from a 10 pM solution of the FITC-18mer is shown in Figure 2-17 as obtained after 

optimisation of the amplification factor used in the photo-multiplier, the time constant 

used in the lock-in amplifier and averaging routines. The sample was applied at a flow 

rate of 200 µl/min over 90 s. Thus, the total sample volume was 300 µl, and the total 

injected amount of labelled oligonucleotide was 3 fmol. 

 
Figure 2-17 Signal recorded from the injection and hybridisation of a 10 pM solution of 
the FITC-labelled oligonucleotide. 
 

2.7 Conclusions 

The basic principle and the optical configuration of a multichannel bioaffinity 

fluorescence sensor system was presented. Using a stepper motor combined with a 

geometrically structured flow cell allowed investigations on either different affinity 

reactions in one sample, e.g. analyte together with a reference channel, or comparison 

to a reference solution. Unfortunately, fabrication of those flow-through cells limits the 

number of parallel channels due to geometric constraints given by the size of the 

sensor chips. If several analytes in one sample have to be determined, the number of 

    



2 Construction and characterisation of the TIRF device  65 

channels is only limited by the focus of the laser light leading to the excitation of the 

fluorophores. As the sensor chip is moved mechanically with respect to the laser light, 

it is not possible to reliably determine the kinetic constants of very fast binding 

reactions. The stepper motor leads to a scanning rate of approx. 1 mm/s for the sensor. 

Comparing the systems adapted for FITC- and Cy5 labelled oligonucleotides revealed 

that the Cy5-system is smaller and thus easier to use due to the use of a laser diode.  

 

Thought designed as a multichannel device the flow cells, unfortunately, respond in 

some measurements different to same sample injections. These effect may originate 

from slightly different measuring areas due to the deformation of the o-rings or to 

misalignments of the measuring chamber of the flow cell and the openings in the mask. 

A more precisely and more reproducible set-up of the sensor chip fitting could 

overcome this problem in future work. However, each flow cell showed reproducible 

data during measurements up to 10 hours.  

 

Lower detection limits were in the range of 3-10 fmol for the injected oligonucleotide, 

which could obviously be further improved by optimisation of the transducer surface 

preparation. This lower detection limit was in the same order of magnitude as the one 

given by Abel et al. (1996) for a system based on an optical fibre as transducer 

(24 fmol). However, it was one order of magnitude higher than in the system described 

by Duveneck et al. in 1997 (0.5 fmol), which was based on specially fabricated, 

optimised high-refractive-index single-mode planar wave guides and 60 min. 

hybridisation time. The lowest detection limit for these systems (7 attomol) was 

reported by Kleinjung et al. 1997 using an optical fibre as transducer. Obviously, the 

measuring area was slightly larger than in our system (27 mm² were calculated from 

the lower detection limit of 7 attomol injected oligonucleotide leading to a maximal 

surface loading of 260 zeptomol/mm² vs. 17 mm² in our system). More importantly, a 

higher surface loading with template oligonucleotide was achieved (34 fmol/mm² * 27 

mm² = 918 fmol vs. 0.3 fmol as estimated above for our transducer) probably due to 

the long incubation time (24 h) of the fibre in a highly concentrated avidin solution (100 

mg/ml) followed by cross-linking with glutaraldehyde. Thus, differences in sensitivities 

between the different sensor systems can at least partly be attributed to the surface 

preparation of the transducers and the type of transducer but not to the system set-up. 

Moreover, the system described here is the only one allowing quasi simultaneous 

recording in a reference and measuring channel, relying completely on easily 

exchangeable commercially available components. 
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Chapter 3: Optimisation of glass surfaces for optical 
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Immunosensors, Biosensors and Bioelectronics , in press. 
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3 Optimisation of glass surfaces for optical immunosensors 
 

In this chapter the surfaces of the sensor elements were modified with dextran to 

generate a layer protecting the sensor surface from unspecific protein binding. At the 

same time the dextran was used as matrix for covalent protein immobilisation. The 

dextran was coupled to the glass surface in different concentrations either covalently or 

via biotin-avidin binding. Unspecific binding of BSA was increasingly suppressed with 

higher dextran concentrations. Antibodies were successfully immobilised in the dextran 

increasing the surface density and binding to the corresponding antigen was repeatedly 

monitored. Measurements were done in a grating coupler and the TIRF sensor system. 

 

3.1 Immobilisation of receptors 

Immobilisation of antibodies on solid supports is an essential step in immunoanalysis 

as it allows the easy separation of bound and unbound antigens and tracers and is thus 

a prerequisite for a number of immunoassay formats [Deshpande, 1996]. The classical 

method of immobilisation is the adsorption of antibodies on polystyrene, which is the 

preferred material of microtiter plates. The introduction of new physical transduction 

principles, in particular the utilisation of the evanescent field of optical waveguides 

[Gauglitz, 2000], allowed the development of immunosensors, in which one binding 

partner is immobilised on the transducer, i.e. the optical waveguide, and binding of the 

other is followed in real-time. This principle is used in fluorescence immunosensors 

(total internal reflection fluorescence, TIRF) [Schobel et al., 2000; Wadkins and Ligler, 

1998], but also in label-free immunosensors which are usually based on refractometric 

sensors [Kooyman and Lechuga, 1997; Hutschinson, 1995]. Among the refractometric 

sensors surface plasmon resonance (SPR) devices are wide-spread [Geddes and 

Lawrence, 1997] with the transducer being a prism with a thin gold layer on top 

[Liedberg and Johansen, 1998; O´Shannessy et al., 1992]. The other optical sensor 

principles, such as fluorescence sensors, grating couplers, interferometers, resonant 

mirrors, usually rely on glass transducers. Hence, a number of immobilisation methods 

for antibodies are described for gold or for glass surfaces. 
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The immobilisation of antibodies on the surface of a transducer in an immunosensor 

device has to  

a) result in a reproducible amount of antibody on the surface 

b) result in a stable binding of the antibody to the transducer even during 

regeneration of the antibody-antigen-binding, which is often combined with a shift in pH 

or salt concentration 

c) maintain the activity of the antibody 

d) reduce unspecific binding reactions. 

Label-free detection principles allow real-time monitoring of binding events to the 

transducer surface. Thus, also the immobilisation of a binding protein, e.g. an antibody, 

to the pre-activated transducer surface can be followed and the amount of immobilised 

protein can be controlled [O´Shannessy et al., 1992; Brandenburg et al., 1996, Piehler 

et al., 1996; Brynda et al., 1999]. 

Adsorptive immobilisation of antibodies, the standard procedure in microtiter plate 

assays, is based on hydrophobic and electrostatic interactions of the proteins and the 

surface of the microtiter plate wells [Deshpande, 1996]. Continuous application of 

solutions, as in flow-through immunosensor devices, and in particular the application of 

solutions used for the regeneration of antigen-antibody-bindings, such as solutions with 

low or high pH, high salt concentrations, additions of detergents, urea, etc., lead to the 

desorption of adsorbed proteins from the surface. Thus, in immunosensor devices 

covalent binding is preferred [Jönsson et al., 1985]. The transducer surface is usually 

pretreated to provide in suitable functional groups, such as tosyl, epoxy, amino, 

aldehyde, carboxylic acid, sulfhydryl or hydrazine groups, which react with the protein 

[Williamson et al., 1989; O´Shannessy et al., 1992; Polzius et al., 1996]. It was shown 

that the coupling chemistry has an effect not only on the binding capacity of the surface 

but also on the activity and stability of the resulting protein layer [Jönsson et al., 1985; 

Lin et al., 1989; Williamson et al., 1989; Polzius et al., 1996; Brynda et al., 1999]. In 

addition, surface treatment of the immobilisation support has a strong effect on non-

specific binding reactions [Polzius et al., 1996; Piehler et al., 1996; Jo and Park, 2000; 

Schneider  et al., 2000]. Even in microtiter plate assays it is known that the tracer may 

bind non-specifically to the surface of the wells leading to high background signals. 

This can be suppressed, e.g. by the addition of “inert” proteins, such as bovine serum 

albumine (BSA) or casein, or of detergents to the tracer solution. For immunosensors 

different strategies are described. Interferometric sensors offer the possibility of an 

internal reference as the phase difference of the light propagating in the “specific” 

channel and an “unspecific” channel is determined [Schneider et al., 2000]. However, it 
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was found that the compensation of the unspecific effects was dependent on the 

protein used to mimic the specific surface and thus, it can be expected that for each 

antibody-system an optimal reference protein has to be found. Thus, it seems to be 

more promising to prevent non-specific binding reactions instead of tackling 

compensating strategies. From biocompatibility studies a number of polymers are 

known which reduce binding of proteins to surfaces. A number of those polymers were 

already tested in immunosensor systems and dextran and poly(ethylene glycol) have 

proved to be particularly useful [Piehler et al., 1996; Polzius et al., 1996; Jönsson and 

Malmqvist, 1992; Jo and Park, 2000; Schneider et al., 2000]. They are bound to the 

sensor surface covalently after introduction of suitable functional groups on the polymer 

[Piehler et al., 1996; Jo and Park, 2000] or on the transducer [Polzius et al., 1996] or 

through the biotin-avidin-system using a biotinylated polymer [Schneider et al., 2000]. 

From affinity chromatography it is known that dextran can serve also as immobilisation 

matrix for proteins. Thus, a dextran layer on top of a transducer surface is not only 

suitable for the suppression of non-specific binding but also for the immobilisation of 

proteins in a three-dimensional matrix, thus enhancing the binding capacity on the 

transducer. 

Löfas and Johnsson described the modification of SPR-transducer surfaces, i.e. of gold 

layers, with carboxymethylated dextran earlier in 1990. Binding of dextran to a tantalum 

oxide waveguide (used in grating coupler instruments) after silanisation with 3-

glycidoxypropyltrimethoxysilane (GOPS) was used by Polzius et al. (1996) and Piehler 

et al. (1996) synthesised aminodextran to modify silica glass slides to be used in 

reflectometric interference spectroscopy (RifS). 

Based on these reports we re-investigated the procedure for the modification of glass 

surfaces with dextran which could be applied to glass slides used in a fluorescence 

sensor device but also to grating couplers. The grating coupler was to be used not only 

as sensor device but also as an aid to control the surface modification. Therefore, 

polymer binding and protein immobilisation should be monitored in real-time. As 

carboxymethylated dextran can be activated with ethyl-3-[1-dimethylaminopropyl] 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to allow readily covalent protein 

immobilisation through the proteins´ amino groups, the same principle for the 

immobilisation of the dextran to the glass surface was used. A major point of 

consideration was the density of amino groups on the transducer surface and the 

amount of activated carboxylic groups in the polymer to maintain the flexibility of the 

polymer together with the protecting properties and to allow in a second step the 

covalent immobilisation of an antibody. Thus, the wave-guides were silanised with 
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aminopropyltriethoxysilane (APTS) in toluene (in contrast to section 2.3.5.1), resulting 

amino groups were determined and different amounts of dextran were coupled after 

activation. This approach should be compared to the adsorption of avidin on the 

silanised waveguide and addition of different amounts of biotinylated dextran. The 

performance of the sensor was characterised by monitoring unspecific binding of a 

model protein, bovine serum albumine (BSA), and by covalent binding of a specific 

antibody followed by specific binding of the analyte. 

 

3.2 Methods 

3.2.1 Chemicals 
All solvents and chemicals used were of analytical grade or chemically pure. 

Aminopropyltriethoxysilane (APTS) and bromphenol blue (BPB) were obtained from 

Sigma (Deisenhofen, Germany). The immobilisation reagents ethyl-3-[1-

dimethylaminopropyl] carbodiimide (EDC), N-hydroxysuccinimide (NHS) were 

purchased from Sigma and Fluka respectively. Ethanolamine, dimethylformamide 

(DMF), piperidin, avidin, biotin-dextran and CM5-dextran were obtained from Fluka 

(Deisenhofen, Germany).  

The Cy5-labelled antibody against rat IgG antibodies was obtained from Dianova 

(Hamburg, Germany). The rat antibody 21C7, that specifically recognises the antibiotic 

sulphamethazine, and the corresponding ß-idiotype antibody 12E12 (mouse antibody) 

targeting the binding sites of the 21C7 antibody were a kind gift from F. Kohlen 

(Weizmann Institute, Rehovot, Israel) [Akkoyun et al. 2000]. 

Sodium phosphate buffer supplemented with NaCl (PBS, 40 mM phosphate, 150 mM 

NaCl), pH 7.5 was used as running buffer. Prior to use the buffer was filtered using 0.2 

µm cellulose nitrate membranes (Sartorius GmbH, Göttingen, Germany) and 

degassed. All proteins injected in the optical biosensors were diluted in this buffer 

unless otherwise mentioned. 

3.2.2 Devices and sensor element 
For the measurements the grating coupler (BIOS-1) and tantalum oxide sensor 

elements (ASI 3200) with an imprinted grating of 1200 lines/mm obtained from ASI 

(Zurich, Ch) [Lukosz and Tiefenthaler 1983] were used. The TIRF system was obtained 

from A. Brandenburg (FhG-IPM, Freiburg, Germany) [Schuderer et al., 2000], the 

sensing elements - optically polished multiple reflection elements (borofloatglass) - 

were purchased from Hellma GmbH, Mülheim, Germany. 
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3.2.3 Amine modification of sensor surface  
For coupling amine groups to the sensor elements the following method was applied. 

Initially, the sensor elements were cleaned by incubation for 1 min in conc. sulphuric 

acid / 30 % H2O2. The slides were extensively rinsed with distilled water until the pH of 

the waste water was found neutral, air dried and kept desiccated at room temperature 

(RT). For the APTS activation the cleaned slides were incubated in 0.025 % APTS in 

dry toluene (for a detailed surface characterisation of APTS silanised surfaces see 

Vandenberg et al 1991) for different periods of time (2-24 h). The slides were again 

rinsed with acetone and distilled water and kept desiccated at room temperature. 

3.2.4 Determination of amine groups onto the sensor surface 
To determine the amino group coverage of the sensor elements ( section 3.2.3) a stock 

solution of bromophenol blue (BPB) was prepared by dissolving 10 mg/ml in 

dimethylformamide (DMF). 500 µl of the stock solution were diluted in 50 ml DMF. The 

slides were incubated in this solution for 30 min and rinsed with ethanol. BPB forms a 

complex with amine groups [Krchnak et al 1988]. This complex is stable against 

ethanol wash but can be removed by incubating the slides in 20 % piperidine in DMF 

for 10 min. The OD of the eluent was measured at 605 nm and used to quantify the 

amine groups onto the sensor surface by using a modification of Lambert-Beer’s law 

(Eq 3-1). 
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       Eq 3-1 

 

The molar extinction coefficient (ε605) for BPB is 91800 (mol/L)-1 cm-1 [Krchnak et al. 

1988]. V is the volume of the piperidine solution in ml (e.g. cm3). A is the area of the 

slides (GC 11,26 cm2 and TIRF 11,02 cm²) and d the length of the optical path in the 

cuvette (1 cm). The term is multiplied by 106 in order to obtain the result in nmol/cm2. 

3.2.5 Dextran immobilisation by the use of avidin 
For the immobilisation of dextran 100 µl of an avidin solution (20 and 200 µg/ml) were 

pumped over a cleaned (1 min in sulphuric acid / H2O2 see section 3.2.3) sensor 

element with a flow rate of 50 µl/min. Afterwards pumping and connecting tubings were 

removed and the biotin dextran solution (200 µl, 1 and 10 mg/ml) was injected directly 

into the flow cell. The in/out-lets were sealed and the dextran solution was incubated 

for 20 min. Pumping and connecting tubings were remounted and the surface was 

rinsed with running buffer at a flow rate of 50 µl/min. 
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3.2.6 Dextran immobilisation with EDC/NHS 
To immobilise dextran onto the sensor elements different amounts were dissolved in 

carbonate buffer and mixed with EDC and NHS for activation. For the lowest dextran 

concentration two different EDC/NHS concentrations were tested (10 mM/2,5 mM and 

200 mM/50 mM). After an incubation time of 5 min these solutions were pumped over 

the APTS modified sensor surface. After 15 min the flow (50 µl/min) was stopped and 

the activated dextran was incubated for 45 min to increase the interaction time. Finally, 

the slides were rinsed with running buffer for at least 10 min. 

3.2.7 Non-specific binding to the sensor surface  
BSA-solutions of different concentrations (0.1, 1 and 10 mg/ml) were used to evaluate 

non-specific binding to the sensor surface. Alternately, the protein solution (3.5 min) 

and the running buffer (5 min) were passed over the sensor surface with a flow rate of 

50 µl/min and binding was detected with the grating coupler. Additionally a Cy5-

labelled antibody (100 ng/ml) was passed (15 min) over the dextran modified surfaces 

of the multiple reflection elements in the TIRF device (flow rate 50 µl/min).  

3.2.8 Immobilisation of proteins to CM5-dextran 
A second activation step with EDC/NHS (7 min, 80 mM/20 mM) was performed after 

the dextran immobilisation to the sensor surface. Proteins to be immobilised were 

diluted (avidin 200 µg/ml, antibodies 25 µg/ml) in the running buffer and injected for 25 

min (avidin) and 5 min (antibody) in the grating coupler or, in case of the Cy5-labelled 

antibody (200 and 50 ng/ml), in the TIRF-device. Residual active groups were 

saturated by injection of ethanol amine for 7 min. The flow rate was kept at 50 µl/min in 

all experiments. 

3.2.9 Monitoring of specific antibody bindings 
To monitor an affinity reaction the 12E12 antibody (mouse IgG, 200 ng/ml, 17 min 

injection) was immobilised onto the dextran modified surface as mentioned above. The 

21C7 antibody (rat IgG, 50 ng/ml) was mixed with an anti rat Cy5-labelled antibody 

(50 ng/ml) and injected over this sensor surface (18 min). The flow rate during the 

experiment was kept at 50 µl/min. Regeneration of the surface was performed by a 

2 min injection of 30 mM HCl. 

    



3 Optimisation of glass surfaces for optical immunosensors  73 

3.3 Results and Discussion 

Two different approaches for surface modification were followed: a) immobilisation via 

avidin-biotin, for which avidin was adsorbed to the glass surface and biotin-labelled 

dextran molecules were captured by this avidin layer. Adsorption of avidin to glass 

surfaces of grating coupler chips is rather strong and was also described by Polzius et 

al. (1997) and Clerk and Lukosz (1997). Although this is not a covalent bond harsh 

regeneration conditions such as 0.5 % SDS or 1 M NaOH for 15 min were necessary to 

remove the avidin from the surface (data not shown). The advantage of this approach 

is a very simple protocol without the need for surface pre-treatment. However, avidin is 

a hydrophobic protein, which can enhance interactions with other hydrophobic 

compounds such as most of the fluorophores. Moreover, the strength of the adsorption 

may vary with the glass used for transducer fabrication. 

In a second approach b) the dextran was immobilised directly on the sensor surface. 

The glass surfaces were first modified with amine groups and activated dextran was 

passed over this surface, leading to a covalent binding between the glass surface and 

the dextran. 

3.3.1 Coupling of amine groups to sensor elements 
To obtain a reactive surface for further modifications amine groups were introduced to 

the sensor element by incubation with an amine group containing silane (APTS). 

Increasing the incubation time of APTS lead to an increase of amine groups on the 

surface (Figure 3.1). This was done with the sensor elements for the grating couplers 

(GK-chips) and the fluorescent sensor device (TIRF-chips), respectively. In general the 

TIRF-chips showed a higher reactivity leading to an increased density of amine groups 

on the surface. After 10 hours of incubation time the capacity of the GK-chips was 

saturated while even after 24 hours the TIRF-chips had not reached their full capacity. 

The difference in reactivity may be explained with the different surface chemistries of 

the sensor elements. The TIRF-chips had a Si-dioxide surface, whereas GK-chips had 

a 100 nm thick Ta2O5 layer sputtered onto a glass substrate. It can be assumed that 

the latter layer has less hydroxide groups than the former.  

 

Vandenberg et al. 1991 calculated that a 0.4 % APTS solution lead to a monolayer 

surface coverage. High amine coverage could lead to frequent links between surface 

and dextran resulting in inflexible layers with a low mesh size. This could prevent an 

easy access and exchange of buffer and sample between the injected sample and the 

sensing layer. Therefore, a 0.025 % solution of APTS and a short incubation time of 2 h 
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resulting in a low amine coverage (0.1 nmol/cm2) was preferred. The available 

carboxymethyl groups of the incubated dextran were at least 1000 times in excess 

(product information sheet, Fluka). It can be assumed that all amine groups of the 

sensor surface have reacted and activated carboxymethyl groups were still present on 

the dextran layer. By doing this the free amine groups on the surface of sensor 

elements are eliminated and a positive charge in a neutral buffer, which could enrich 

negatively charged molecules (e.g. DNA) and increase unspecific binding events is 

prevented. 
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Figure 3-1 Influence of the APTS- incubation time on the density of amino groups on the 
glass surface as determined by BPB method (section 3.2.4). 
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3.3.2 Immobilisation of CM5-dextran and unspecific bindings to modified 
surfaces 

Immobilisation of dextran on the grating coupler sensors was performed under different 

conditions, either by a) using avidin coated slides with biotin labelled dextran or b) a 

covalent immobilisation.  

The covalent immobilisation of the CM5-dextran (approach b) was monitored online 

with the grating coupler (Figure 3-2), so that the increase in the baseline after the 

injection and incubation time could be used for quantification. By using higher 

concentrations of the coupling reagents EDC/NHS, more dextran could be immobilised 

(Table 3-1). Increasing dextran concentrations did not lead to a further significant 

increase of surface coverage. Nevertheless, unspecific binding of BSA was more 

efficiently blocked when higher dextran concentrations were used (Figure 3-3). It can 

be concluded that higher dextran concentrations lead to a different conformation of the 

dextran layer resulting in a higher inhibition of unspecific binding. 

 

 RESULTING SIGNAL SD n 

40 mg/ml Dextran 10 mM EDC//2,5 mM NHS 1.9 10-4 + 5.9 10-5 2 
40 mg/ml Dextran 200 mM EDC/ 50 mM NHS 2.8 10-4 + 1.8 10-5 2 
70 mg/ml Dextran 200 mM EDC/ 50 mM NHS 3.6 10-4 + 6.7 10-5 2 
100 mg/ml Dextran 200 mM EDC/ 50 mM 2.8 10-4 + 1.6 10-5 6 
Table 3-1 The signal obtained with the grating coupler instrument is given as ∆Neff, which 
is directly related to the achieved mass loading on the transducer surface. 
 
The immobilisation of dextran via biotin-avidin (approach a) was not followed on-line 

due to the limited availability of biotin-dextran. Thus, the amount of avidin and biotin-

dextran bound to the glass surface was not determined.  

The results of the BSA treatment for both approaches are given in Figure 3-3. In 

general, the direct immobilisation of dextran gave a better protection. Even high BSA 

concentrations (at least one magnitude higher than protein concentrations used in 

affinity assays, see below) resulted in binding signals which were approximately one 

magnitude lower than in a regular specific binding reaction determined with the grating 

coupler [Polzius et al. 1997]. 

    



3 Optimisation of glass surfaces for optical immunosensors  76 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

0,0000

0,0005

0,0010

0,0015

0,0020

0,0025

0,0030

3.

2.1.

                 

2.8 10-4

4.6 10 -4

dN
ef

f

time [s]
Figure 3-2. Immobilisation of CM5- dextran to modified surface 1. 15 min CM5 Dextran in 
EDC/NHS and 45 min incubation, 2. 8 min EDC/NHS, 3. 25 min Avidin 200 µg/ml. 
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Figure 3-3 Unspecific binding of BSA monitored with grating coupler. Successively three 
injections of 0.1, 1 and 10 µg/ml were performed. Data are only shown for the first and 
after last injection. 
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Unspecific binding was also observed with the TIRF device. A Cy5 labelled antibody 

was injected over an APTS- and a dextran modified surface, respectively. As shown in 

Figure 3-4 non specific binding of the antibodies only occurred with the APTS sensor, 

whereas no unspecific binding could be observed at the dextran modified sensor. 

Antibody concentrations used in these experiments resembled those used for the 

binding experiments (see below). 
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Figure 3-4 Unspecific binding to sensor surface in the TIRF system using a Cy5-labelled 
antibody 
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3.3.3 Immobilisation of proteins to dextran surface  
In Figure 3-2 and Figure 3-5 protein immobilisation onto the dextran surface in the 

grating coupler and the TIRF system is shown. Avidin and the antibodies respectively 

remained on the sensor surface, indicated by the increased signal after the protein 

injection. The signal obtained from the avidin immobilised in the dextran was ∆Neff 4,3 

10-4 + 0,3 10-5 (Figure 3-2), which was 3-4 times higher compared with the results for 

avidin adsorption (∆Neff 1,1 10-4 + 0,42 10-5, method was similar to section 2.3.4.2). For 

the antibody an even higher immobilisation yield (1,3 10-3 + 2 10-4 ∆Neff) using lower 

concentrations and a shorter reaction time than for avidin could be achieved. However, 

compared to direct immobilisation onto a 3-glycidoxypropyltrimethoxysilane (GOPS) 

modified surface [Polzius et al. 1996] no significant increase (∆Neff 2,3 10-3) for antibody 

immobilisation could be determined (data not shown). 
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Figure 3-5 Immobilisation of a Cy5-labelled antibodies to activated CM5 dextran in the 
TIRF system 
 

In buffers with pH ≤ 7 CM5-dextran is negatively charged due to the carboxymethyl 

groups. Positively charged proteins are concentrated close to the matrix and can be 

bound more easily. Therefore, the pH of the immobilising buffer is usually kept two 

magnitudes below the proteins’ pI. Proteins with a low pI are difficult to immobilise 

[Löfas et al. 1990 and 1995] to the CM5-dextran due to their negative charge even at 

low pH.  
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On the other hand, the improvement in immobilisation yields achieved for the avidin 

using dextran could not be transferred to the antibody immobilisation. This may be 

explained with the size of these proteins according to their molecular weight and the 

mesh size of the dextran coating. Avidin is much smaller than the antibody and could 

penetrate deeper into the dextran, enhancing the available surface area.  

 

In both biosensors no leakage of the proteins after the immobilisation is noticed. Also 

no photo-bleaching effect of the immobilised Cy5 labelled antibody is visible in the 

TIRF system (Figure 3-5). Both effects would lead to a negative slope after changing to 

the running buffer. The antibody stock solution (anti rat IgG) used for the immobilisation 

in the TIRF device contained also a high concentration of stabilising proteins (10 mg/ml 

BSA ten times the antibody concentration, finally diluted to 2 and 0.5 µg/ml, 

respectively). These proteins were co-immobilised on the dextran but are not visible 

since they are not Cy5 labelled. 
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Figure 3-6 Specific binding of antibodies to the TIRF sensor surface. The complex of a rat 
antibody (21C7) bound to a Cy5 labelled secondary antibody (anti-rat) was captured by 
the immobilised antibody 12E12. 
 

As a proof of the functionality of the immobilised proteins, a ß-idiotypic antibody 12E12 

was immobilised on the dextran surface and the reaction with the corresponding 

antibody 21C7, which was complexed by a Cy5-labelled anti-rat antibody, was 

monitored (Figure 3-6). Two measuring cells were serially connected. In the first 

measuring chamber the chip was covered only with the dextran layer (reference cell), 
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whereas in the second cell the 12E12 was immobilised. The injected solution with the 

protein complex was first introduced to the reference cell and then passed over the 

measuring cell. The 21C7 antibody was captured and detected in the measuring cell. 

No binding effects could be observed in the reference cell, indicating that the glass 

surface was well protected against unspecific bindings. Additionally, it can be deduced 

that the signal in the measuring cell is due to the specific interactions between the 

12E12 antibody and its target, which can be followed in real-time. Data of 5 

consecutive injections are presented, which illustrate the reproducibility of the 

experiments and the almost complete regeneration of the binding. After 10 

regenerations the signal decreased to 90 %. Compared to previous investigations 

[Akkoyun et al. 2000] this is a significant improvement of the antibody stability (see 

section 4.4.4.1). 

 

3.4 Conclusions 

A simple and fast method for coating optical wave guides was investigated. The most 

time consuming step is the silanisation of the wave guides (2h), which can be done for 

several sensors chips at a time. The slides can then be stored desiccated at room 

temperature and used without any further treatment. The coating with dextran was 

monitored in real time and takes approximately one hour. Proteins such as avidin or 

antibodies can be immobilised by well known chemistry onto this layer. Yet, the coating 

was only optimised for inhibiting unspecific binding events. So far we have no 

information about the penetration depth of injected and immobilised compounds. The 

investigated “brush” models [Witz, J. 1999] for the BIAcore CM5-chips are not 

appropriate for our coating because multiple links between each dextran molecule and 

the sensor surface have to be assumed. Preliminary experiments showed that the 

reactions probably happen mostly in the upper parts of the coating. In order to increase 

accessibility of the immobilised molecules, the area of the interacting surface and the 

mesh size of the coating could be increased. Those methods designed for grating 

couplers and SPR-sensors based on mixing polymers with not reacting compounds 

and removing them after the immobilisation have been described by Brynda et al. 

1999. However, this could lead again to an increase of unspecific bindings to the glass 

surface. 
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4 Development and characterisation of a low-molecular weight 
detection assay 

 

A detection assay for the detection of low-molecular weight analytes by optical 
biosensors was investigated. Sulphamethazine (SMZ) was chosen as a model analyte. 
The relevance of SMZ in food quality control and the use of idiotypic antibodies are 
highlighted in the sections 4.1 and 4.2 respectively. However, the assay principles can 
be transferred to the detection of other compounds. 
 
Different possible assay types were examined and characterised with the BIAcore 
device. Initially, the binding event between the antibodies was investigated with respect 
to thermodynamic and kinetic properties. The assay was also applied to urine sample 
to test its capability for direct measurements at living animals. The resulting assay was 
transferred to other optical biosensors as described in chapter 5. 
 

4.1 SMZ- detection as a model system 

Intensive use of antibiotics in animal breeding can lead to unwanted residues in food. 

To establish safe limits for human consumption maximum residue limits (MRL) are 

given for different substances. Microbial inhibition tests are usually used to screen for 

these antibiotics [Nouws et al. 1988, RIKILT 1999, Cho et al. 1996], but they respond to 

all growth-limiting compounds, and thus the discrimination and quantification power of 

these tests are limited. Usually, positive samples are examined again with HPLC or GC 

for verification. The focus of this chapter is the detection of SMZ, which is one of the 

major sulfonamides used in animal treatment. It is found in tissue, but also in plasma 

and urine, together with its metabolites N4-acetyl- and hydroxy- SMZ [Nouws et al. 

1989]. Its MRL for tissue is set at 100 µg/kg. Haasnoot et al. [1996] examined SMZ 

levels after animal treatment. The highest SMZ concentrations were found in urine 

samples, which were 1-3.6 times higher than those in plasma, with plasma 

concentrations 2-4 times higher than SMZ levels in tissues. Therefore, urine samples 

appear to be well suitable candidates to screen animals for residues of these drugs 

before slaughter. 

As an aim of this thesis was to consider a general test format for screening food-

producing animals, investigations about the applicability of an immunosensor system 

for the detection of drugs were conducted, with SMZ as the model compound. Usually, 

immunoanalysis can be performed in different assay formats. However, for the 

detection of low-molecular-weight compounds either competition or inhibition tests are 
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required even in immunosensor systems (for details see section 1.3.5). In both of these 

conventional assay types immobilisation of SMZ to a sensor surface or conjugation 

with a carrier protein is necessary. The chosen model analyte SMZ has a low water 

solubility and an amino group attached to an aromatic ring, which has a rather low 

reactivity for covalent coupling. Both features, low water solubility and no ready-to-use 

functional group for covalent binding, are common to a number of possible residues, 

e.g. steroid hormons, mycotoxins or pesticides.  

 

The use of the optical biosensor system BIAcore for SMZ detection in milk and bile has 

been described in the literature [Sternesjö et al. 1995, Baxter et al. 1999]. Both assays 

utilized the inhibition test format with SMZ being immobilised in the dextran layer on the 

transducer surface. To achieve this immobilisation SMZ had to be dissolved first in 

dimethylformamide (DMF) to obtain a highly concentrated solution, which was mixed 

with water to allow coupling to the dextran layer. Polyclonal antibodies were mixed with 

the samples prior to injection in the system. In those studies no further sample pre-

treatment was required. 

 

4.2 Anti-idiotypic antibodies 

Anticipating difficulties in immobilisation or conjugation of SMZ, but aiming at a general 

strategy, more independent from analyte-features, application of monoclonal anti-

idiotypic antibodies as analyte-analogues was examined. 

 

Anti-idiotypic antibodies are directed against the analyte binding region of a target 

antibody. Alpha- and ß-type anti-idiotypic antibodies are distinguished depending on 

their specificity. Beta-type anti-idiotypic antibodies recognise the binding site of the 

target antibody mimicking the epitope of the corresponding antigen, whereas α-type 

anti-idiotypic antibodies bind to other parts of the variable region on the target antibody 

independent from its occupancy by the corresponding antigen. Anti-idiotypic antibodies 

and their production were described earlier [Brilles et al. 1985, Kohen et al. 1990] for 

the detection of immunoglobulins with defined variable regions, e.g. those expressed 

by different cells, such as B-, T- or tumor cells [Thielemans et al. 1985, Root et al. 

1995]. For analytical purposes immunoassays performed in microtiterplates were 

described [Barnard et al. 1990]. These were based on the binding of ß-type anti-

idiotypic antibodies leading to blocking of additional binding of α-type anti-idiotypic 

antibodies to the binding sites of the target antibody which was directed against the 
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analyte of choice, i.e. oestradiol. Thus, α-type antibodies could only bind to those 

binding sites which were occupied by the target analyte and not by the ß-type 

antibodies.  

 

In combination with the BIAcore device, the ß-type anti-idiotypic antibodies should be 

used as a substitute for other analyte-conjugates in competition experiments or as 

analyte-analogues suitable for a covalent immobilisation. 

 

4.3 Methods 

4.3.1 Equipment and chemicals 
All experiments were performed with BIAcore 1000© and BIAcore 2000© (BIAcore AB, 

Uppsala, Sweden) respectively. Sensor chips CM5 (research grade) and the 

immobilisation reagents 0.2 M ethyl-3-[1-dimethylaminopropyl] carbodiimide (EDC), 

0.05 M N-hydroxy succinimide (NHS) and 1 M ethanolamine were purchased from 

BIAcore AB, Uppsala, Sweden. Sodium phosphate buffered saline (PBS, 40 mM 

Phosphate, 100 mM NaCl) pH 7.5 was used as a running buffer. Before measurements 

the buffer was filtered through 0.2 µm cellulose nitrate membrane (Sartorius GmbH, 

Göttingen Germany) and degassed. In some experiments HBS buffer (0.01 M HEPES, 

0.15 M NaCl, 3 mM EDTA, 0.005% (v/v), polysorbate 20) purchased from BIAcore AB, 

Uppsala, Sweden was used as running buffer. Anti-SMZ antibody clone 21C7 and the 

corresponding anti-idiotypic antibody clone 12E12 were a gift from F. Kohen (Weizman 

Institute, Rehovot, Israel). Both antibodies were used at a final concentration of 1 

mg/ml. All compounds injected during the measurements were dissolved or diluted in 

the running buffer.  

4.3.2 Preparation of sensor surfaces 

4.3.2.1 Immobilisation of antibodies 
Immobilisation of anti-idiotypic antibody, clone 12E12, onto sensor chips was 

performed in the biosensor system according to the procedure given by the 

manufacturer [Appl. Note 202]. The carboxylated dextran matrix was activated by 

injection of 35 µL of a solution containing EDC/NHS (1:1) with a flow rate of 5µL/min 

over the target flowcell. Afterwards 5 µg of anti-idiotypic antibody 12E12 diluted in 100 

µL 10 mM sodium acetate buffer (pH 5) was injected. During the injection the amount 

of antibodies binding to the dextran layer of the chip was monitored in real time and the 

injection was stopped after reaching the desired value. Finally, 35 µL of the 
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ethanolamine solution were injected to block residual NHS-ester groups. Usually, two 

injections of 10 µL 10 mM HCl were performed after the immobilisation to clean the 

sensor surface. 

4.3.2.2 Immobilisation of SMZ 
For the immobilisation of SMZ to the dextran layer of the BIAcore sensor elements 

(CM5-elements) the same procedure as described by Sternesjö et al. (1995) was 

applied. SMZ was dissolved at different concentrations (0.5 – 2 mg/ml) in 10 mM HCl + 

10 % DMF, pH 3.0. The following steps were performed out side of the BIAcore 

instrument by pipetting the respective solutions onto the sensor surface (see Table 

4-1). 

Contact time Amount Reagent Purpose 
18 min  25 µl NHS/EDC 

50 mM /200 mM  
Activation of surface 

3-5 sec 30 µl X 3 PBS buffer Washing1 
3 hours 30 µl SMZ-solution Coupling of SMZ 
18 min 30 µl 1 M ethanol amine  Blocking of remaining 

active groups 
1 min 25 µl 100 mM NaOH + 20 % DMF Conditioning of surface 
1 min 25 µl 100 mM HCL + 20 % DMF Conditioning of surface 
Table 4-1 Protocol for SMZ immobilisation, 1was repeated after every step 
 

4.3.3 Detection assays 

4.3.3.1 Competition assay  
For the competition assay the anti-SMZ antibody was immobilised onto the sensor 

surface (2000 RU) and 55 µL of the anti idiotypic 12E12 antibody (3.75 µl/ml) spiked 

with different SMZ concentration (0-1 µg/ml) were injected over the sensor surface at a 

flow rate of 3 µl/min. Between the cycles the sensor surface was regenerated with two 

injections of 10 µl 30 mM HCl. HBS was used as running buffer and dilution buffer for 

the samples.  

4.3.3.2 Inhibition assay with immobilised SMZ 
After immobilisation of SMZ to the sensor surface (section 4.3.2.2), 50 µl of anti SMZ 

antibody (0.75 µg/ml) was injected with a flow rate of 10 µl/min. Additionally, similarly 

prepared samples were spiked with different SMZ concentrations (0.5 ng/ml –5 µg/ml). 

Between each cycle, the sensor surface was regenerated by four injections of 10 µl 30 

mM HCl. HBS was used as running and sample buffer. Before and after the SMZ 

spiked sample series, injections of the anti-SMZ antibody solution were performed to 

monitor the maximal residual binding capacity of the sensor surface. 

    



4 Development and characterisation of a low-molecular weight detection assay  86 

4.3.3.3 Inhibition with anti idiotypic antibody 
Different concentrations of the anti-idiotypic antibody 12E12 were immobilised on CM5-

chips, which corresponded to immobilisation levels (RL) from 200 to 10600 resonant 

units (RU). A stock solution of the anti SMZ antibody was prepared in PBS with a 

concentration of 8 µg/ml. Different concentrations of SMZ in 50 µL PBS were prepared 

and combined with 50 µL of the anti-SMZ antibody- stock solution, leading to a final 

concentration of 4 µg/ml for the anti-SMZ-antibody. This solution was incubated for at 

least 15 min, before 55 µL were injected followed by two regenerations steps with 6 µL 

10 mM HCl at a flow rate of 20 µL/min 

4.3.3.4 Regeneration strategies  
The anti SMZ antibody was loaded by an injection of 50 µl 3.75 µg/ml onto a SMZ 

coated surface. Short pulses (10 µl) of the regeneration solution (6 M Urea, 50 mM 

NaOH, 50 mM NaOH + 20 5Acetonitril, 30 mM HCl, 30 mM HCl + 1 mg/ml SMZ) were 

injected over the sensor surface at a flow rate of 5 µl/min. 

4.3.4 Kinetic investigations of the antibody reaction  
2000 response units (RU) of the anti-idiotypic antibody 12E12 (equivalent to 

approximately to 2 ng/mm2) were immobilised and 55 µL of different anti-SMZ antibody 

dilutions (0,3 - 10 µg/ml) were injected. To investigate the influence of mass transfer 

and rebinding events, only 95 RU of 12E12 were immobilised and 110 µl containing 0.3 

- 5 µg/ml anti-SMZ antibody were injected. In both experiments the flow rate was kept 

at 20 µl/min and before and after each injection the surface was regenerated by 

injecting 10 µL of 10 mM HCl. 

4.3.5 Characterisation of the Inhibition Assay 

4.3.5.1 Stability Test of 12E12 
2000 RU of the antibody 12E12 were immobilised onto a flow cell. A stock solution of 

the anti-SMZ antibody 21C7 was prepared by diluting the antibody 1:500 in running 

buffer (PBS) resulting in a concentration of 2 µg/ml. 55 µL of this solution were injected, 

followed by two 10 µL injections of 30 mM HCl at a flow rate of 20 µL/min. This cycle 

was repeated continuously for two days. 

4.3.5.2 Measurements in urine 
One aliquot lyophilised pig urine obtained from M. O’Keeffe (The National Food Centre, 

Dublin, Ireland) was reconstituted with 20 ml PBS leading to a 1:20 diluted urine. This 

solution was used for the preparation of spiked SMZ-solutions and the anti-SMZ 

antibody-stock-solution to perform inhibition assays in urine. 
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4.4 Results and discussion 

Initially, characterisation of the binding event of the reaction partners will be described 

(section 4.4.1 and 4.4.2). Later in the chapter different assay types that were tested are 

presented and are discussed. 

4.4.1 Characterisation of the SMZ anti-SMZ antibody interaction 
The critical step for the development of assays for the SMZ is the affinity between SMZ 

and its corresponding antibody. In preliminary experiments it was found that binding 

was very strong and elution of SMZ from the antibody could not be established with 

common regeneration procedures. Therefore other regeneration strategies had to be 

investigated. 

4.4.1.1 Regeneration of the binding event 
Usually, sensor surfaces can be regenerated by a short injection of 10 mM HCl, but in 

case of the SMZ to anti SMZ antibody (21C7) binding event those conditions were not 

sufficient to cleave the complex. Other regeneration solutions and their capability were 

investigated. For these investigations, SMZ was immobilised on the sensor element 

and the anti-SMZ antibody was injected, followed by four injections of the regeneration 

solution. In Figure 4-1 the results are shown for four different regeneration solutions. 

Afterwards six injections of 30 mM HCl were performed to remove the bound antibody. 

0 1000 2000 3000 4000

-2000

0

2000

4000

6000

8000

10000

12000
1. 30 mM HCL (x6)
2. anti-SMZ antibody
3. regeneration solution (x4)

3.

2.

1.1.1.

1.1.

1. 1.

 6 M Urea
 50 mM NaOH
 50 mM NaOH + 20 Ac.nitr.
 30 mM HCl + 1mg/ml SMZ

R
es

po
nc

e 
[R

U
]

time [s]
Figure 4-1 Regeneration of anti-SMZ antibody from a SMZ coated surface. 
 

As shown, the bound antibody could only be removed completely by adding SMZ to the 

regeneration solutions. Additionally, it can be seen that the binding capacity of the 
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sensor surface is reduced after each regeneration series (urea, NaOH, NaOH + 

Ac.nit.). This may be due to already occupied binding sites (by the retained antibody of 

the primary injection) or by damages of the SMZ dextran link [ref]. In Table 4-2 the 

regeneration capabilities of the different solutions are shown. 

 

Regeneration medium Residual Binding (% Initial 
signal) after one pulse (10 µl) 

Residual Binding (% Initial signal) 
after four pulses (10 µl) 

6 M Urea 100 100 
50 mM NaOH 93 86 
50 mM NaOH + 

20 % Acetonitril 85 45 
30 mM HCl 19 12 
30 mM HCl + 

1 mg/ml SMZ 0 0 

Table 4-2 Regeneration of the SMZ – anti SMZ antibody binding 
 

Only the addition of high SMZ concentrations leads to complete removal of the anti 

SMZ antibody. Therefore, this approach was not applied for the determination of SMZ, 

as SMZ residuals within the fluidic system of the device after such a regeneration 

procedure would have interfered with the measurement. Nevertheless, it seems that 

the binding event of the two binding partners is cleaved but the antibodies may rebind 

to the sensor surface and that this rebinding effect may be inhibited by high SMZ 

concentration in the regeneration solution.  

 

Taking into account that harsher regeneration conditions (e.g. 1 M NaOH or guanidine 

hypochloride pH 0.8) damaged the immobilised receptor (SMZ), the surface coating 

(e.g. dextran) or their chemical link two conclusions could be drawn: 

• The binding between SMZ and the anti-SMZ antibodies had to occur in solution 

(the anti-SMZ antibody cannot be immobilised on the sensor surface). 

• The use of a stable receptor- modified surface (e.g. receptor-surface link) able 

to resist harsh regeneration conditions (such as SMZ or an analogue) had to be 

used. 
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4.4.1.2 Affinity constant of SMZ – anti SMZ antibody 
As described above (section 4.4.1.1) the SMZ- anti SMZ complex could only be 

cleaved with repeated injections of low pH solutions. The stability of SMZ and/or the 

carbodiimide link between the SMZ and the sensor surface under those circumstances 

was not further investigated. Later experiments proved that the reproducibility of anti- 

SMZ antibody bindings to such a surface was poor (4.4.3.2). Therefore, calculations of 

the affinity constant (KD) or kinetic values ( kd and ka), as was done for the anti SMZ 

antibody - anti-idiotypic antibody 12E12 (see below), would not be reliable. 

 

4.4.2 Characterisation of the anti-SMZ and anti -idiotypic antibody 
interaction 

In Figure 4-2a and Figure 4-3a binding of the monoclonal anti-SMZ antibody to the 

immobilised ß-type anti-idiotypic antibody 12E12 is shown as observed with a BIAcore 

2000© in real-time for two different amounts of 12E12. The association reaction (kon) 

can be followed by the increasing signals observed after injection of anti-SMZ antibody, 

the dissociation phase (koff) starts after changing to the running buffer leading to 

decreasing signals. As can be seen in these Figures, the association rate increased 

with the amount of anti-SMZ antibody and decreased with the amount of immobilised 

12E12.  

Using the software BiaEvaluation© (Uppsala, Sweden) the kinetic constants kon and koff 

were obtained and are given in Table 4-3. The ratio of both constants gives the affinity 

constant KD. In Figure 4-2b and Figure 4-3b the signals obtained directly after 

changing to the running buffer, (represent the equilibrium situation), were plotted 

against the concentrations of the corresponding anti-SMZ antibody–solution. The 

affinity constant can be read from these curves being the anti-SMZ antibody-

concentration that gives the half-maximal signal. The calculation and fitting of these 

data was again done with the BiaEvaluation© software and data are also included in 

Table 4-3. 

 kon [mol-1 s-1] koff [s-1] KD = koff / kon KD [mol –1] 
95 RU 6.8+ 1.1 104 5.9 + 1.8 10-5 8.7 10-10 0.8 10-10 
2000 RU 4.5+ 2.3 105 6.5 + 7.7 10-11 1.1 10-16 1.4 10-10 

Table 4-3 Thermodynamic and kinetic constants for the binding reaction between 
monoclonal anti-SMZ- and anti-idiotypic antibodies with respect to immobilisation yields. 
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Figure 4-2a Real-time monitoring of the binding event between the monoclonal anti-SMZ 
and the corresponding anti-idiotypic antibody. 2000 RU 12E12 were immobilised on the 
sensor surface. The curves are labelled with the anti-SMZ antibody concentrations 
(injections were performed in duplicate). 
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Figure 4-2b Dependence of the equilibrium signal at approx. 400 s (Figure 4-2) on the 
anti-SMZ antibody concentration 
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Figure 4-3a Equivalent to Figure 4-2a. 95 RU 12E12 were immobilised on the sensor 
surface. The dilutions of the anti-SMZ antibody-solutions are labelled. 
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Figure 4-3b Dependence of the equilibrium signal from Figure 4-3 at approx. 400 s on the 
anti-SMZ antibody concentration. 
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As can be seen in Table 4-3 there is a significant deviation between the kinetic 

constants obtained from the two sensor surfaces. This is due to the nature of the 

binding event on the sensor surface. The monoclonal anti-SMZ-antibody has two 

binding sites for the ß-type anti-idiotypic antibody 12E12, and vice versa. When both 

antibodies interact a double binding occurs. First one binding site of 12E12 binds to its 

target region on anti-SMZ antibody. Then, the other binding region gets very close to 

the second target region and forms another complex. Therefore, both interactions have 

different kon rates. The second is much faster and the total reaction is limited by the 

first interaction which is monitored by the sensor device. Like the association reaction 

the dissociation reaction occurs in two steps. Even if one binding dissociates there is 

still the second binding which keeps the antibodies together. Moreover, when a high 

amount of 12E12 was immobilised (2000 RU), not all binding sites were occupied and 

thus, anti-SMZ antibody dissociating from one antibody can rebind to another, resulting 

in constant signals thus appearing as a low dissociation constant (koff). Both situations 

are not fully taken into consideration the software used and thus deviations between 

koff- values and as a consequence between KD values, can be explained. As low 

amounts of immobilised 12E12 allow more ideal dissociation behaviour, the 

corresponding KD-value is in better correlation to the equilibrium KD.  

 

4.4.3 Selection of detection assay 
The conclusions from the section 4.4.1.1 lead to an assay type in which the binding of 

the anti SMZ antibody to the sensor surface was inhibited by the presence of SMZ. 

Two different approaches were considered to tackle that problem, i.e. immobilisation of 

a) SMZ (section 4.3.3.2) and b) the anti-idiotypic antibody 12E12 (section 4.3.3.3). 

Nevertheless, initially a competition assay with immobilised anti SMZ antibody was 

investigated (section 4.4.3.1.). Additionally preliminary tests with SMZ-protein 

conjugates were performed (section 4.4.3.4). 

4.4.3.1 Competition assay 
For the investigations the monoclonal ß-type anti-idiotypic anti-SMZ antibody-antibody 

clone 12E12 was used. This antibody binds specifically to the SMZ recognition site of 

the anti-SMZ antibody 21C7. Due to the high molecular weight of an antibody its 

binding could be followed with the BIAcore in real-time. Binding was reduced when 

SMZ was also present and a corresponding calibration curve was obtained (Figure 

4-4). 
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Figure 4-4 Calibration curve obtained for SMZ using a competitive test format with the ß-
type anti-idiotypic antibody 12E12 and the immobilised monoclonal anti-SMZ-antibody 
anti-SMZ antibody 
 
However, this calibration curve could only be obtained, when the measuring cycle 

started with the lowest SMZ-concentration. The application of high SMZ-concentrations 

proved to block the sensor surface completely without the possibility to regenerate the 

binding capacity of the immobilised anti-SMZ antibody again (Figure 4-5). These 

results are in good agreement with those in section 4.4.1.1. 

Thus, this approach proved to be not applicable for SMZ-determination and was not 

further investigated. 
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Figure 4-5 Reduction in a competitive assay of signals obtained with different dilutions of 
the 12E12 after injection of an SMZ-solution (n=2). In both series samples were injected 
starting with the lowest concentration. The SMZ solution (3.5 mg/L) was injected after the 
first series of 12E12. 
 

4.4.3.2 Inhibition assay with immobilised SMZ 
Taking into account that a complete regeneration for the tests could not be achieved, 

the surface coverage of SMZ was reduced by decreasing the SMZ concentration 

(1mg/ml) during the immobilisation procedure. It was found that under those 

circumstances the anti SMZ antibody could be removed with 4 injections of 10 µl 

30 mM HCl. In an additional experiment, where different anti-SMZ antibody 

concentrations (0.25 - 7.5 µg/ml) were injected over such a surface, 0.75 µg/ml were 

determined to be the optimal concentration enabling the measurement of the decrease 

in the binding of the anti SMZ antibody. In Figure 4-6 the binding behaviour of anti-SMZ 

antibody to the sensor surface in the presence of SMZ is shown. 
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Figure 4-6 Inhibition of anti SMZ antibody (0.75 µg/ml) binding to the SMZ sensor surface 
when different SMZ concentrations are present in solution. 
 

Additionally to the injected SMZ spiked anti-SMZ antibody samples, zero- standards 

(without SMZ) were injected before and after those samples. In Figure 4-7 those 

signals are shown for the earlier measurement (Figure 4-6) and for a similar 

measurement performed later. These zero-standards are a result of the maximum 

binding capacity of the sensor surface, which is compared to the obtained signal if SMZ 

is present in the sample. This signal needs to be constant during the measurements, 

however slight decreases can be compensated mathematically. For inhibition series 1 

(first day) results were rather constant (with respect to the standard deviation). 

However, after 15 h of rinsing with HBS-buffer, data showed high standard deviation 

(cycles 7-10 in figure 4-7) and a quantification of the SMZ concentration was not 

reliable. From these difficulties and the time consuming (18 min) regeneration 

procedure it was concluded that this approach was not practical and it was not further 

investigated. 
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Figure 4-7 Zero-standard injections (anti SMZ antibody without addition of SMZ) before 
and after two successive inhibition series.  
 

4.4.3.3 Inhibition assay with immobilised 12E12 antibody 
The anti-idiotypic antibody 12E12 served as immobilised receptor in this assay format. 

This antibody binds specifically to the SMZ recognising region of the anti-SMZ 

antibody. Therefore anti-SMZ antibody injected over the sensor surface is captured. 

When the anti-SMZ antibody is pre-incubated with a sample containing SMZ, binding 

sites of the anti-SMZ antibody are blocked leading to an inhibition of binding to the 

immobilised 12E12. Increasing the SMZ concentrations resulted in decreased anti-SMZ 

antibody binding as shown in  

Figure 4-8. As will be described later the binding capacity for the anti-SMZ antibody 

was reduced during measurements but could be compensated as described in section 

4.4.4.2. This assay was chosen to be the most promising and was further investigated 

in section 4.4.4.  
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Figure 4-8 Inhibitions assay with immobilised anti-idiotypic antibody for two successive 
measurements. (values are zero-control corrected as described in Figure 4-10). 
 

4.4.3.4 Use of SMZ-Protein conjugates 
In order to investigate the use of SMZ-protein conjugates for the different assay types 

SMZ-OVA and SMZ-BSA were prepared. Immobilisation of both conjugates, in order to 

obtain an anti SMZ antibody binding surface, failed. Additionally, the binding of those 

conjugates to immobilised anti SMZ antibodies were not sufficient. Therefore no further 

investigations were performed.  

 

4.4.4 Characterisation of the inhibition assay with immobilised 12E12 
antibody 

The inhibition assay with immobilised anti-idiotypic 12E12 antibody gave the most 

promising results and was therefore further characterised. The stability of the 

immobilised receptor (12E12) during regeneration procedures is a key parameter for 

reliable assays (section 4.4.4.1.) A compensation of decreasing signals could be 

achieved by comparing the resulting signals with zero-standards (Figure 4-10). Finally, 

the assay was applied to urine samples. 

4.4.4.1 Stability of immobilised 12E12 
The stability of immobilised 12E12 was checked by alternately binding of anti-SMZ 

antibody and regenerating the binding sites. In Figure 4-9 the percentage of bound 

antibody after each regeneration compared to the initial signal is shown. During the first 
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cycles the binding capacity decreased rapidly. After the 20’th regeneration the 

decrease became linear allowing at least 50 measuring cycles. To protect the 12E12 

from this damage in the following 10 mM HCl was used instead of 30 mM HCl and the 

injected volume was decreased to 6 µL. These conditions still lead to complete 

regeneration and improved the stability. 
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Figure 4-9 Influence of regeneration conditions on the binding capacity of immobilised 
12E12. 
 

4.4.4.2 Performance of the assay 
To deal with the decreasing signals due to regeneration procedures (Figure 4-9) the 

amount of immobilised antibody was increased to 10600 RU and regeneration was 

performed two times with 6 µL 10 mM HCl. Also solutions containing no SMZ (zero-

controls) were injected alternating with the SMZ-solutions. Interpolation of data 

obtained from two successive zero-controls led to an expected signal (B0). The 

percentage of the value obtained for the SMZ-standard compared to this expected B0 

value was applicable to the quantification of inhibition (Figure 4-10) and was used in 

the calibration curves (% B/B0). 
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Figure 4-10 Polynomial interpolation of data to deal with the decaying sensor capacity 
 

To investigate the influence of the binding capacity different amounts of 12E12 (3000 

RU, 500RU, 200RU) were immobilised onto different flow cells. Flow cell 4 was used to 

monitor unspecific binding of the anti-SMZ antibody to the sensor surface. In Figure 

4-11 it is shown that this amount can be neglected. The curves obtained for the 

different ligand concentrations were very similar. Accordingly, the binding capacity had 

no influence on the sensitivity and linear range of the assay. In contrast to competition 

assays the anti-SMZ antibody could react first with SMZ in solution and in the second 

step un-occupied binding sites led to binding to the sensor surface. In the presence of 

SMZ the interaction between antibody and anti-idiotypic antibody is prevented. There is 

no competition for the binding regions between the ß-type antibody and analyte. 

Therefore, the immobilised amount influenced only the surface capacity and did not 

change the detection limit or measurement range. 
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Figure 4-11 Influence of the binding capacity of the sensor on the calibration curves. 
 

To determine the regeneration effects on the calibration curve (Figure 4-12) two flow 

cells were compared, which originally comprised the same amount of ligand. After 

having performed 86 regenerations in one cell, there was a large difference in the zero-

control values of the flow cell with the regenerated surface (70 RU) to the one with 

“fresh” antibody (500 RU). However the calibration curves, after the zero-control 

correction, were very similar, which indicates again that the amount of active antibody 

on the sensor surface did not influence the sensitivity of the assay. 
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Figure 4-12 Influence of regeneration to the calibration curves. 

4.4.4.3 Measurements in urine 
Urine measurements were done in reconstituted urine at a final dilution of 1:20. Those 

curves are similar to curves obtained in buffer (Figure 4-13). Lower dilution of the urine 

did not lead to more reproducible calibration curves (data not shown). In the Figure, the 

average of 6 successive measurements with the same sensor chip is shown.  
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Figure 4-13 Calibration curves for spiked urine samples (errors = + ISD, n=6) 
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4.5 Conclusion 

Initially, experiments showed that SMZ was strongly bound by the monoclonal anti-

SMZ-antibody such that the sensor surface could not be regenerated to a sufficient 

degree if the anti-SMZ-antibody was used as immobilised receptor. Thus, a competitive 

assay format proved not to be suitable and the focus was set on the establishment and 

characterization of an inhibition test format. 

 

The assay based on immobilised SMZ proved not to be reproducible. One reason 

could have been again the strong interaction between the SMZ and the anti SMZ 

antibody leading to incomplete regeneration and rebinding effects.  

 

The assay based on the immobilised monoclonal ß-type anti–idiotypic antibody 12E12 

and an added mixture of the monoclonal anti-SMZ antibody and SMZ was capable of 

SMZ detection if inactivation of the sensor surface during regeneration was considered. 

Measurements in diluted urine gave similar results to those obtained in buffer. The 

lower detection limit was determined to be approximately 2 µg/L in diluted urine. All 

curves had similar sensitivities with IC50 values of 8 µg/L for diluted urine, which is well 

below the MRL of 100 µg/L. Since the SMZ was measured in the urine of the animals 

and concentrations in tissue are only 10-50 % of those in urine [Haasnoot et al. 1996] 

the assays are sensitive enough for the desired screening purpose. The linear range of 

the assay was almost one order of magnitude and will give a yes/no answer rather than 

a real quantification. 

 

One cycle took about 13 min. Decreasing the amount of the injected solution and 

omitting the second regeneration step may decrease this time further to approximately 

7-8 min. Each chip could be used for approximately 100 regenerations before its 

binding capacity was exhausted. Milder regeneration procedures which might improve 

the stability, such as high salt concentration (data not shown), were tested but were not 

able to completely remove the bound antibody.  

 

Due to the application of the BIAcore instrument the binding event between the 

monoclonal anti-SMZ-antibodies and the monoclonal ß-type anti-idiotypic-anti-SMZ-

antibodies, with respect to affinity (KD) and kinetic (kon, koff) constants could be 

characterised. 
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5 Comparison of the optical biosensors 
 

In the former chapters assay formats for the detection of SMZ, as a model for low-

molecular weight analytes, were developed and characterised using the 

BIAcore-device. Additionally, a TIRF-device was described and suitable methods for 

the modification of the transducer surface were developed. In this chapter the BIAcore, 

grating coupler and TIRF-device will be compared with respect to basic device 

characteristics (section 5.2.1) and the performance of the SMZ assay (section 5.2.2 to 

5.2.4). 

 

5.1 Methods 

5.1.1 Baseline noise 
For the determination of the baseline noise, signals obtained within a 4 min running (~ 

200 data point) buffer rinsing were collected and the standard deviation (SD) calculated 

using Eq. 2-1 for random samples.  

For each transducer five measurements with different sensor elements were 

performed. Since a baseline slope during the data collection would falsify the mean 

value measurements with minimal or without baseline slope were chosen (first and last 

collected data point similar). 

5.1.2 Comparison of signal reproducibility 
PBS was used as running buffer and two solutions with different refractive indices were 

injected ten times each for 5 min followed by 10 min rinsing with the running buffer. 

Mean value and standard deviation were calculated (see Eq. 2-1).  

5.1.3 SPR experiments  
Experiments and methods performed with the SPR devices were already described 

and characterised in chapter 3 and are not mentioned here. 

 

5.1.4 Grating coupler experiments 
For all grating coupler (BIOS 1, ASI, Zurich, Switzerland) experiments 20 mM PBS 

supplemented with 100 mM NaCl pH 7.5 was used as running buffer. For all 

experiments a flow rate of 10 µl/min was adjusted. The buffers were filtered through a 

0.2 µm cellulose nitrate filter and vacuum degassed before use. All injected proteins, 

antibodies and blocking solutions were dissolved in the running buffer, if not otherwise 

mentioned. 
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5.1.4.1 Cleaning of glass surface 
To eliminate organic molecules from the glass surfaces before use the sensor 

elements were incubated for 1 min in H2SO4 / H2O2 (1:1). The slides were then rinsed 

with dist. water until the pH of the water was found neutral. Afterwards slides were air 

dried and kept desiccated. 

5.1.4.2 Activation of sensor surface 
For activation of sensor surfaces the cleaned slides were incubated over night at 60°C 

in 10 % 3-glycidoxypropyltrimethoxysilane (GOPS) in toluene. Slides were then rinsed 

stepwise with toluene, ethanol and acetone. After this treatment the sensor elements 

were air dried and incubated for 2 h in 50 mM HCl at 60° to break the epoxyl ring (see 

Figure 5-1). After rinsing with dist. water the slides were incubated for 2 h in sodium 

periodate solution (5 mM) to transform the diol to the aldehyde form. The slides were 

again rinsed with dist. water, air dried and stored desiccated, under nitrogen at RT not 

longer then 3 days.  

O Si
O

CH2CHCH2O(CH2)3
GOPS

OH
HCl

O Si CHCH2O(CH2)3
OH

CH2

OH Periodate

Epoxide

Diole Aldehyde

H2O

C
O

H
(CH2)3 O CH2SiO

CH2O
+

(CH2)3 O CH2SiO C

H

OH

CH N Protein

Protein

Schiffs' base link  
Figure 5-1 Activation of transducer surface and immobilisation of proteins to the grating 
coupler. The silane group of the GOPS molecule reacted with the hydroxyl of the surface, 
leading to a epoxide group (HCOCH2) covered surface. The epoxide is reduced to diole 

    



5 Comparison of the optical biosensors  106 

(COH-COH), followed by the oxidation by periodate to the aldehyde form (COH). Amine 
groups of the protein will form Schiffs’base. 

5.1.4.3 Immobilisation of Antibody 
Immobilisation of antibodies was performed on-line in the grating coupler and could be 

followed in real time. The antibody was diluted to 50 µg/ml in 10 mM sodium acetate 

buffer and 35 µl were injected with a flow rate of 5 µl/min through the flow cell. After 

rinsing with running buffer, two times 100 µl of ethanolamine were injected to 

deactivate retained active groups. After the immobilisation, usually 5 injections of 

50 mM HCl were performed in order to remove unbound antibodies and “stabilise” the 

binding capacity of the sensor surface (compare section 4.3.3.3).  

5.1.4.4 Binding of 21C7 to immobilised 12E12 
After immobilisation of the anti-idiotypic antibody 12E12 the anti-SMZ antibody (21C7) 

solutions of different concentrations (0.6 -10 µg/ml) were injected for 8 min, each 

followed by a 3 min rinse with running buffer and a regeneration pulse of 50 mM HCl at 

a flow rate of 10 µl/min. 

5.1.4.5 Detection assay with Grating coupler 
After immobilisation of the receptor (anti idiotypic antibody 12E12) the anti-SMZ 

antibody (5 µg/ml) and identically prepared solutions spiked with SMZ (0.1-1000 µg/ml) 

were injected each followed by 3 min rinse with running buffer and a regeneration pulse 

at a flow rate of 10 µl/min. 

 

5.1.5 TIRF experiments 
For all TIRF experiments 20 mM PBS, 100 mM NaCl pH 7.5 was used as running 

buffer. Similar to the grating coupler experiments prior to use the buffer was filtered 

(0.2 µm cellulose nitrate, Sartorius) and degassed. Reagents and samples were diluted 

in this buffer if not otherwise mentioned. The surfaces of the tubes and the injection 

needle of the auto sampler were blocked by injection of 1 % BSA –solution for 5 min, 

followed by 10 min rinsing with the running buffer.  

5.1.5.1 Immobilisation of dextran to the sensor surface 
The immobilisation of dextran to the TIRF sensor elements was performed similar to 

the grating coupler experiments (chapter 3.2.6). 
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5.1.5.2 Immobilisation of antibody to the dextran layer 
Immobilisation of antibodies (12E12, anti mouse Cy5) was performed similar to the 

experiments in the grating coupler. A detailed description of the method is given in 

chapter 3.2.8.  

5.1.5.3 Stability of sensor surface 
The anti-SMZ- antibody 21C7 (mouse IgG) and a secondary Cy5 labelled antibody 

(anti mouse IgG) recognising the 21C7 antibody were diluted to a final concentration of 

50 ng/ml for both antibodies and injected for 20 min over a surface with immobilised 

12E12. This procedure was repeated 18 times and the amount of bound anti-SMZ 

antibody monitored. 

5.1.5.4 Detection of SMZ 
The anti SMZ antibody 21C7 (mouse IgG) and a secondary Cy5 labelled antibody (anti 

mouse IgG) were diluted to a final concentration of 50 ng/ml of each antibody. To this 

solution SMZ was added at different concentrations (similar to the SPR and grating 

coupler solutions). The solutions were incubated for at least 15 min and injected over 

the immobilised receptor monitoring the binding. 

 

5.1.5.5 Regeneration conditions 
Regeneration of the binding sites of the immobilised 12E12 antibody (ß-type idiotipic to 

the 21C7 antibody) was performed by injection of 10 mM HCl for two minutes at a flow 

rate of 50 µl/min.  
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5.2 Results 

5.2.1 Device characteristics 

5.2.1.1 Baseline noise 
The baseline noise is a result of slide changes during the measurements and 

instrumental properties. When determining the minimal signal detected by a sensor, 

baseline noise becomes a critical parameter as the minimal resolution for the system, 

which is defined as three times the noise. In Table 5-1 the baseline noise for the 

different systems is shown as the standard deviation of signals obtained during 4 min 

(~200 data points) rinsing with the running buffer. For each transducer five 

measurements (baselines) with different sensor elements were taken.  

 

Transducer SD of baseline Peak to peak Noise  Min. resolution 
GK 2.2 10 -6 4.4 10 -6 13 10 -6 
TIRF 7 mV 14 mV 40 mV 
BIAcore 2000 0.2 RU  0,4 RU 1.2 RU 
Table 5-1 Baseline noise of the optical transducers 
 

5.2.1.2 Comparison of signal reproducibility 
To compare the reproducibility of the signals from the refractive devices (GK and 

BIAcore) repeated injections of HCl and TRIS were performed. The tests were done 

with four different sensor elements for each device and HCl and TRIS were injected 10 

times each over the same sensor element. Table 5-2 summarises the results obtained 

with respect to the running buffer PBS. 

GK [∆Neff] A BIAcore [RU]  

10 mM HCl 1 M TRIS 10 mM HCl 0.1 M TRIS 

Chip 1 -2.4 10-4 + 3.5 10-5 ---- -1722 + 10.1 B 640+12.7B 
Chip 2 -2.1 10-4 + 4.9 10-6 3.6 10-4 + 8.7 10-6 -1778 + 3.4 B 652 + 4.6 B 

Chip 3 -2.3 10-4 + 2.5 10-6 3.3 10-4 + 5.3 10-6 -1881 + 3.2 C 400 + 3.3 C 

Chip 4 -2.8 10-4 + 2.5 10-6 2.6 10-4 + 2 10-6 -1826 + 5.4 C 393 + 4.0 C 

Mean D -2.4 10-4 + 2.9 10-5 3.2 10-4 +5 10-5 --- -- 
Table 5-2 A Ta2O5 Surface 

B dextran coated gold surface C plain gold surface D The mean 
value was calculated by neglecting the standard deviation of each sensor element 
(formula is given in Eq. 2-1). Mean values for the sum of all BIAcore chips was not 
calculated due to different surface chemistry, leading to different evanescent wave 
conditions. 
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From table 5-1 and 5-2 it can be seen that for the grating coupler chips the standard 

deviation of ten repeated injections is in the same order as the baseline noise. 

However, individual sensor elements (see chip 1) exhibited ten fold higher standard 

deviations which may be accounted for by the production process. Between different 

sensor elements the variation of the signal (mean from ten injections) is about ten fold 

the baseline noise. Experiments performed with TRIS rendered both higher signal 

means and standard deviations than experiments with HCl. For the BIAcore the 

deviation of an injection is ten fold higher than the baseline noise and the variation 

between sensor elements is higher than for the grating coupler with regard to the 

baseline noise. The sensor elements with dextran coating display higher standard 

deviations than without dextran coating.  

In both devices the same solution 10 mM HCl was passed over the sensor elements, 

and gave signals as ∆Neff (grating coupler) or RU (BIAcore). In order to enable a rough 

conversion of both units a factor was estimated as 1 RU being equivalent to 

8 106 ∆Neff. For EDC/NHS (Figure 5-3) the same factor was estimated to be 6 106 

(data not shown). 

 

5.2.2 Inhibition assay for SMZ with SPR system  
Development and performance of the SMZ-detection assay using the SPR device were 

already discussed in chapter 3. Here only an additional experiment was performed in 

order to inprove the lower detection limit of the assay. 

Usually, the sensitivity of inhibition assays can be increased by reducing the amount of 

free antibody (21C7). If less antibodies are present in the solution small amounts of 

analyte have a greater influence. Due to this fact the assay was additionally performed 

with a lower 21C7 concentration as described in section 4.3.3.3 (Figure 5-2). A 

significant shift in the assay midpoints (IC50) could not be monitored, the differences 

were within the standard deviation. Additionally, the detection range (1-100 µg/L) was 

similar for both anti-SMZ antibody concentrations.  
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Figure 5-2 SMZ assay on the SPR device with two different anti-SMZ antibody 
concentrations. The signals loss obtained with the SMZ samples is calculated with 
respect to the SMZ free samples (B/B0).  
 

5.2.3 Inhibition Assay for SMZ with Grating coupler 

5.2.3.1 Immobilisation of 12E12 to the sensor surface  
When injecting the anti idiotypic antibody its amine groups react with the aldehyde 

groups of the surface leading to a covalent immobilisation of the antibody. In Figure 5-3 

this immobilisation is shown. The EDC/ NHS injection prior to the antibody injection 

does not modify the surface and has no influence on the immobilisation. This signal 

was used to compare the immobilisation with the immobilisation performed in the SPR 

device. In the SPR system this injection is needed to activate the surface. Comparing 

the signals of similar solutions injected in both devices enabled the calculation of a 

factor (see section 5.2.1.2). After the immobilisation the sensor surface was blocked by 

two ethanolamine injections and usually five regenerations to obtain a stable surface 

(compare chapter 4.3.5.1).  
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Figure 5-3 Immobilisation of anti-idiotipic antibody to the grating coupler surface. The 
EDC/NHS injection has no influence to the immobilisation (see section 5.2.1.2). 
 

5.2.3.2 Surface stability 
After immobilising the anti-idiotypic antibody the anti SMZ antibody (3.3 µg/ml) was 

injected followed by a regeneration pulse. These injections were repeated 12 times 

(Figure 5-4). The second binding between the anti-idiotipic antibody and the anti-SMZ 

was much less efficient than the first one (30%). This is due to the degeneration of the 

immobilised antibody. The following regenerations do not effect the surface as much 

but there was still a loss in measurable activity.  
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Figure 5-4 Stability of sensor surface 
 

5.2.3.3 Choice of 21C7 concentration  
To get information about the necessary anti-SMZ antibody concentration different 

dilutions were injected over the sensor surface with immobilised anti idiotypic antibody 

(Figure 5-5). An optimum concentration, with respect to saving material and a sufficient 

signal, of 5 µg/ml could be determined. Since high signals (Neff 5.3 10-4) were obtained 

greater dilutions may be used in order to increase the sensitivity. On the other hand 

this concentration was also chosen in the SPR device and for reasons of comparability 

maintained in these experiments. Prior to the experiment 8 injections of 50 mM HCl 

were performed, and therefore the decay of surface stability was not considered 

(compare section 5.2.3.2). 
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Figure 5-5 Determination of optimal 21c7 concentration 
 

5.2.3.4 Detection of SMZ  
Standard SMZ mixtures (see 3.1.6) in 1:20 urine were injected over the sensor. 

Increasing SMZ concentrations inhibited the binding between the two antibodies which 

lead to decreasing signals. In Figure 5-6 the obtained curve is compared with the curve 

obtained with the SPR device. Both curves had similar IC50 values (~ 9 µg/L) for the 

assay in diluted urine. Those values are well below the MRL of 100 µg/L SMZ in meat 

or milk. Since the SMZ was measured in the urine of the animals and less than 20 % is 

retained in the animal the assays are sensitive enough. The detection ranges of both 

devices are almost one order magnitude. This can cause problems during screening 

processes and will give a yes/no answer rather than a quantification. A comparison of 

the assay properties for the grating coupler and the SPR devise (BIAcore) is given in 

Table 5-3. 
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Figure 5-6 Comparison of SMZ assay performed with the grating coupler and SPR 
 

5.2.4 Inhibition assay using the TIRF device 

5.2.4.1 Immobilisation of Antibody 
Because the antibodies immobilised in the TIRF device had no fluorescence label they 

could not be monitored directly. The immobilisation of antibodies was performed 

comparable to the experiment in the dextran modified grating coupler sensors (section 

3.3.2). Additionally, the immobilisation of a fluorescence labeled antibody was 

described in section 3.3.3. However, information about the amounts of immobilised 

antibodies to the TIRF sensor surface can only be estimated (since only fluorescence 

molecules can be detected). 

5.2.4.2 Surface stability 
As also observed with the grating coupler and in the SPR device (section 5.2.3.2 and 

section 4.4.4.1 respectively) the binding capacity of the sensor surface decreased 

during regeneration (Figure 5-7). The losses in binding capacities after 20 h are 

comparable to those in the SPR (53 % and 64 % with respect to regeneration 

procedure, see Figure 4-9). Nevertheless, it has to be taken into account that one 

assay cycle in the TIRF takes approximately twice the time, and regeneration was not 

performed as frequently. After 20 h (or 13 regeneration) a baseline with a almost 

constant slope is achieved. 
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Figure 5-7 Effect of regeneration on the binding capacity of the sensor surface 

5.2.4.3 Detection of SMZ 
The inhibition assay characterised with the SPR – device was also applied to the TIRF-

device. Curves obtained with all three devices are shown in Figure 5-8.  
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Figure 5-8 Inhibition assay for SMZ applied on SPR, GC and TIRF devices.  
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Whereas the SPR and grating coupler showed comparable curves, the TIRF exhibited 

a lower detection limit 1-2 orders of magnitude lower than for the other devices. This is 

a result of the lower anti-SMZ antibody concentrations which can be applied (compare 

section 1.3.5). However, the detection range in the SPR is greater than in the TIRF and 

the grating coupler, in the grating coupler and the TIRF device the detection range is 

limited to less than one order of a magnitude. Whereas, in the SPR system 1-2 orders 

of magnitude was achieved. 

5.3 Conclusion 

The SMZ- assay initially developed on the SPR-System (BIAcore) based on 

immobilised anti-idiotypic antibody was transferred to the grating coupler (Bios 1) and 

the TIRF device respectively. In Table 5-3 some relevant properties for each 

transducer are summarised. 

 

 BIAcore Grating Coupler TIRF 

IC50 8,3 µg/l 10 µg/l 0.5 µg/l 

Detection range 2-30 µg/l 8-11 µg/l 0.4-0.8 µg/l 

time/sample 13 min 8 min 25 min 

anti SMZ conc. 0.2 µg / injection 0.36 µg / injection 0.02 µg/injection A 

sample volume 55 µl 100 µl 500 µl 

immob. MAb 11 ng/mm2 14- 18 ng/mm2 B unknown 

Stability ~ 100 reg. > 12 reg. >25 reg. 

Regeneration  2 X 0.3minC  1X 2min D 1X 2min D 

Table 5-3 Performance of the inhibition assay applied to the different transducers A 

additionally the same amount of a secondary fluorescence labelled antibody was injected 
B estimated by using Table 5-2. C using 10 mM HCl and D 50 mM HCl. 
 

The TIRF device showed the lowest detection limit but also the smallest detection 

range. Additionally, it had the lowest antibody consumption. Grating coupler and SPR-

device gave comparable results, whereas the SPR system showed the widest 

detection range.  
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6 Final discussion 
 

As discussed in detail in section 2.6.2 the lower detection limits for the TIRF device 

were in the range of 3-10 fmol for injected oligonucleotides. This lower detection limit 

was in the same order of magnitude as the one given by Abel et al. [1996] for a system 

based on an optical fibre as transducer (24 fmol). However, it was one order of 

magnitude higher than in the system described by Duveneck et al. in [1997] (0.5  fmol), 

which was based on specially fabricated, optimised high-refractive-index single-mode 

planar wave guides and 60 min hybridisation time. The lowest detection limit for these 

systems (7 attomol) was reported by Kleinjung et al. [1997] using an optical fibre as 

transducer.  

For the detection of low molecular weight analytes using immunological methods and a 

comparable TIRF Klotz et al. [1998 and 1999] reported lower detection limits down to 

26 ng/L. However, as for the application of sulfamethazine (SMZ) detection a lower 

detection limit of 0.5 µg/L was sufficient below the maximum residue level (MRL) . 

Furthermore, the samples could be diluted in buffer and matrix effects originating from 

the urine eliminated. The lower detection limit of the assay was still 200 fold lower than 

MRL of 100 µg/kg for meat or 100 µg/L for milk set by the European Commission (EEC 

No 315/93 and 194/97). The test was performed not in meat or milk but in urine in order 

estimate the residue content before slaughter of the animals. However, a correlation 

between SMZ contents in urine to tissue (~ 1:10, for details see section 4.1) was found 

by Haasnoot et al. [1996]. 

 

A milestone of this study was the immobilisation of probes to the optical interface (wave 

guide of the TIRF device). Further, the type of detection assay had to be choosen and 

investigated regarding its lower detection limit, sensitivity and the influence of matrix 

effects. 

 

The immobilisation of receptors and probes are essential steps in immunoanalysis as 

they allow the separation of bound and unbound antigens and tracers and are thus 

prerequisites for a number of immunoassay formats [Deshpande 1996]. From affinity 

chromatography it is known that dextran can serve as immobilisation matrix for 

proteins. This dextran model has shown broad applicability in recent works as a coating 

for commercial SPR devices is common [Hutchinson 1995]. These devices have a thin 

gold layer–essential for the signal creation- to which carboxymethyl dextran (CM) using 

thiol chemistry is linked [Löfas and Johnson 1990]. This coating has proven to be inert 
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against unspecific bindings even of crude or diluted samples such as culture media, 

serum [Karlson et al. 1993], whole blood [Hannson et al. 1999], milk [Sternesjö et al. 

1995], bile [Elliott et al. 1999], and urine [Akkoyun et al 2000].  

Binding of dextran to optical wave guides (e.g. SiO2 and Ta2O5) after silanisation with 

3-glycidoxypropyltrimethoxysilane (GOPS) was used by Polzius et al. (1996) and 

Piehler et al. (1996) modified silica glass slides with aminodextran to be used in 

reflectometric interference spectroscopy (RifS). 

Based on these reports for this work dextran was immobilised to optical waveguides as 

a coating preventing unspecific binding and serving as matrix to immobilise receptors 

at the same time. The immobilisation of dextran could be achieved by using 

aminopropyltriethoxysilane (APTS) treated surfaces in combination with EDC/NHS 

activated carboxymethyl dextran (see section 3.2.6). This reaction could be monitored 

in real-time by using a grating coupler and the coating could be obtained within 3 h 

instead of 48 h as described by the method of Polzius et al. [1996].  

 

Secondly, different types of detection assays were investigated on a commercially 

available well-characterised SPR optical biosensor (Biacore 2000©). The inhibition 

assay with antiidiotypic antibodies [Brilles and Kerney 1985] was chosen as best 

suitable for the SMZ detection and was further investigated. The use of inhibition 

assays is often prefered for detecting small molecules [Tiysen et al. 1985, Kohen et al. 

1990, Baxter et al. 1999]. The experiments were carried out in buffer and diluted urine. 

The matrix effects originating from the urine could be minimised by using a 1:20 dilution 

of the samples. For the SPR device a lower detection limit was determined to be 

approximately 2 µg/L in diluted urine. All curves had similar sensitivities with IC50 

values of 8 µg/L for diluted urine, which is well below the MRL and in the same order of 

magnitude as reported by Sternesjö et al. 1995 and Svitel et al. 2000. 

 

With the application of the Biacore instrument the binding event between the two 

antibodies used for the inhibition assay (monoclonal anti-SMZ-antibodies and 

monoclonal ß-type anti-idiotypic-anti-SMZ-antibodies), could be characterised with 

respect to affinity (KD) and kinetic (kon, koff) constants (see table 4.3). 
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Development of a Multichannel Fluorescence
Affinity Sensor System

J. Schuderer,†,‡ A. Akkoyun,§ A. Brandenburg,† U. Bilitewski,*,§ and E. Wagner†

Fraunhofer-Institut für Physikalische Messtechnik IPM, Heidenhofstrasse 8, D-79110 Freiburg, Germany, and
Division of Bioprocess Technology, Gesellschaft für Biotechnologische Forschung mbH, Mascheroder Weg 1,
D-38124 Braunschweig, Germany

A multichannel fluorometer is proposed for analysis of
biochemical reactions. The sensor is based on the lumi-
nescence generation in the evanescent field of a totally
reflected laser beam. For transduction, multiple reflection
elements are used. Multichannel operation is realized,
including the possibility of applying different solutions to
each channel at the same time. First experimental results,
obtained with fluorescein or Cy5 as labels in a model
hybridization assay, demonstrate the applicability and
allow the detection of 3-10 fmol injected fluorescently
labeled oligonucleotide.

Biochemical affinity reactions are the basis for analytical
procedures such as immunoassays or immunosensor systems
utilizing the interaction of a specific antibody with an antigen (or
a hapten) or genetic analysis based on oligonucleotide hybridiza-
tion with the genetic material under investigation.1-4 Immunoas-
says are routinely applied in clinical analysis for the determination
of proteins, peptides, or hormones in blood, serum, or urine3 but
also find application in environmental analysis for the determina-
tion of pesticides, mainly in water samples.5 In both fields of
application, usually the determination of more than one analyte
is highly desirable, and there are reports on systems allowing the
simultaneous application of more than one type of antibody and
thus the determination of more than one analyte.6 The number
of analytes to be determined simultaneously by immunoanalysis
depends on the application; whereas for clinical diagnosis often
only a rather small number of defined analytes is of interest,7

immunoanalysis is used in environmental monitoring for screening
purposes leading to the need for either group-specific antibodies
or the combination of large numbers of antibodies to allow
detection of the various pesticides and their metabolites. For

genetic analysis, there is an increasing number of publications
dealing with the application of high-density oligonucleotide arrays
to allow gene expression monitoring in drug discovery,8 in cell
cultures,9 or for disease diagnosis.10,11 However, other applications
also deal with small numbers of genes to be detected. For
example, detection of genetically modified food requires the
detection of only the relevant gene together with some control
gene sequences,12 and even for the diagnosis of a genetic
susceptibility to some diseases, control of only a limited number
of genes is required.13

Thus, there is a need for two types of systems: on one hand,
those suitable for screening samples on high-density arrays for
large numbers of affinity reactions8-12,14 and, on the other hand,
those that allow the rapid analysis of a sample with respect to a
defined analytical question. The latter requires rapid paralleled
analysis on a limited number of affinity reaction partners often in
comparison to a standard of defined composition, e.g., in the case
of control of allowable concentration levels. This need can be met
by the application of affinity sensor devices, among which at
present optical sensor systems are the best-established, allowing
either direct, label-free monitoring of the affinity reaction or
application of fluorescent labels.1

The application of the evanescent field of optical fibers or
waveguides for immunosensing was already described by Kronick
and Little in 1975 utilizing fluorescence labeling of binding
partners15 and found further application in the following years,
e.g., refs 16-27. Usually one partner of the affinity reaction is
immobilized on the surface of a waveguide, and binding of the

* Corresponding author: (e-mail) UBI@GBF.DE; (fax) +49-(0)531-6181395.
† Fraunhofer-Institut für Physikalische Messtechnik IPM.
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fluorescently labeled complementary partner is monitored. The
exciting light is guided through the waveguide, leading to an
excitation of those molecules in close proximity to the waveguide
surface within the evanescent field, and emitted fluorescence is
monitored at right angles (total internal reflection fluorescence,
TIRF) using photomultipliers,19,20,24,28 photodiodes,18,21-23 (confocal)
microscopes,29 or, nowadays, CCD cameras.25-27 Alternatively, the
volume of liquid might be excited with a lamp at right angles to
the waveguide, by which the emitted light is collected.19,20,28

Whereas early publications dealt with the establishment of
systems for the determination of a single analyte using either
optical fibers17,19,20,24 or planar waveguides,18,23,29 recent work is
focused on the simultaneous detection of several analytes in one
sample. This led to the clear preference of planar waveguides,
such as bulk optical glass slides21,27 or single-mode planar
waveguides.23,25,26 On the planar surfaces, different binding part-
ners were immobilized on defined sites of the surface using ink-
jet printing or other microdrop-dispensing systems21,25 or geo-
metrically structured cells.26,27 For genetic analysis, direct synthesis
of oligonucleotides is also an option,23 which can photolithographi-
cally be controlled as applied in particular for the production of
high-density oligonucleotide arrays. Spatially resolved detection
can be achieved by scanning fluorescence microscopes, CCD
cameras,25-27 or optical fibers in combination with a photodiode.21,22

The parallel analysis of a reference sample is usually not
considered (exception, ref 27). However, these approaches lead
to either rather expensive, bulky instrumentation or systems with
a reduced sensitivity as cheap detectors are used.

Thus, we followed a different approach leading to a system of
high flexibility, as it allows the choice of any type of photodetector,
simultaneous investigation of some bioaffinity reactions, and, due
to the design of the flow-through cell, also the investigation of
the sample with respect to a reference sample. Excitation of
fluorescence was achieved by incoupling of light from a laser diode
into internal multiple reflection elements, and the emitted fluo-
rescence was detected at right angle using a photomultiplier
(Figure 1; so-called “volume detection”23). Both elements could
be replaced by alternatives, if required. This part of the system is
comparable to the device described by Duveneck et al.23 besides
the use of multiple reflection elements instead of Ta2O5 waveguides
with an incoupling grating. We chose these reflection elements

as transducers, as they are routinely commercially available and
allow the flexible choice of dyes and corresponding suitable light
sources, whereas in the case of grating couplers for optimal
incoupling, the period of the grating has to be adapted to the
wavelength of the laser light23 and these transducers are not
readily available. We achieved multichannel operation by integra-
tion of a stepper motor allowing the movement of the transducer
relative to the light source and the detector. In this contribution,
we present the basic setup together with a characterization of the
system using oligonucleotides labeled with the fluorophors Cy5
or fluorescein (FITC).

As an alternative to fluorescence-based sensor devices, instru-
ments allowing direct monitoring of the affinity reaction, such as
SPR devices, can be used leading to simpler test procedures, as
no additional reagents are required. At present, one instrument
is commercially available, allowing quasi-simultaneous analysis of
four different affinity reactions due to a correspondingly structured
flow cell. This instrument was used for comparison.

EXPERIMENTAL SECTION
Optical Setup. The optical setup is shown in Figure 1. The

evanescent field of a modulated laser beam was used for
fluorescence excitation. The instrument was equipped with a red
laser diode operating at 635-nm wavelength or with an argon ion
laser operating at 488 nm. The semiconductor laser was mounted
inside the instrument, while the argon ion laser was coupled in
by a polarization preserving fiber. The laser diode and the argon
ion laser were used for excitation of the dyes Cy5 and FITC,
respectively. In both cases, a modulation of the exciting light beam
with a frequency of ∼1 kHz was provided. The laser diode was
electrically modulated; the argon ion laser was mechanically
modulated by a chopper. Modulation was necessary for back-
ground reduction by a lock-in technique.

For the adjustment of different angles of incidence, the
semiconductor laser and, alternatively, the fiber end of the argon
ion laser system were mounted on a rotary stage with the end
face of the glass plate in the center of rotation.
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Figure 1. Schematic overview of the TIRF device. The line A- - -B
indicates the plane of the cross section shown in Figure 2.
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For separation of fluorescence and scattering light, two
identical interference filters with band-pass properties (682DF22
for Cy5 and 530DF30 for FITC, Omega Optics) were set in front
of the photomultiplier (PMT). The PMT was surrounded by a
shield case for reducing the influence of outer magnetic fields. A
lens with a focal length of 10 mm and a numerical aperture of
0.63 collected the fluorescence light to guide it parallel through
the interference filters.

The whole detection unit with the flow cell was fixed on a lift
table, which moved the sensor element relative to the laser beam
and the photomultiplier by a stepper motor (OWIS GmbH,
Staufen, Germany). Every channel of the flow cell could be
illuminated by aligning the lift table to defined positions, corre-
sponding to the measuring chambers. The stepper motor was
computer controlled. Usually, the lift table ran to the different
positions periodically. At each position, the signals of the PMT
and of the photodiode at the end of the sensor element were
recorded. Depending on the number of used measuring chambers,
the measuring frequency in each chamber was influenced. Use
of only one channel allowed recording of 50 data points/s; if the
whole transducer surface was scanned, each channel was reached
3-4 times/min (scanning rate 1 mm/s; scanning distance ∼8 mm
in one direction).

The diode was used for adjusting a new chip in the instrument.
The detection unit, consisting of the sensor element, the flow cell,
and the PMT is shown in Figure 2. The laser (diode) is positioned
perpendicular to the PMT, i.e., perpendicular to the plane of the
drawing.

Sensor Element. Optically polished multiple reflection ele-
ments were used as sensing elements (Borofloatglass, manufac-

tured from Hellma GmbH, Müllheim, Germany). These devices
have a parallelogram shape with dimensions of 45 mm × 16 mm
× 0.8 mm with an angle of 60°. This geometry led to 2-3 total
reflections/cm at the boundary to the analyte solution. For the
high sensitivity of the whole system, the low fluorescence and
the low losses of the glass transducers were essential.

Flow Cell. A four-channel flow-through cell made of black
Teflon was used, as shown schematically in Figure 2. Perbunan
O-rings were pressed in milled depressions of the Teflon block
around each measuring chamber. Tight sealing of the measuring
chambers was achieved by pressing the flow cell against the
sensor element, which was placed in a holder with openings for
the PMT (mask). The four channels took up 10.5 mm. The volume
of each cell was ∼15 µL (16.7 mm2 × ∼1 mm (thickness of
O-ring)).

Each cell had its own inlet and outlet capillary, which had to
be connected to tubing. Thus, the cells could be connected one
to the other, allowing serial incubation of the same sample in each
channel, or each cell could be connected to its own pump and
liquid reservoir, thus allowing parallel investigation of several
samples. Usually peristaltic pumps (Meredos GmbH, Nörten-
Hardenberg, Germany) were used for liquid transportation.
Further automation was achieved by connection to an autosampler
(Abimed, Langenfeld, Germany).

Chemicals. All solvents and chemicals used were of analytical
grade or chemically pure. (Aminopropyl)triethoxysilane (APTS)
was obtained from Sigma (Deisenhofen, Germany) and avidin
from Fluka (Buchs, Switzerland). Fluorescein- and biotin-labeled
oligonucleotides (FITC-GCATCGATCAAGAACGCA, biotin-TGCGT-
TCTTGATCGATGC) were synthesized and purified by Life

Figure 2. Schematic diagram of the flow cell along the axis A- - -B from Figure 1 with the position of the photomultiplier. The light source was
placed perpendicular to the drawing plane. Distances are given in millimeters.
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Technologies GmbH (Karlsruhe, Germany). Cy5-labeled oligo-
nucleotides (same sequence as FITC-oligonucleotide) and oligo-
nucleotides labeled with biotin and Cy5 (9-mer T) were obtained
from TIP Molbiol (Berlin, Germany).

Sodium phosphate buffer supplemented with NaCl (PBS, 40
mM phosphate, 150 mM NaCl), pH 7.5, was used as running
buffer. Prior to use, the buffer was filtered using 0.2-µm cellulose
nitrate membranes (Sartorius GmbH, Göttingen, Germany) and
degassed. Sodium phosphate buffer, pH 7.5, supplemented with
500 mM NaCl was used as hybridization buffer.

Sensor Preparation and Assay Scheme. For comparison
to the fluorescence sensor, the BIAcore 2000 and streptavidin-
coated sensor chips (SA chips) from BIAcore AB (Uppsala,
Sweden) were used and binding of the oligonucleotides labeled
simultaneously with biotin and Cy5 was monitored. The oligo-
nucleotide solution (100 nM) was injected several times for 2 min
each, using a flow rate of 30 µL/min; each injection was followed
by an injection of the running buffer.

The surface of the fluorescence sensor chips was cleaned with
propanol in an ultrasonic bath and then placed in a mixture of
concentrated sulfuric acid and 30% H2O2 for 2 min and thoroughly
rinsed with deionized water.

For silianization, the glass chips were incubated in 10% APTS
in PBS for ∼2 h at 80 °C. They were rinsed in deionized water
and dried at 120 °C for at least 1 h. However, silanization of the
glass chip proved not to be essential for avidin adsorption and
was not done in each case.

Immobilization of avidin, bovine serum albumin (BSA), and
oligonucleotides on the glass chips was done directly in the
fluorescence sensor system, allowing coverage of defined surface
areas with different proteins. Avidin (0.1 mg/mL) was adsorbed
using a flow rate of 15 µL/min for 20 min (or 20 µL/min for 10
min), the surface was saturated with 1% BSA for 5 min, and
biotinylated oligonucleotides (1 mL, 6 µM) were bound using a
flow rate of 200 µL/min or by direct injection of 100 µL of a 10
µM solution and incubation for 10 min. It was assumed that the
avidin surface was saturated with oligonucleotides by these
procedures.

The assay cycle in the fluorescence sensor system comprised
the following steps: Initially the sensors were equilibrated in PBS
until a stable background signal was obtained. Hybridization of
the complementary oligonucleotide was achieved by its injection
in the flow cell. Unspecifically bound oligonucleotides were
removed by washing with PBS. The sensor surface was regener-
ated with 50 mM NaOH, and the cycle could be repeated. FITC-
labeled oligonucleotides were injected for 90 s using a flow rate
of 200 µL/min, for Cy5-labeled oligonucleotides, the solution
(5 nM) was injected for 120 s with a flow rate of 40 µL/min.

Oligonucleotides (9T) labeled simultaneously with biotin and
Cy5 were used for comparison to the BIAcore instrument and for
characterization of the instrument. They were immobilized using
a solution of 1 nM for 2 min with a flow rate of 30 µL/min.

Safety Considerations. Cleaning of chips was performed in
a chemical hood by personnel wearing acid-resistant gloves and
appropriate personal protective gear. Preparation of NaOH solu-
tions was done by appropriately protected personnel (base-
resistant gloves, personal protective gear).

RESULTS AND DISCUSSION
Multichannel Operation. The positions of the measuring

chambers have to be verified prior to affinity measurements.
Hence, all measuring chambers were filled with a solution of the
Cy5-biotin-labeled oligonucleotide. As the sensor surface was not
covered with avidin no specific binding occurred, and fluorescence
of soluble compounds near the transducer surface was recorded.
The whole sensor chip was moved by the stepper motor with
respect to the photomultiplier (see Figure 2), and fluorescence
signals were continuously recorded by the photomultiplier and
the transmitted light by the photodiode. The extent of volume
fluorescence influencing the signals is dependent on the depth
of penetration of the evanescent field and, hence, can be minimized
by optimization of the angle of incidence of the laser beam. This
was not done for the experiments defining the positions of the
measuring cells. Signals in the range between 7 and 9 V
(maximum possible signals were 10 V) were obtained from only
three of the four possible channels showing slight differences in
signal height. However, the ratios between the different channels
remained constant for all following measurements. The signal
recorded with the photodiode showed guiding of the excitation
light beam at the positions of the measuring chambers and of
the gaps between them. The O-rings used for sealing lead to an
almost complete damping at these positions.

The experimental setup presented here shows the extension
of previously described principles of sensor systems23 to a
multichannel system by relatively simple means without the need
of a modification of the basic optical system. The restriction to
three channels was due to the nonoptimal size of the flow-through
chambers, which did not allow movement of the whole measure-
ment system with respect to the photomultiplier unit. As the
transducer has to be mechanically moved, signals from the
different channels are not obtained simultaneously; however,
measuring frequency is still high enough to follow a binding
reaction in real time (50 measuring points/s). If kinetic properties
of a fast binding reaction were to be determined, this was
preferably not done using the multichannel properties but by
switching off the movement by the stepper motor and measuring
in only one channel. The degree of parallelization achievable with
this system is mainly limited by the fabrication of the flow cell
and by sealing of each chamber by an O-ring. Using more
sophisticated fabrication technologies would easily allow an
extension of the number of channels that could be used.

Characterization of the System. Oligonucleotides labeled
simultaneously with biotin and with the red cyanine dye Cy5
allowed control of the performance of the setup including im-
mobilization of the oligonucleotides. Moreover, first results were
obtained with respect to the achievable binding capacity of the
sensor surface and detectable amounts of oligonucleotides. These
results should be compared to BIAcore experiments, as the
BIAcore is a commercially available instrument allowing label-
free monitoring of binding reactions and thus simpler assay
formats for the analysis of real DNA samples. The application of
a system relying on fluorescent labels will always require the use
of either fluorescent intercalators20 or fluorescently labeled primers
or nucleotides integrated via polymerase chain reactions. Thus,
the fluorescence sensor system should only be used and devel-

Analytical Chemistry, Vol. 72, No. 16, August 15, 2000 3945



oped further, if it shows superior properties compared to a label-
free sensor system.

In Figure 3, results are shown from multiple injections of 60
fmol (2 min with 30 µL/min, 1 nM) of the oligonucleotide solution,
without regeneration between injections. The signals obtained in
reference channels in which the sensor surface was covered with
BSA were in the range of the signal shown at 0 concentration of
oligonucleotide and could thus be neglected. Saturation of the
sensor surface was observed after the fifth injection, i.e., a total
of 300 fmol of oligonucleotide.

The same oligonucleotides were also used in the SPR device
using streptavidin-covered chips. The injected amount was 6 pmol
(injected volume, 60 µL, with a flow rate of 30 µL/min for 2 min),
which resulted in a signal of 9 RU (Figure 4) and could easily be
detected. Saturation of the surface was not yet observed, even
after injection of more than 220 pmol of the oligonucleotide. From
the maximum signal of ∼80 RU, a total amount of ∼80 pg/mm2

bound oligonucleotide can be obtained which corresponds to ∼25
fmol/mm2 bound oligonucleotide. Considering the measuring area
of 2 mm2 of the BIAcore, this shows that only a negligible amount
of the injected oligonucleotide was immobilized (ratio ∼1:10-4).
If the binding efficiency in the fluorescence sensor system was
comparable, ∼0.3 fmol of oligonucleotide could be immobilized
(efficiency of 10-4 of the injected amount of oligonucleotide but a
10 times larger measuring area). Hence, the binding capacity of

the BIAcore sensor chip exceeds the one of the glass chip covered
with adsorbed avidin by almost 2 orders of magnitude.

On the other hand, the results also show that even under
consideration of background signals in the fluorescence sensor
device the lower detection limit for this oligonucleotide was ∼10
fmol (injected amount of oligonucleotide) as signals of 100 mV
can easily be detected. Thus, the fluorescence sensor device
allowed the detection of amounts of the respective oligonucleotide
that were ∼3 orders of magnitude lower than in the SPR device
(6 pmol gave 9 RU, which is almost the lowest detectable signal
of this device, using the same flow rate and injection time).

DNA Hybridization Assay. As a model system, the hybridiza-
tion of an 18-mer oligonucleotide, immobilized via a biotin anchor
to the avidin layer, with the complementary FITC-labeled strand
was studied. Measurements were realized by using an argon ion
laser emitting at 488 nm for fluorescence excitation.

Figure 5 shows typical signals as recorded from the fluores-
cence sensor system during 10 repeated hybridization cycles using
the FITC-labeled oligonucleotide with a concentration of 100 pM.
When the fluorescently labeled analyte reached the flow cell
chamber, the signal increased due to excitation of the fluorophor
being present also in the bulk of the solution. When the
oligonucleotide solution was replaced by buffer after 90 s, a fast
signal decrease was observed. A residual fluorescence signal
remained due to bound analyte even after the sample solution
was completely exchanged. The shape of the strong increase and
decrease was influenced by dispersion in the fluid transport system
and by dissociation processes of the bound oligonucleotide, but
also by the time constant used in the lock-in amplifier and by
averaging routines used for signal recording.

The decreasing part of the signal s(t) could usually be fitted
to an exponential function of the form

where a, b, and y0 are constant values. The signal value for t f ∞
is given by y0. The differences between y0 and the baseline value
are given as measuring signals.

The maximum value depended on the amount of fluorescent
oligonucleotides also excited in the bulk of the solution and is

Figure 3. Binding of Cy5-9T-biotin to avidin adsorbed on glass
slides inserted in the TIRF device. A Cy5-9T-biotin solution (1 nM;
30 µL/min. 2 min each) was injected several times, interrupted by
washings with running buffer. The total amount of injected oligonucle-
otide is given.

Figure 4. Binding of a Cy5-9T-biotin solution (100 nM; 30 µL/min,
2 min each) to a streptavidin surface of SPR chips of the BIAcore
device. No regeneration was done between injections.

Figure 5. Fluorescence signal of 10 repeated cycles, showing the
binding of FITC-labeled 18-mer oligonucleotides (100 pM) to the
immobilized complementary strand.

s(t) ) y0 + ae-bt(>)
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dependent on the penetration depth of the evanescent field, which
depends not only on the wavelength of the exciting light and the
waveguide material but also on the angle of incidence.28 The larger
the penetration depth, the more fluorescence molecules in the
solution will be excited, which are near, but not bound to the
sensor surface.

The decrease of the signals with increasing assay cycles
indicated that the 50 mM NaOH removed not only the hybridized
oligonucleotide but probably also avidin from the sensor surface
(adsorptive immobilization). However, the stability was compa-
rable to the one reported by other authors using the same
regeneration method.20 Regeneration by urea, as suggested by
Duveneck et al.,23 was not performed as denaturation of the avidin
was expected, and thermal regeneration20,24 was not possible, as
no thermostating was planned.

Similar results were obtained using the Cy5-labeled oligonucle-
otides. In Figure 6, six consecutive cycles are shown as recorded
in three channels during parallel hybridization to the immobilized
probe. Two of the three channels were considered as specific
channels, the sensor surface being covered with avidin; the third
was used as reference channel. Both channels showed reproduc-
ible data during the whole measuring sequence but differed
slightly from each other. This may be due to slightly different
measuring areas because of the deformation of the O-rings or
misalignment of the measuring chamber of the flow cell and the
openings in the mask (Figure 2).

A dose-response curve for hybridization of the FITC-labeled
oligonucleotides is shown in Figure 7. The solid line is the best
sigmoidal fit to the data. Quantification was possible in the range
from 1 to 10 nM. For concentrations above 10 nM, the sensor
was saturated. A fluorescence signal from a 10 pM solution of
the FITC 18-mer is shown in Figure 8 as obtained after optimiza-
tion of the amplification factor used in the photomultiplier, the
time constant used in the lock-in amplifier, and averaging routines.
The sample was applied with a flow rate of 200 µL/min over 90 s.
Thus, the total sample volume was 300 µL, and the total injected
amount of labeled oligonucleotide was 3 fmol. This lower detection
limit was in the same order of magnitude as the one given by
Abel et al.24 for a system based on an optical fiber as transducer
(24 fmol). However, it was 1 order of magnitude worse than in
the system described by Duveneck et al.23 (0.5 fmol), which
however was based on specially fabricated, optimized high-
refractive-index single-mode planar waveguides and 60-min hy-

bridization time. The lowest detection limit of such systems (7
amol) was reported by Kleinjung et al.20 using an optical fiber as
transducer. Obviously the measuring area was slightly larger than
in our system (27 mm2 were calculated from the lower detection
limit of 7 amol injected oligonucleotide leading to a maximal
surface loading of 260 zmol/mm2 vs 17 mm2 in our system). More
importantly, however, a higher surface loading with template
oligonucleotide was achieved (34 fmol/mm2 × 27 mm2 ) 918 fmol
vs 0.3 fmol as estimated above for our transducer), probably due
to the long incubation time (24 h) of the fiber in a highly
concentrated avidin solution (100 mg/mL) followed by cross-
linking with glutaraldehyde. Thus, differences in sensitivities
between the different sensor systems can at least partly be
attributed to the surface preparation of the transducers and the
type of transducer and not to the system setup. Moreover, the
system described here is the only one allowing the simultaneous
recording in a reference channel and relying completely on easily
exchangeable commercially available components.

CONCLUSIONS
The basic principle and the optical configuration of a multi-

channel bioaffinity sensor system was presented. Use of a stepper

Figure 6. Repeated hybridization of the Cy5-labeled 18-mer
oligonucleotide to the immobilized complementary strand.

Figure 7. Dose-response curve for the hybridization assay using
the FITC-labeled oligonucleotides. The solid lane represents the best
sigmoidal fit to the measured data.

Figure 8. Signal recorded from the injection and hybridization of a
10 pM solution of the FITC-labeled oligonucleotide.
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motor together with a geometrically structured flow cell allowed
investigations on either different affinity reactions in one sample,
e.g., analyte together with a reference channel, or comparison to
a reference solution. However, fabrication of those flow-through
cells limits the number of parallel channels due to geometric
constraints given by the size of the sensor chips. If several analytes
in one sample have to be determined, the number of channels is
only limited by the focus of the laser light leading to the excitation
of the fluorophors. As the sensor chip is mechanically moved with
respect to the laser light, it is not possible to determine reliably
the kinetic constants of very fast binding reactions. The stepper
motor leads to a scanning rate for the sensor of ∼1 mm/s.
Comparing the systems adapted for FITC- and Cy5-labeled

oligonucleotides, respectively, revealed that the Cy5 system is
smaller and thus easier to use due to the use of a laser diode.

Lower detection limits were in the range of 3-10 fmol of
injected amount of oligonucleotide, which could obviously further
be improved by optimization of the transducer surface preparation.
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Abstract

We describe the development of an assay for the detection of sulphamethazine in animal urine with a surface plasmon resonance
Ž .SPR biosensor. In order to obtain a general assay that can easily be transferred to other veterinary drug residues, a monoclonal antibody
against sulphamethazine and a corresponding anti-idiotypic antibody were used. The assay had a lower detection limit of 5 mgrl which is

Ž .well below the maximum residue limits MRL of 100 mgrl and can be used for screening purposes in animal urine. The binding reaction
between the antibodies as occurring during sensor application was characterized with respect to avidity and kinetic properties. q 2000
Elsevier Science B.V. All rights reserved.

Keywords: Sulphamethazine; Sulphadimidine; Anti-idiotype antibody; Inhibition assay; Surface plasmon resonance sensor; Kinetic constants

1. Introduction

Intensive use of antibiotics in animal breeding can lead
to unwanted residues in food. To establish safe limits for

Ž .human consumption, maximum residue limits MRL are
given for different substances. Microbial inhibition tests

w xare usually used to screen for these antibiotics 1–3 but
they are sensitive against all growth-limiting molecules,
and thus, the discrimination and quantification power of
these tests is limited. Usually, positive samples are exam-
ined again with HPLC or GC. We focussed our work on

Ž .the detection of sulfamethazine SMZ , which is one of the
major sulfonamides used in animal treatment. Its MRL for
tissue is set at 100 mgrkg. It was taken as a model for
low-molecular-weight residues in food, as its metabolism
to N4-acetyl- and hydroxy-SMZ and the renal clearance of

w x w xthese derivatives is well known 4 . Haasnoot et al. 5
examined the value of SMZ levels after animal treatment.
The highest SMZ concentrations were found in the urine
samples, which were 1–3.6 times higher than those in
plasma, with the plasma concentrations being 2–4 times
higher than SMZ levels in the corresponding tissues.

) Corresponding author. Tel.: q49-531-61810; fax: q49-531-6181515.
Ž .E-mail address: ubi@gbf.de U. Bilitewski .

Therefore, urine samples appear to be good candidates to
allow screening of animals for residues of these drugs
before slaughter.

As we aimed at a general test format for screening food
producing animals for possible residues, we decided to
investigate the applicability of an immunosensor system
for the detection of drugs, using the example of SMZ in
urine. Usually, immunoanalysis can be performed in dif-
ferent assay formats, however, for the detection of low
molecular weight compounds, either competition or inhibi-

w xtion tests are required even in immunosensor systems 6 .
A competition test is based on the competition between the
analyte and a suitable analyte-conjugate for a limited
number of binding sites of the immobilized analyte-specific
antibody. In inhibition-type sensors, the analyte or an
analyte-analogue is immobilized to the transducer surface
and the antibodies are premixed with the sample to allow
binding of the analyte to the antibodies in a homogeneous

w xreaction 7,8 . Binding of the not-complexed, free antibod-
ies to the immobilized analyte is monitored. Immobiliza-

w xtion protocols for proteins are well-established 9 , and
range from physical adsorption to direct covalent coupling

w xvia amine or thiol groups 10,11 . In some cases, the same
principles can be also used for the immobilization of
analyte-analogues. The chosen model analyte SMZ, how-
ever, has a rather low water solubility and an amino group

0925-4005r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0925-4005 00 00547-5
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attached to an aromatic ring, which has a rather low
reactivity for covalent coupling. Both features, low water
solubility and not ready-to-use functional group for cova-
lent binding, are common to a number of possible residues,
e.g. steroid hormones, mycotoxins or pesticides. That is

w xwhy either analyte derivatives 7,8,12 containing suitable
functional groups are used, or special immobilization con-
ditions are established involving the use of organic sol-

w xvents 13,14 . Thus, the use of an optical biosensor system
for SMZ detection in milk and bile was described with
SMZ being immobilized in the dextran layer on the trans-
ducer surface. To achieve immobilization, SMZ had to be

Ž .solved first in dimethylformamide DMF to obtain a
rather highly concentrated solution, which was then mixed

w xwith water to allow coupling to the dextran layer 13,14 .
Considering these experiences, but with the aim of a

general strategy for sensor development, which is more
independent from analyte-features, we aimed at the appli-
cation of monoclonal anti-idiotypic antibodies as analyte-
analogues in the sensor system.

Anti-idiotypic antibodies are directed against the vari-
able region of a target monoclonal antibody, and a-type
and b-type anti-idiotypic antibodies are distinguished de-
pending on their specificity. b-type anti-idiotypic antibod-
ies recognize the binding site of the target antibody mim-
icking the epitope of the corresponding antigen, whereas
a-type anti-idiotypic antibodies bind to other parts of the
variable region on the target antibody independent from its
occupancy by the corresponding antigen. Anti-idiotypic
antibodies and their production were already described

w xearlier 15,16 for the detection of immunoglobulins with
w xdefined variable regions 17,18 , e.g. those expressed by

different cells, such as B-, T- or tumor cells. For analytical
purposes, immunoassays performed in microtiterplates

w xwere described 19 , utilizing the blocking power of b-type
anti-idiotypic antibodies for additional binding of a-type
anti-idiotypic antibodies to the binding sites of the target
antibody which was directed against the analyte of choice,
i.e. oestradiol. Thus, a-type antibodies could only bind to
those binding sites which were occupied by the target
analyte and not by the b-type antibodies leading to signals
increasing with the concentration of a low molecular weight
analyte.

We wanted to use the b-type anti-idiotypic antibodies in
combination with an optical sensor device allowing label-
free monitoring of antigen–antibody binding. We decided

Ž .to use a device based on surface plasmon resonance SPR
due to the availability of transducers with a surface precon-

w xditioned for protein immobilization 20,21 . As those de-
vices respond to the mass loading on the sensor surface
due to the biospecific reaction, assays show an improved
sensitivity when binding of a protein can be monitored.
Thus, we could immobilize either the monoclonal anti-SMZ
antibody and develop a competitive assay with the b-type
anti-idiotypic antibody being the substitute for other ana-
lyte-conjugates or we could immobilize the b-type anti-

idiotypic antibody to the sensor surface and monitor bind-
ing of the corresponding monoclonal anti-SMZ antibody in
an inhibition-type assay format. Preliminary tests, how-
ever, showed that SMZ was strongly bound by the mono-
clonal anti-SMZ antibody so that the sensor surface could
not be regenerated to a sufficient degree. Thus, the com-
petitive assay format proved to be not suitable and we
focussed on the establishment and characterization of the
inhibition test format.

Due to the application of SPR technology, as one
example of direct reading affinity sensor instruments, we
could follow the binding of the monoclonal anti-SMZ
antibody to the immobilized corresponding anti-idiotypic

w xantibody in real-time 21,22 . Thus, we obtained informa-
tion not only on the amount of finally bound anti-SMZ
antibody dependent on the concentrations of antibodies
and of SMZ, but also on the rates of the association and
dissociation reactions to and from the sensor surface.
These information could also be used to characterize the
strength of the binding between both antibodies. However,
true affinity constants could not be obtained, as a bivalent
binding of the anti-SMZ antibody is to be expected depen-
dent on the density of immobilized anti-idiotypic antibod-
ies, which will lead to a decrease in the dissociation rate.

ŽFrom those data, AtrueB kinetic and thermodynamic equi-
.librium data can only be obtained by specialized models

w x23 . As we aimed at the description of the binding reac-
tion as it occurred in the sensor device, we gave up the
application of those models and used the standard 1:1
model as delivered by the manufacturer as an approxima-
tion, because in principle, both binding sites from one
anti-SMZ antibody could bind to both binding sites from
one anti-idiotypic antibody. Thus, we could have a stoi-
chiometric 1:1 ratio involving bivalent binding. Therefore,

Žthe binding strength is better described as avidity than as
.affinity , which is an operational term expressing the abil-

ity of an antiserum to bind antigens and contains the
w xaffinity together with multivalency 23,24 .

To show the applicability to real samples, the assay was
finally applied to spiked pig urine samples.

2. Experimental

2.1. Equipment and reagents

All experiments were performed with BIAcore 1000q

Ž .and BIAcore 2000q BIAcore, Uppsala, Sweden , respec-
Ž .tively. Sensor chips CM5 research grade and the immobi-

w xlization reagents 0.2 M ethyl-3- 1-dimethylaminopropyl
Ž .carbodiimide EDC , 0.05 M N-hydroxy succinimide

Ž .NHS and 1 M ethanolamine were purchased from BIA-
Žcore. Sodium phosphate buffered saline PBS, 40 mM

.phosphate, 100 mM NaCl pH 7.5 was used as a running
buffer. Before measurements the buffer was filtered through

Ž0.2 mm cellulose nitrate membrane Sartorius, Goettingen,
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.Germany and degassed. Anti-SMZ antibody clone 21C7
and the corresponding anti-idiotypic antibody clone 12E12

Žwere developed by F. Kohen Weizmann Institute, Re-
.hovoth, Israel . The stock solution of both antibodies had a

final concentration of 1 mgrml. All compounds injected
during the measurements were dissolved or diluted in the
running buffer.

2.2. Preparation of sensor surfaces

Immobilization of anti-idiotypic antibody, clone 12E12,
onto sensor chips was performed in the biosensor system

w xaccording to the procedure given by the manufacturer 10 .
The carboxylated dextran matrix was activated by injection

Ž .of 35 ml of a solution containing EDCrNHS 1:1 with a
flow rate of 5 mlrmin over the target flowcell. Afterwards,
5 mg of anti-idiotypic antibody 12E12 diluted in 100 ml 10

Ž .mM sodium acetate buffer pH 5 were injected. During
the injection, the amount of antibodies binding to the
dextran layer of the chip was monitored in real time and
the injection was stopped after reaching the desired value.
Finally, 35 ml of the ethanolamine solution were injected
to block residual NHS-ester groups. Usually, two injec-
tions of 10 ml 10 mM HCl were performed after the
immobilization to clean the sensor surface.

2.3. Characterization of the antibody reaction

2000 RU of 12E12 equivalent to approximately 2
ngrmm2 were immobilized and 55 ml of different 21C7

Ž .dilutions 0.3–10 mgrml were injected. To investigate
the influence of mass transfer and rebinding events, only
95 RU of 12E12 were immobilized and 110 ml containing
0.3–5 mgrml 21C7 were injected. In both experiments,
the flowrate was kept at 20 mlrmin and before and after
each injection the surface was regenerated by injecting 10
ml of 10 mM HCl.

2.4. Stability test of 12E12

2000 RU of 12E12 were immobilized onto a flowcell.
A stock solution of 21C7 was prepared by diluting the
antibody 1:500 in the running buffer leading to a concen-
tration of 2 mgrml. 55 ml of this solution were injected,
followed by either two 10 ml injections of 30 mM HCl or
two 6 ml injections of 10 mM HCl at a flowrate of 20
mlrmin. These cycles were repeated continuously.

2.5. Inhibition assay

On CM5-chips, different concentrations of 12E12 were
Ž .immobilized, corresponding to immobilization levels RL

from 200 to approximately 10,000 RU. A stock solution of
the antibody 21C7 was prepared in PBS with a concentra-
tion of 8 mgrml. Different concentrations of SMZ in 50
ml PBS were prepared and mixed with 50 ml of the 21C7

stock solution, leading to a final concentration of 4 mgrml
for the anti-SMZ antibody. This solution was incubated for
at least 15 min, before 55 ml were injected followed by
two regeneration steps with 6 ml 10 mM HCl at a flowrate
of 20 mlrmin.

2.6. Measurements in urine

One aliquot lyophilized pig urine obtained from M.
Ž .O’Keeffe The National Food Centre, Dublin, Ireland was

reconstituted with 20 ml PBS leading to a 1:20 diluted
urine. This solution was used for the preparation of spiked
SMZ solutions and the 21C7 stock solution to perform
inhibition assays in urine.

3. Results

3.1. Stability of 12E12

The stability of the immobilized 12E12 was checked by
alternately binding of 21C7 and regenerating the binding
sites. In Fig. 1, the percentage of bound antibody after
each regeneration compared to the initial signal is shown
for two different regeneration conditions, which both led to
a complete removal of the bound antibody. As storage of
the antibody may also have an influence on its perfor-
mance, data are presented with respect to the time of the
sensor chip being inserted in the instrument, which is the
time when the antibody is used or stored at room tempera-
ture, respectively. During the first 10 measuring cycles, the
binding capacity decreased to approximately 70–60% of
the initial signal. Using 6 ml of 10 mM HCl for regenera-
tion led to an only slight further decrease to a final level of
approximately 60% remaining capacity, whereas the use of
10 ml 30 mM HCl continuously inactivated the antibody.
However, even these conditions allowed at least 50 mea-
suring cycles. To protect the 12E12 from damage as much
as possible in the following 6 ml 10 mM HCl were used
for regeneration. Moreover, the loading of the sensor
surface was increased further to generate a kind of anti-
body reservoir.

As mentioned earlier, storage conditions of the antibod-
ies also contribute to the stability of the sensor chip. As
can be seen in Fig. 1, reduced binding was observed after a
storage of the sensor chip in the instrument at room
temperature for approximately 10 h. It was also found that
storage of not-immobilized antibodies at y208C was to be

Ž .preferred over storage at 48C results not shown .

3.2. Characterization of the binding reaction

In Figs. 2a and 3a, binding of the monoclonal anti-SMZ
antibody 21C7 to the immobilized b-type anti-idiotypic
antibody 12E12 is shown as observed with BIAcore 2000q
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Fig. 1. Influence of regeneration conditions and measuring time on the binding capacity of the immobilized b-type anti-idiotyoic antibody 12E12.

Žin real-time for two different amounts of 12E12 2000 pg
y2 Ž . y2 Ž ..mm Fig. 2 and 95 pg mm Fig. 3 . The association

reaction can be followed by the increasing signals ob-
served after injection of 21C7, the dissociation phase starts
after changing again to the running buffer leading to
decreasing signals. As can be taken directly from these
pictures, the association rate increased with the amount of
21C7 and decreased with the amount of immobilized
12E12. The software BiaEvaluationq was used for the
calculation of kinetic constants k and k giving a kon off on

5 Ž .y1in the order of magnitude of 10 Ms and a k in theoff

order of magnitude of 5=10y5 sy1. The ratio of both
constants gave a constant K in the range of 5=10y10

D

M, as an estimation of the strength of the binding between
both antibodies. The calculation of these constants was
done using the Langmuirian model, i.e. assuming a reac-

tion between the immobilized ligand A and the soluble
Žanalyte or ligate B with a 1:1 stoichiometry e.g. Refs.

w x.25,26 . This was the simplest possible model, which did
not consider a number of possible experimental con-
straints. Though the stoichiometry of the binding between
the anti-SMZ antibody and the corresponding anti-idio-
typic antibody might be 1:1, probably bivalent binding
occurred, at least to some extent, as both binding partners
offered two binding sites. Thus, the dissociation rate con-
stant may be calculated too small, even in the case of the

Ž .low surface loading Fig. 3 . Moreover, a surface loading
2 Ž .of 2 ngrmm Fig. 2 led to additional effects of rebinding

of dissociating antibodies to free binding sites in the
dextran layer, which reduced the rate of analyte removal

Ž w x.dramatically e.g. Refs. 25,26 and led to a more opera-
tional than a true dissociation constant in the range of

Ž .Fig. 2. a Real-time monitoring of the binding event between the monoclonal anti-SMZ and the corresponding immobilized anti-idiotypic antibody. Two
Ž .thousand RU 12E12 were immobilized on the sensor surface. In the insert, the concentrations of the 21C7-solutions are given. b Dependence of the

Ž .signals obtained from the curves of a approximately 400 s after antibody injection on the 21C7 concentration.
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Ž . Ž .Fig. 3. a Equivalent to Fig. 2a, with 95 RU 12E12 immobilized on the sensor surface. In the insert, the concentrations of the 21C7-solutions are given. b
Ž .Dependence of the signals obtained from the curves of a approximately 400 s after antibody injection on the 21C7 concentration.

y11 y1 Ž .10 s . That is why the ratios of both constants K D

could give only a rough estimation of the strength of the
binding between both antibodies showing that higher sur-
face loadings with the anti-idiotypic antibodies, as used in
analytical assays, require regeneration conditions sufficient
for disruption of the primary binding and also minimizing
rebinding. Considering mass transfer in the model gave a

7 y1 Žkinetic constant in the order of magnitude of 10 s not
.shown in detail , which shows that the rate of mass

transport did not dominate the overall binding reaction
rate.

In Figs. 2b and 3b, the signals obtained directly after
changing to the running buffer, were plotted against the
concentrations of the corresponding 21C7 solutions. These
data did not reflect the equilibrium conditions but allowed
the analysis of the influence of the 21C7 concentration on
the signals. As expected, saturation of the sensor surface
was observed at lower 21C7 concentrations using the
sensor chip with the lower amount of immobilized 12E12.
Half-maximal signals, i.e. the concentration range of the
strongest dependence of the sensor signal on the 21C7
concentration, were found in the range of 1–3 mgrml
21C7. As the achievable lower detection limit in an inhibi-

Fig. 4. Polynomial interpolation of data to deal with the decaying sensor
capacity.

tion-type assay is also influenced by the concentration of
the binding antibody, as a too high antibody concentration,
in the saturated regime of the sensor surface, will not lead
to a significant decrease in sensor signal at low SMZ
concentrations, in the following, an 21C7 concentration of
4 mgrml was chosen. This was a compromise between
sufficiently high signals when no SMZ was present even at

Žlow remaining binding capacities of the sensor surface as
.modelled by the 95 RU surface of Fig. 3 , and a minimized

consumption of the antibody.

3.3. Inhibition assay

To deal with the decreasing signals due to regeneration
Ž . Žprocedures Fig. 1 , solutions containing no SMZ zero-

.controls were injected before the standards or samples.
Interpolation of data obtained from two successive zero-

Ž .controls led to an expected B Fig. 4 applicable to the0

quantification of inhibition. The percentage of the value
obtained for the SMZ standard compared to this expected

ŽB value was used in the calibration curves % zero-con-0
. Ž .trol Fig. 5 .

Fig. 5. Influence of the binding capacity of the sensor on the calibration
curves.
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To investigate the influence of binding capacity, differ-
Ž .ent amounts of 12E12 3000, 500, 200 RU were immobi-

lized onto the flowcells. Flowcell 4 was used to monitor
unspecific binding of 21C7 to the sensor surface. In Fig. 5,
it is shown that this amount can be neglected. The curves
obtained for the different ligand concentrations were very
similar. Accordingly, the binding capacity had no influ-
ence on the sensitivity and linear range of the assay as
long as a minimum surface loading was available. In
contrast to competition assays, the anti-SMZ antibody
could first react with SMZ in solution and in the second
step not occupied binding sites led to binding to the sensor
surface. In the presence of SMZ, the interaction between
antibody and anti-idiotypic antibody is prevented. There is
no competition for the binding regions between the b-type
antibody and analyte. Therefore, the immobilized amount
influenced only the surface capacity and did not change
the detection limit or measurement range.

To determine the regeneration effects on the calibration
Ž .curve Fig. 6 , two flowcells were compared, which origi-

nally comprised the same amount of ligand. After having
performed 86 regenerations in one cell, there was a large
difference in the zero-control values of the flowcell with

Ž .the regenerated surface 70 RU to the one with AfreshB
Ž .antibody 500 RU . However, the calibration curves, after

the zero-control correction, were very similar, which indi-
cates again that the amount of active antibody on the
sensor surface did not influence the sensitivity of the
assay. Therefore, in the following, the amount of immobi-
lized antibody was increased to approximately 10,000 RU
to generate a sufficient reservoir of active antibodies.

3.4. Measurements in urine

Urine measurements were done in reconstituted urine at
a final dilution of 1:20. Those curves were similar to

Ž .curves obtained in buffer compare Figs. 6 and 7 and gave
an analytical concentration range from approximately 10
mgrl SMZ to 100 mgrl. Lower dilution of the urine did

Fig. 6. Influence of regeneration to the calibration curves.

ŽFig. 7. Calibration curves obtained from spiked urine samples urine
.diluted 1:20 .

Ž .not lead to reproducible calibration curves data not shown .
In Fig. 7, the average of two successive measurements
with the same sensor chip is shown.

4. Discussion

The assay based on the immobilized monoclonal b-type
anti-idiotypic antibody 12E12 and an added mixture of the
monoclonal anti-SMZ antibody 21C7 and SMZ was capa-
ble for SMZ detection with a lower detection limit of
approximately 5 mgrl in diluted urine. One cycle took
about 13 min. This time could be decreased further to
approximately 7–8 min by decreasing the amount of the
injected solution and omitting the second regeneration
step. Each chip could be used for approximately 100
regenerations before its binding capacity was exhausted.
More stable sensors are expected from surfaces onto which
non-proteinaceous analyte-analogues are immobilized.
However, it was found that using the monoclonal anti-SMZ
antibody 21C7 in combination with SMZ chips obtained

Ž w x.from C. Elliot prepared according to Ref. 14 , the stabil-
ity was also limited due to the required harsh regeneration

Ž .conditions results not shown here . Milder regeneration
procedures which might improve the stability, such as high
salt concentration, were tested but were not able to remove
the bound antibody completely. Measurements in diluted
urine using the assay presented here gave similar results to
those obtained in buffer. All curves had similar sensitivi-
ties with IC values of 20 mgrl for diluted urine. Since50

the SMZ was measured in the urine of the animals and
concentrations in tissue are only 10–50% of those in urine
w x5 , the assays are sensitive enough for the desired screen-
ing purpose. The linear range of the assay was almost one
order of magnitude and will give a more yesrno answer
than a real quantification.
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Abstract

The surfaces of glass sensor chips were modified with dextran to generate a layer protecting the sensor surface from unspecific

protein binding and also serving as a matrix for covalent protein immobilisation. Dextran was coupled to the glass surface in

different concentrations either covalently on amino-functionalised glass chips or via biotin�/avidin binding. Unspecific binding of

BSA was monitored with the grating coupler system, and was increasingly suppressed with increasing dextran concentrations. Using

a solution with 100 mg/ml carboxymethylated dextran decreased the signals to approximately 2% of those obtained at an untreated

glass chip. Antibodies were successfully immobilised in the dextran and binding to the corresponding Cy5-labelled antigen was

repeatedly monitored using a fluorescence sensor system (total internal reflection fluorescence (TIRF)). # 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Optical biosensor; Planar wave guides; Surface chemistry; Fluorescence

1. Introduction

Immobilisation of antibodies on solid supports is an

essential step in immunoanalysis as it allows the easy

separation of bound and unbound antigens and tracers

and is thus a prerequisite for a number of immunoassay

formats (Deshpande, 1996). The classical method of

immobilisation is the adsorption of antibodies on

polystyrene, which is the preferred material of microtiter

plates. The introduction of new physical transduction

principles, in particular the utilisation of the evanescent

field of optical waveguides (Axelrod et al., 1984; Suther-

land and Dähne, 1987; Gauglitz, 2000), allowed the

development of immunosensors, in which one binding

partner is immobilised on the transducer, i.e. the optical

waveguide, and binding of the other is followed in real-

time. This principle is used in fluorescence immunosen-

sors (total internal reflection fluorescence, (TIRF))

(Schobel et al., 2000; Wadkins and Ligler, 1998;

Andrade et al., 1985), but also in label-free immuno-

sensors which are usually based on refractometric

sensors (Kooyman and Lechuga, 1997; Hutschinson,

1995). Among the refractometric sensors surface plas-

mon resonance (SPR) devices are wide-spread (Geddes

and Lawrence, 1997; Löfas et al., 1991) with the

transducer being a prism or a diffraction grating with

a thin metal layer on top (Liedberg and Johansen, 1998;

O’Shannessy et al., 1992; Cullen et al., 1987/1988;

Sutherland and Dähne, 1987). Other optical sensor

principles, such as fluorescence sensors, grating cou-

plers, interferometers, resonant mirrors, usually rely on

glass transducers. Hence, a number of immobilisation

methods for antibodies are described for metal, in

particular gold or silver, or for glass surfaces.

The immobilisation of antibodies on the surface of a

transducer in an immunosensor device has to,

a) result in a reproducible amount of antibody on the

surface;

b) result in a stable binding of the antibody to the

transducer even during the regeneration of the

antibody�/antigen-binding, which is often combined

with a shift in the pH or the salt concentration;
c) maintain the activity of the antibody;

d) consider the reduction of unspecific binding reac-

tions.

Label-free detection principles allow the real-time

monitoring of binding events to the transducer surface.
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Thus, also the immobilisation of a binding protein, e.g.

an antibody, to the pre-activated transducer surface can

be followed and the amount of immobilised protein can

be controlled (e.g. Cullen et al., 1987/1988; Nellen and
Lukosz, 1991; O’Shannessy et al., 1992; Brandenburg et

al., 1996; Piehler et al., 1996; Brynda et al., 1999).

Adsorptive immobilisation of antibodies, the stan-

dard procedure in microtiter plate assays, is based on

hydrophobic and electrostatic interactions of the pro-

teins and the surface of the microtiter plate wells

(Deshpande, 1996) or of the transducer (Cullen et al.,

1987/1988; Ebersole et al., 1990; Polzius et al., 1996).
Continuous application of solutions, as in flow-through

immunosensor devices, and in particular the application

of solutions used for the regeneration of antigen�/

antibody-bindings, such as solutions with low or high

pH, high salt concentrations, additions of detergents,

urea, etc. lead to the desorption of adsorbed proteins

from the surface. Thus, in immunosensor devices

covalent binding is preferred (Jönsson et al., 1985).
The transducer surface is usually pre-treated to result in

suitable functional groups, such as tosyl, epoxy, amino,

aldehyde, carboxylic acid, sulfhydryl or hydrazine

groups, which react with the protein (Jönsson et al.,

1985; Williamson et al., 1989; O’Shannessy et al., 1992;

Polzius et al., 1996). It was shown that the coupling

chemistry has an effect not only on the binding capacity

of the surface but also on the activity and stability of the
resulting protein layer (Jönsson et al., 1985; Lin et al.,

1989; Williamson et al., 1989; Polzius et al., 1996;

Brynda et al., 1999). In addition surface treatment of

the immobilisation support has a strong effect on non-

specific binding reactions (Cullen and Lowe, 1990;

Ahluwalia et al., 1991; Lu et al., 1992; Polzius et al.,

1996; Piehler et al., 1996; Jo and Park, 2000; Schneider

et al., 2000). Even in microtiter plate assays or fluores-
cence sensor devices it is known that the tracer may bind

non-specifically to the surface of the wells or the

waveguide, respectively (Lu et al., 1992) leading to

high background signals. They can be suppressed e.g.

by the addition of ‘inert’ proteins, such as bovine serum

albumin (BSA) or casein, or of detergents to the tracer

solution. For immunosensors different strategies are

described additionally. Interferometric sensors offer the
possibility of an internal reference as the phase differ-

ence of the light propagating in the ‘specific’ channel

and an ‘unspecific’ channel is determined (Brosinger et

al., 1997; Schneider et al., 2000). However, it was found

that the compensation of the unspecific effects was

dependent on the protein used to mimic the specific

surface and thus, it can be expected that for each

antibody-system an optimal reference protein has to be
found. Thus, it seems to be more promising to prevent

non-specific binding reactions instead of compensating

strategies. From biocompatibility studies a number of

polymers are known which reduce binding of proteins to

surfaces. A number of those polymers were already

tested in immunosensor systems and polyethylene oxide,

dextran and poly(ethylene glycol) proved to be particu-

larly useful (Andrade et al., 1985; Jönsson and Mal-
mqvist, 1992; Piehler et al., 1996; Polzius et al., 1996; Jo

and Park, 2000; Schneider et al., 2000). They are bound

to the sensor surface covalently after introduction of

suitable functional groups on the polymer (Piehler et al.,

1996; Jo and Park, 2000) or on the transducer (Löfas

and Johnsson, 1990; Polzius et al., 1996) or through the

biotin�/avidin-system using a biotinylated polymer

(Schneider et al., 2000). From affinity chromatography
it is known that dextran can serve also as immobilisation

matrix for proteins. Thus, a dextran layer on top of a

transducer surface is not only suitable for the suppres-

sion of non-specific binding but also for the immobilisa-

tion of proteins in a three-dimensional matrix, thus

enhancing the binding capacity on the transducer

(Jönsson and Malmqvist, 1992; Polzius et al., 1996).

The modification of SPR-transducer surfaces, i.e. of
gold layers, with carboxymethylated dextran was de-

scribed already in 1990 by Löfas and Johnsson. Binding

of dextran to a tantalum oxide waveguide (used in

grating coupler instruments) after silanisation with 3-

glycidoxypropyltrimethoxysilane (GOPS) was used by

Polzius et al. (1996), Piehler et al. (1996) synthesised

aminodextran to modify silica glass slides to be used in

reflectometric interference spectroscopy (RifS). The use
of the dextran layer increased the capacity for the

immobilisation of avidin by a factor of three compared

with adsorption at the plain waveguide surface (Polzius

et al., 1996).

Based on these reports we re-investigated the proce-

dure for the modification of glass surfaces with dextran

which could be applied to glass slides used in a

fluorescence sensor device but also to grating couplers.
The grating coupler was to be used not only as sensor

device but also as aid to control the surface modifica-

tion. Therefore, polymer binding and protein immobi-

lisation should be monitored in real-time. As

carboxymethylated dextran can be activated with eth-

yl-3-[1-dimethylaminopropyl] carbodiimide (EDC) and

N -hydroxysuccinimide (NHS) to allow covalent protein

immobilisation through the proteins’ amino groups, we
wanted to use the same principle for the immobilisation

of the dextran to the glass surface. A major point of

consideration was the density of amino groups on the

transducer surface and the amount of activated car-

boxylic groups in the polymer to maintain the flexibility

of the polymer together with the protecting properties

and to allow in a second step the covalent immobilisa-

tion of an antibody. Thus, it was planned to silanise the
waveguides with aminopropyltriethoxysilane (APTS),

determine resulting amino groups and couple different

amounts of dextran after activation. This approach

should be compared with the adsorption of avidin on

A. Akkoyun, U. Bilitewski / Biosensors and Bioelectronics 17 (2002) 655�/664656



the waveguide and addition of different amounts of

biotinylated dextran. The performance of the sensor

surface was characterised by monitoring the unspecific

binding of a model protein, BSA, with the grating
coupler and by covalent binding of a specific antibody

followed by monitoring the specific binding of the

fluorescently labelled analyte with the fluorescence

sensor system (Schuderer et al., 2000).

2. Experimental

2.1. Reagents

All solvents and chemicals used were of analytical

grade or chemically pure. APTS and bromphenol blue

(BPB) were obtained from Sigma (Deisenhofen, Ger-

many). The immobilisation reagents EDC, NHS were

purchased from Sigma and Fluka, respectively. Ethano-

lamine, dimethylformamide (DMF), piperidin, avidin,

biotin-dextran and CM5-dextran were obtained from
Fluka (Deisenhofen, Germany).

The Cy5-labelled antibody against rat antibodies was

obtained from Dianova (Hamburg, Germany). The

antibody 21C7, which is from rat origin and recognises

specifically the antibiotic sulphamethazine, and the

corresponding ß-idiotype antibody 12E12 (mouse anti-

body) targeting the binding sites of the 21C7 antibody

were a kind gift from F. Kohen (Weizmann Institute of
Science, Rehovot, Israel; Akkoyun et al., 2000).

Sodium phosphate buffer supplemented with NaCl

(PBS, 40 mM phosphate, 150 mM NaCl), pH 7.5 was

used as running buffer. Prior to use the buffer was

filtered using 0.2 mm cellulose nitrate membranes

(Sartorius GmbH, Göttingen, Germany) and degassed.

All proteins injected into the optical biosensors were

diluted in this buffer unless otherwise mentioned.

2.2. Devices and sensor element

The grating coupler (BIOS-1) and tantalum oxide

sensors element (ASI 3200) with an imprinted grating of

1200 lines per mm were obtained from ASI (Zurich, Ch).

The TIRF system was obtained from A. Brandenburg

(FhG-IPM, Freiburg, Germany; Schuderer et al., 2000),
the sensing elements*/optically polished multiple reflec-

tion elements (borofloatglass)*/were purchased from

Hellma GmbH, Mülheim, Germany.

2.3. Methods

2.3.1. Amine modification of sensor surface

Before use sensor element surfaces were cleaned by
incubation for 1 min in sulphuric acid/H2O2. The slides

were extensively rinsed with distilled water until the pH

of the waste water was found neutral, air dried and kept

desiccated at room temperature (RT). For the APTS

activation these slides were incubated in 0.025% APTS

in dry toluene (for a detailed surface characterisation of

APTS silanised surfaces see Vandenberg et al., 1991) for
different periods of time (2�/24 h). The slides were again

rinsed with acetone and distilled water and kept

desiccated at RT.

2.3.2. Determination of amine groups onto the sensor

surface

A stock solution of BPB was prepared by dissolving

10 mg/ml in DMF. 500 ml of the stock solution were

diluted in 50 ml DMF. The slides were incubated for 30
min in this solution and rinsed with ethanol. BPB forms

a complex with amine groups (Krchnak et al., 1988).

This complex is stable against ethanol wash but can be

removed by incubating the slides in 20% piperidin in

DMF for 10 min. The OD of the eluent was measured at

605 nm and used to quantify the amine groups on the

sensors surface by using a modification of Lambert�/

Beer’s law (Eq. (1)).

SNH2

�
nmol

cm2

�
�

OD605 � V � 106

o605 � A � d
(1)

The molar extinction coefficient (o605) for BPB is

91 800 per (mol/l) per cm (Krchnak et al., 1988). V the
volume of the piperidin solution in ml (cm3). A is the

area of the slides (GK 11.26 cm2 and TIRF 11.02 cm2)

and d the length of the optical path in the cuvette (1 cm).

The term is multiplied by 106 in order to obtain the

result in nmol per cm2.

2.3.3. Dextran immobilisation by the use of avidin

One hundred microlitre of an avidin solution (20 and

200 mg/ml) were pumped with a flow rate of 50 ml/min
over a cleaned (Section 2.3.1) sensor element. After-

wards pumping and connecting tubings were removed

and the biotin dextran solution (200 ml, 1 and 10 mg/ml)

was injected directly into the flowcell. The in/out-lets

were sealed and the dextran solution was incubated for

20 min. Pumping and connecting tubings were re-

mounted and the surface was rinsed with running buffer

at a flow rate of 50 ml/min.

2.3.4. Dextran immobilisation with EDC/NHS

Different amounts of dextran (40, 70, 100 mg/ml)

were dissolved in carbonate buffer and mixed with EDC

and NHS for activation. For the lowest dextran

concentration two different EDC/NHS concentrations

were tested (10/2.5 and 200/50 mM). After an incubation

time of 5 min these solutions were pumped over the
APTS modified sensor surface. After 15 min the flow (50

ml/min) was stopped and the activated dextran was

incubated for 45 min to increase the interaction time.
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Finally, the slides were rinsed with running buffer for at

least 10 min.

2.3.5. Non-specific binding to the sensor surface

BSA-solutions of different concentrations (0.1, 1 and

10 mg/ml) were used to evaluate unspecific binding to

the sensor surface. Alternately the protein solution (3.5

min) and the running buffer (5 min) were passed over

the sensor surface with a flowrate of 50 ml/min and

binding was detected with the grating coupler. Addi-

tionally a Cy5-labelled antibody (100 ng/ml) was passed

(15 min) over the dextran modified surface of the
multiple reflection elements in the TIRF device (flow

rate 50 ml/min).

2.3.6. Immobilisation of proteins to CM5-dextran

A second activation step with EDC/NHS (7 min, 80/

20 mM) was performed after the dextran immobilisation

to the sensor surface. Proteins to be immobilised were

diluted (avidin 200 mg/ml, Cy5-labelled antibody 200
and 50 ng/ml) in the running buffer and injected for 17

min in the grating coupler (avidin) or in the TIRF-

device (Cy5-labelled antibody). Residual active groups

were saturated by injection of ethanolamine for 7 min.

The flow rate in all experiments was kept at 50 ml/min.

2.3.7. Monitoring of specific antibody bindings

The 12E12 antibody (mouse IgG, 200 ng/ml, 17 min

injection) was immobilised onto the dextran modified
surface in the TIRF-device as mentioned above. The

21C7 antibody (rat IgG, 50 ng/ml) mixed with an anti

rat Cy5-labelled antibody (50 ng/ml) was injected over

this sensor surface (18 min). The flow rate during the

experiment was kept at 50 ml/min. Regeneration of the

surface was performed by injection of 30 mM HCl for 2

min.

3. Results and discussion

3.1. Unspecific binding of BSA to dextran-modified

surfaces

Two different approaches for surface modification

with dextran were followed: (a) immobilisation via
avidin�/biotin, for which avidin was adsorbed to the

glass surface and biotin-labelled dextran molecules were

captured by this avidin layer. (b) Covalent immobilisa-

tion of carboxymethylated dextran, for which the glass

surfaces were modified with amine groups followed by

incubation of activated dextran.

3.1.1. Immobilisation of dextran via biotin�/avidin

Adsorption of avidin to glass surfaces of grating

coupler chips is rather strong and was also described by

Polzius et al. (1997), Clerc and Lukosz (1997). Although

this is not a covalent bond, harsh regeneration condi-

tions such as 0.5% SDS or 1 M NaOH for 15 min were

necessary to remove the avidin from the surface (data

not shown). The spontaneous and irreversible formation
of functionally active monolayers of avidin was also

reported for gold and silver surfaces (Ebersole et al.,

1990). Thus, the modification of transducer surfaces

with avidin is a very simple protocol without the need

for surface pre-treatment. However, avidin is a glyco-

protein containing both mannose and N -acetylglucosa-

mine and has an isoelectric point (pI) of �/10. Both

characteristics are presumably the reason for high
unspecific bindings, which are found in some applica-

tions (Diamandis and Christopoulos, 1991). Thus,

binding of a biotinylated capture antibody on a simple

avidin-modified surface and completion of the assay by

fluorescently-labelled tracers, which are also liable to

unspecific binding due to the hydrophobic properties of

fluorophors, was not the favoured approach. Instead

biotinylated dextran was used to combine the protection
of the surface with the simplicity of the protocol. In Fig.

1 data are given from grating coupler experiments

showing the signals resulting from the injection of 0.1

and 10 mg/ml BSA on surfaces containing different

amounts of dextran. For the higher BSA concentration

signals could be reduced to approximately 30%, for the

lower even to less than 10% of those from the plain chip

surface, when the highest avidin and dextran concentra-
tions were used. The immobilisation was not followed

on-line due to the limited availability of biotin�/dextran.

Thus, the amount of avidin and biotin�/dextran bound

to the glass surface was not determined. However,

considering previous investigations on avidin adsorption

(Polzius et al., 1997) it can be assumed that with chosen

conditions the chip surface was covered with a mono-

layer avidin and almost saturated with biotinylated
dextran. Comparison of protein immobilisation techni-

ques had revealed that direct immobilisation may be as

efficient (Polzius et al., 1996) or even more efficient

(Ahluwalia et al., 1991) than avidin-mediated immobi-

lisation. Therefore, covalent coupling of carboxymethy-

lated dextran was investigated in the following requiring

first the modification of the glass surface with amine

groups.

3.1.2. Coupling of amine groups to sensor elements

To obtain a reactive surface for further modifications

amine groups were introduced to the sensor element by

incubation with an amine group containing silane

(APTS). Increasing the incubation time of APTS lead

to an increase of amine groups on the surface (Fig. 2).

This was done with the sensor elements for the grating

couplers (GC-chips) and the fluorescent sensor device
(TIRF-chips), respectively. In general the TIRF-chips

showed a higher reactivity leading to an increased

density of amine groups on the surface. After 10 h of
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incubation time the capacity of the GC-chips was

saturated while even after 24 h the TIRF-chips had

not reached their full capacity. The difference in

reactivity may be explained with the different surface

chemistries of the sensor elements. The TIRF-chips had

a silica surface, whereas GC-chips had a 100 nm thick

Ta2O5 layer sputtered onto a glass substrate. It must be

assumed that the latter layer has less hydroxide groups

than the former one.

According to Vandenberg et al. (1991) silanisation of

silicon samples with APTS and reaction conditions

comparable to ours (APTS solution in toluene, reaction

at RT) resulted in the adsorption of APTS to the surface

with some covalent attachments or crosslinking. In-

creasing the reaction time from minutes to hours (up to

24 h) led first to multilayers followed by the deposition

of macroscopic aggregates. However, they chose a

concentration of 0.4% APTS as this was the maximum

concentration which still allows monolayer coverage

without physisorption. Our aim was the modification of

the glass surface with amine groups to allow covalent

attachment of dextran. High amine coverage could lead

to frequent links between the surface and dextran

resulting in inflexible layers with a low mesh size. This

could prevent an easy access and exchange of buffer and

sample between the injected sample and the sensing

layer. Therefore, a low APTS concentration of 0.025%

and a short incubation time of 2 h resulting in a low

amine coverage (0.1 nmol/cm2) was preferred. The

available carboxymethyl groups of the incubated dex-

tran were at least 1000 times in excess (product

information sheet, Fluka). Thus, it was assumed that

all amine groups reacted and activated carboxymethyl

groups were still present on the dextran layer.

Blocking the free amine groups on the surface of

sensor elements by dextran also eliminated the positive

charges in neutral buffer which could enrich negatively

charged molecules (DNA) and increase unspecific bind-

ing events (see also Fig. 3).

Fig. 1. Unspecific binding of BSA to dextran covered Ta2O5-surfaces monitored with the grating coupler. Successively 3 BSA-solutions of 0.1, 1 and

10 mg/ml were injected. Data are shown only for the first and last injection.

Fig. 2. Influence of the APTS incubation time on the density of amino

groups on the glass surface.
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3.1.3. Immobilisation of CM5-dextran

The covalent immobilisation of the CM5-dextran was

monitored online with the grating coupler (Fig. 4), so

that the increase in the baseline after the injection and

incubation time could be used for quantification. By

using the higher concentrations of the coupling reagents

EDC/NHS, more dextran could be immobilised (Table

1). Increasing dextran concentrations did not lead to a

further significant increase of surface coverage. How-

ever, unspecific binding of BSA was more efficiently

Fig. 3. Unspecific binding of a Cy5-labeled antibody to the APTS-modified or dextran-covered glass chip surface monitored with the TIRF-system.

Fig. 4. Immobilisation of CM5 dextran to Ta2O5-grating coupler chip surfaces: (1) 15 min CM5 dextran in EDC/NHS and 45 min incubation, (2) 8

min. EDC/NHS activation of the dextran, (3) incubation of avidin (200 mg/ml).
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blocked when higher dextran concentrations were used

(Fig. 1). It can be concluded that higher dextran

concentrations lead to a different conformation of the
dextran layer resulting in a higher inhibition of un-

specific binding.

Comparing the unspecific signals obtained after the

covalent immobilisation of dextran to those from

dextran immobilisation via biotin�/avidin the covalent

immobilisation of dextran gave a better protection.

Compared with not-treated glass surfaces the unspecific

binding signals were reduced to approximately 2% for
the highest BSA concentration (at least one order

magnitude higher than protein concentrations used in

affinity assays see below). Even these concentrations

resulted in binding signals, which were approximately

one order of magnitude lower than those expected from

specific binding reactions determined with the grating

coupler (Polzius et al. 1997).

Unspecific binding was also observed with the TIRF
device. A Cy5 labelled antibody was injected over an

APTS- and a dextran modified surface, respectively. As

shown in Fig. 3 unspecific binding of the antibodies only

occurred at the APTS sensor, whereas no unspecific

binding could be observed at the dextran modified

sensor. Antibody concentrations used in this experiment

resembled those used for the binding experiments (see

below). Thus, the dextran layer also prevented unspe-
cific binding of fluorescently labelled proteins. Similar

effects were previously observed for fluorescein isothio-

cyanate (FITC) labelled proteins, of which unspecific

binding could be prevented by a protein layer (Lu et al.,

1992).

3.2. Immobilisation of proteins to dextran surface

In Figs. 4 and 5 protein immobilisation onto the

dextran surface in the grating coupler and the TIRF

system is shown. Avidin and the antibodies, respectively,

were retained on the sensor surface, indicated by the

increased signal after the protein injection. In both

biosensors no leakage of the proteins after the immobi-

lisation was noticed. Also no photo-bleaching effect of
the immobilised Cy5 labelled antibody is visible in the

TIRF system (Fig. 5). Both effects would lead to a

negative slope after changing to the running buffer. The

antibody solution used for the immobilisation in the

TIRF device also contained a high concentration of

stabilising proteins, which were co-immobilised to the
dextran but are not visible since they are not Cy5

labelled.

As a proof of the functionality of the immobilised

proteins a ß-idiotypic antibody 12E12 was immobilised

on the dextran surface and the reaction with the

corresponding antibody 21C7, which was complexed

by a Cy5-labelled anti-rat antibody, was monitored as

shown in Fig. 6. Two measuring cells were serially
connected. In the first measuring chamber the chip was

covered only with the dextran layer (reference cell),

whereas in the second cell the 12E12 was immobilised.

The injected solution with the protein complex was first

introduced to the reference cell and then passed over the

measuring cell. The 21C7 antibody was captured and

detected in the measuring cell. No binding effects

occurred in the reference cell, indicating that the glass
surface was well protected against unspecific bindings.

Additionally it can be deduced that the signal in the

measuring cell is due to the specific interactions between

the 12E12 and its target, which can be followed in real-

time. Data of five consecutive injections are presented,

which illustrate the repeatability of the experiments and

the almost complete regeneration of the binding. After

ten regenerations the signal decreased to 90%. This is a
significant improvement compared with previous inves-

tigations of the antibody stability (Akkoyun et al.,

2000).

4. Conclusions

A simple and fast method for coating optical wave-

guides was realised. The most time consuming step is the

silanisation of the waveguides (2 h), which can be done

for several sensor chips at a time. These slides can then

be stored desiccated at RT and used without any further

treatment. The coating with dextran was monitored in

real time and takes approximately 1 h. Proteins such as

avidin or antibodies can be immobilised by well known
chemistry onto this layer. The coating was, however,

only optimised for inhibiting unspecific binding events.

So far we have no information about the penetration

Table 1

Amount of dextran immobilised covalently on grating coupler chips using different dextran and EDC/NHS concentrations followed in real-time with

the grating coupler

Resulting DNeff S.D. N

40 mg/ml Dextran 10 mM EDC/2,5 mM NHS 1.9�10�4 95.9�10�5 2

40 mg/ml Dextran 200 mM EDC/ 50 mM NHS 2.8�10�4 91.8�10�5 2

70 mg/ml Dextran 200 mM EDC/ 50 mM NHS 3.6�10�4 96.7�10�5 2

100 mg/ml Dextran 200 mM EDC/ 50 mM NHS 2.8�10�4 91.6�10�5 6

The resulting signal DNeff is an indicator of the achieved mass loading.
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depth of injected and immobilised compounds. The

investigated ‘brush’ models (Witz, 1999) for the BIAcore

CM5-chips are not appropriate for our coating, because,

multiple links between each dextran molecule and the

sensor surface have to be considered. Preliminary

experiments showed that the reactions probably happen

mostly in the upper parts of the coating. In order to

increase accessibility of the immobilised molecules the

area of the interacting surface and the mesh size of the

coating could be increased. Those methods designed for

grating couplers and SPR-sensors based on mixing

polymers with non-reactive compounds and removing

Fig. 5. Immobilisation of a Cy5-labelled antibody to EDC/NHS-activated CM5 dextran monitored with the TIRF system.

Fig. 6. Specific binding of antibodies to the TIRF sensor chip surface. The complex of a rat antibody (21C7) and a Cy5-labelled secondary antibody

(anti-rat) was captured by the immobilised ß-type anti-idiotypic antibody 12E12.
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them after the immobilisation have been described by

Brynda et al. (1999). However, this could lead again to

an increase of unspecific bindings to the glass surface.
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Appendix D: Suppliers of optical biosensors 
 
Affinity Sensors 
 

Kevin King Alphatech 
71/72 Grove Road 
Dublin 6 
Ireland 
 
phone:+353 1496 2422 
fax:+353 1496 3751 
email: alphatec@indigo.ie 
http://www.affinitysensors.com) 
 

BIAcore AB  
 
Rapsgatan 7  
SE-754 50 Uppsala 
Sweden 
 
phone: (46) 18 67 57 00 
fax: (46) 18 15 01 10 
http://www.biacore.com/ 

 

Farfield Sensors Ltd Unit 51 
 
Salford University Business Park 
Leslie Hough Way 
Salford 
Gt. Manchester 
M6 6AJ 
United Kingdom 
 
phone: +44 (0) 161 736 8660 
fax: +44 (0) 161 736 8063 
email:  info@farfield-sensors.com 
http://www.farfield-sensors.co.uk 
 

Frauenhofer Institut Pysikalische 
Messtechnik (IPM) 
 

David Hradetzky 
Heidenhofstraße 8 
79110 Freiburg 
Germany 
 
phone:+49 (0) 761 / 88 57-171 
email: david.hradetzky@ipm.fhg.de 
http://www.ipm.fhg.de/gfelder/bioanalytik/ 
 
Windsor Scintific Limited 
 
264 Argyll Avenue 
Slough Trading Estate 
Slough 
Berkshire 
SL1 4HE 
United Kingdom 
 
phone: (01753) 822522 
fax: (01753) 822002 
email: sales@windsor-ltd.co.uk 
http://www.windsor-ltd.co.uk 
 
Zeptosens AG 
 
Benkenstrasse 254 
CH-4108 Witterswil 
Switzerland 
 
phone +41 61 726 81 81 
fax +41 61 726 81 71 
email: info@zeptosens.com 
http://www.zeptosens.com/ 
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Appendix E: List of suppliers 
 

Dianova 
Mittelweg 176  
D-20148 Hamburg  
Germany 
 
phone: ++49 (0)40 450 67-0  
fax: ++49 (0) 40 450 67-490 
email : info@dianova.de 
http://www.dianova.de/ 
 
Hamamatsu Photonics Deutschland 
GmbH 
Arzbergerstraße 10 
D-82211 Herrsching 
Germany 
 
phone: +49 (0) 8152 375 – 0 
fax: +49 (0) 8152 2658 
email: info@hamamatsu.de 
http://www.hamamatsu.de/ 
 
HELLMA GMBH + CO. KG  

Glastechnische-Optische Werke 
Postfach 1163 
79371 Müllheim/Baden 
 

phone: ++49 (0) 76 31 182 - 0  
fax.: ++49 (0) 76 31 135 46  
email: Info@hellma-worldwide.de 
http://www.hellma-worldwide.de  
 
 
HMS-Elektonik 
Hans M. Strassner GmbH  
Am Arenzberg 42 
51381 Leverkusen 
Germany 
 
phone: 021 71 / 73 40 06  
fax.: 021 71 / 338 52  
email: hms-elektronik@t-online.de  
 

Molecular Probes Europe BV 
PoortGebouw 
Rijnsburgerweg 10 
2333 AA Leiden 
Netherlands 
 
phone: +31-71-5233378 
fax: +31-71-5233419 
email: eurorder@probes.nl 
http://www.probes.com/ 
 
OWIS GmbH 
Im Gaisgraben 7 
D-79219 Staufen 
Germany 
 
phone: +49 7633 / 9504-0 
fax +49 7633 / 9504-44 
info@owis-staufen.de 
http://www.owis-staufen.de/ 
 
Sartorius AG  
Weender Landstrasse 94-108 
D-37075 Goettingen 
Germany  
 
phone: +49 551 308 0 
fax: +49 551 308 3289 
email: info.biotech@sartorius.com 
http://www.sartorius.de 
 
Uniphase Germany 
Arbeostrasse 5 
D-85386 Eching, Munich 
Germany 
 
phone: +49 89 319 6026 
fax: +49 89 319 3002 
email: de.sales@de.jdsuniphase.com 
http://www.jdsuniphase.com/ 
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	Figure 5-8 Inhibition assay for SMZ applied on SPR, GC and TIRF devices.
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