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SUMMARY

‘The ultimate goal of the research presented in this dissertation was to determine if an
adiabatically tapered single mode fibre could be used as an effective basis for a chemical or

biological sensor. This required a phased investigation examining:
o The evanescent absorption behaviour of the tapered fibre
o The fluorescent capture efficiency of the tapered fibre

¢ The effect of immobilising an indicator to the surface of the tapered

fibre

» A suitable configuration for the tapered fibre to allow simple
application of selective elements as well as interaction with the sample

solution

» The new configuration in conjunction with a simpie im:nchilisation

methcd and model analytes
¢ The new configuration in a realistic chemical or biological assay

It was shown both theoretically and experimentally that the adiabatically tapered single mode
fibre could capture enough fluorescent cnergy, or be absorbed sufficiently, to make
determinations of the concentration of analytes in solution. Immobilisation of suitable
recognition elements to the surface of the fibre did not degrade the performance of the sensor:
in fact, it was found this could enhance dramatically the fluorescent capture efficiency. Using
a sitanisation process to attach prowins to the surface of the tapered fibre served to form a

novel waveguide system, which displayed high sensitivity kevels to the analyte,

Chapter | introduces chemical and biological sensing systems, as well as defining their

components.
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Chapter 2 reviews optical techniques that have evolved to analyse chemical and biological

samples. The use of optical fibres as a basis for chemical and biological sensing is introduced.

Chapter 3 describes the major components of the expeimental systems used throughout the
research presented in this dissertation. The computer program used as a basis for theoretical

modelling of the different experiments is discussed as well.

Chapter 4 discusses the theoretical background for the behaviour of the tapered single mode
firre. It reviews the existence of the evanescent field, and methods of gaining access to it, in

optical fibres. The criteria for constructing adiabatically tapered fibres is defined.

Chapter 5 reviews efforts in evanescent absorption optical sensors. Limitations of this
application reported in the literature is examined theoretically, and evanescent absorption

experiment based on tapered fibres is performed.

Chapter 6 discusses the use of fluorophores in optical fibre sensing, and a theoretical model
for fluorescent capture in tapered fibres is developed. Fluorescence capture in a taper is
demonstrated experimentaly using the titration of a pH-sensitive fluorescent indicator in

solution.

Chapter 7 looks at the development of a "true sensor”: the actual immobilisation of the
selective element of the sensor to the fibre. Various immobilisation schemes that have been
applied to optical fibies are reviewed. An experiment immobilising penicillinase to the
tapered fibre is performed, and the ability of the device to still capture sufficient fluorescent

energy to make concentration determinations of the analyte is confirmed.

Chapter 8 describes the development of a more convenient geometry for the taper, where o
lossless macrobend (180°) is introduced to the fibre. This results in a fihre loop, which can
easily be chemically modified through silanisation process to include a recognition element.
A sample ass2y using model analytes is performed, and an examination of the fluorescent

capture abilit " is carried out. It is determined that the applied selective coating serves to act

- rm——
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as an effective waveguide for the fluorescent energy, which may couple significantly into the
standard fibre mode.

Chapter 9 presents the development of a suitable chemical scheme to use the tapered fibre
loop in an immunoassay. Methods of making the fibre sensor reusable are discussed, and
performed experimentally. An immunoassay based on material provided by the Center for
Vaccine Development, University of Maryland and the Institute of Biotechnology, University
of Cambridge, was performed. This immunoassay, based on the detection of cholera toxin
antibodies in blood samples, not only demonstrated the ability of the tapered fibre loop sensor

to be reused, but also the high fluorescent capture levels seen in the model analyte systems.

Chapter 10 discusses follow-on work that should be performed to better characterise the
"novel” waveguide. Other experimental work to combine interesting optical elements to the
fibre loop (semiconductor luser or luminescent sources, and surface plasma interaction) is

proposed.
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Chapter 1

An Introduction to Chemical and
Biological Sensing

Summary

The ability of sensing for particular analytes depends critically on combining
sensitivity and selectivity. Many portions of the sensing problem as a whole
constrain the ultimate sensor design. A generic sensor system can be described
in functional terms. All of these functions, as discussed in this chapter, must be
suitably addressed in order to develop a completely satisfactory product for the
end user. It is not enough to choose a very sensitive technology. A sensor and
and the elements of the sensing system are defined in this chapter, and typical
analytes and technologies are generally reviewed. Optical sensing techniques
are chosen as the basis for a chemical or biological sensor.

1.0 A general sensing system

In many areas, interest in chemical analysis is vital. Until the last three decades, the chemical
composition of materials, especially those materials specific to a biological system, was
determined only through laboratory testing. This process was frequently time-consuming,
and often depended on the preparation of individual background samples. Much effort has
been devoted to making these measurements automatic (rapid) as well as minimising the total
amount of numan involvement. Further, in some industrial applications on-line sampling is
highly desirable or even critical. The enormous variety in sensor requirements has led in tum
to the development of an enormous number of devices. Many different types of sensitive
elements, such as electro-chemical, pressure-sensitive, pyrometric, or optical devices, have
been made specific through the application of selective chemical elements (variable

conversion element). A generalised diagram for a sensor system is illustrated in Figure 1.

The selectivity (variable conversion and manipulation element) of a device may depend ona

semi-permeable membrane, an adsorbed or covalently (or non-covalently) bound indicator
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Figure 1.1  Functional elements of a sensing system (not in time sequence ).

layer, or direct contact with a sample to alter the monitored variable. The development of a
complete sensor system depends upon the analyte and its state (gaseous, liquid or soiid), the
technologies available, and the sensitivity required (how much concentration across what time
period). The sensitivity may be defined as a minimum concentration level (presence of an
analyte), a dosage level (concentration over time), cr a maximum level (yield of a reaction).
The methods of storage, playback and presentation are usually independent of these inputs.
This means that the critical elements of the sensor system are the sensitivity element and the
analyte. No idealised or generic sensor system exists that performs well for every sensing
requirement: each of the functional variables can fundamentally alter the design. To begin
the discussion of s2nsing, a defininition of a sensor is required, as well as an overview ¢f some

of the determinant portions of sensor design.

1.1 Sensor definition

A sensor or transducer has been given many definitions; for the purpose of this discussion, it
can be defined as a device with a portion that allows it to be sensitive to the analyte of interest,
a method of carrying its response (with whatever conversion and manipulation necessary) to
a detector, and a final portion that allows the measurement to be converted into an
understandable value. A chemical sersor has been defined as *a small-sized device ... with
the three elements ... capable of continuously and reversibly reporting concentration” 7.
Similarly, a biesensor is "a device which converts biological activity into a quantifiable
signal"®?. In general, sensors have been investigated for decades to develop methods of

carrying out the traditional laboratory testing in non-labhoratory environments, whether it be



for industrial, medical, environmental, or defence purposes. The underlying problem of

sensor development is to retain sensitivity while at the same time becoming selective.
1.2 Sensing system determinants: some specific analytes

1.2.1  Biological sensing

Biological sensing is the detection of chemical species within the biological framework’. The
biosensing field has been growing rapidly over the past few decades, as well as diversifying

at the same time. Considerable interest has focused on monitering of blood gases, pH, glucose
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and other chemicals with physiological or clinical importance™ . The selective portion of the

sensor could be enzymes, DNA components, hormone and neurotransmitter receptors or
antibody/antigens. Biosensors have further subdivided into biological sensors, where the
analyte is perhaps of environmental concem or is assayed clinically; and immunosensors®™,

where an immediate patient diagnosis is often the result of the information.

Biosciisors have been developed for a variety of applications. Enzymes and their substrates
are a selective pair that can form a basis for sensing' . A specific enzyme, penicillin, is of
interest due to its widesprend use: its presence is monitored as a contaminant in milk, and the

level of completion of the fermentation process is also monitored™. NADH determination

fnm

is vital in many enzymatic reactions’ . Ethanol as well is sensed based on an enzymatic

scheme"™*9.  Narcotics as well as other drugs are a natural target for immunoassays'™™.

Toxins have also been monitored' ™™™ 1nd remote sampling (i.e., far from the human
observer examining the concentration display) is highly desirable. Pesticides are also another
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hazard that require environmenal monitoring™ ™, and may require either that their presence

be detected or a dosage level calculated.
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Immunosensing techniques may rely upon antibody or enzvme-based detection in order to
provide their vital medical information. Antibodies and antigens are nearly perfect pairs for
sensing applications due to their specificity. Detectors based on these sets can achieve great
sensitivity and selectivity. Generic antibody/antigen systems have been utilised to test basic
sensor concepts (similar to the role of pH for chemical sensors)’. Some specific biochemicals
are detected, such as bilirubin, which is an indicator of bile reflux from the duodenum into

MLtM - Carcinogens are detected through an

the stomach to detect biliary diseases
antibody-based assay'™. Urea is also of interest for immunoassays”'™. Although
enzyme-based, glucose concentration is menitored in the blood as an indicator for a variety

of diseases™, as is determination of lactate!"**"**",

1.2.2 Chemical sensing

The approaches to enabling a sensing element to detect a chemical species {all into two
categories: either an intrinsic property of the analyte is utilised, that is, som. reaction unique
to the chemical; or an extrinsic recognition element is added to the system so that a
modification of that element represents the concentration of the chemical. Some analytes are
intrinsically fluorescent or have a colour change, as in urease. An example of the extrinsic
type of detection is the traditional pH indicator: many chemical reactions result in a
modification of the local pH level, such as those involving glucose, CO,, and penicillin. The
indicator is then used in an environment where the most likely source of pH change is an
alteration in the concentration of the analye. This is usually done through the immobilisation

of one half of a reaction pair, for example, penicillinase, onto the sensor.

The type of chemical (including biological molecules) to be detected often determines the
technical approach taken. Unique characteristics of the analyte, such as mass, size,
hydrophobic or hydrophilic nature and electrostatic behaviour tend to determine the selective

portion of the sensor. There are many classes of molecules (compounds) that require
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detection by chemical sensors. Some of the chemical systems currently under investigation

are reviewed briefly below, including cations, anions, water content, oils, and gases. Many

other specialised sensors”™ for specific reactions have been developed, but these areas cover

the bulk of investigated reactions.

1.2.2.1 Cations

Cation measurement can include measurement of trace species in the environment, blood
cations such as potassium or sodium, water contaminants, cell membrane cations, as well as
many of the metal ions. A cation is a positively charged chemical species, and often a specific
membrane for selective diffusion is used in conjunction with the transducer. A special case
for sensor work in cations is the detection of pH change, sometimes for industrial applications.
Further, since pH can be used to diagnose changes in health (a small change in blood or gastric
pH can signal the onset of large-scale physiological probiems), it has been studied extensively,
with many sensor configurations reported. In addition, since various clinical methods of
determining pH exist, establishing a comparative baseline is simple. This aliows a
methodology of testing new immobilisation or technological methods. Optical fibre sensor
development alone, which is still a relatively new field, has had scores of researchers

examining pH sensors’.

Many of the indicators for a given cation can be used for other ones by merely changing the
pH environment (for example, the buffer solution) of the sensor.  Sensors examining Li",
Nﬁ’, K*, Agb’ Mgk' CaZo' Sl'z’, BaZo‘ Cub’ Cdz‘, ng’, Sn!é‘ an’ Pb‘.’#' v-rl.’.o‘ FCJ*, Alh‘ and

TI* have been developed [P%¢% y1sing this principle. Other cations detected include aluminium

AP* P and ammonium, NH,’, for monitoring of ground water streams and drinking
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supplies®"", and beryllium™®. Calcium, Ca®™, which can be considered a contaminant to water

supplies or a very usefu! biclogicai indicator (i.e., muscle contraction, synaptic transmission,

hormonal actions), has also been sturdicd™. Potassium, K*, another physiologically-important

dl&lSJJJSL

cation, has also been examine ; some of the recognition elements for K™ can be used
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for sodium, Na*, which is of similar physiological interest **; discrimination between the

two ions may pose difficulties.

A unique environment, such as seawater, can have further requirements for detection of
cations. Marine optical fibre sensors have been applied to reduce potential interference effects
from the high concentrations of electrical equipment (off-shore rigs, submarines); pollutant
monitoring within the sea from a variety of sources, inctuding thermal effects, is in its infancy,
and is based on cation increases. Lastly, those cations of plutonium and uranium useful to
chemical process control in irradiated nuclear fuel reprocessing installations have been

detected with sensors'®'’.

1.2.2.2 Anions

Anions are negatively charged chemical species, and include the halides, i.e., CI, T, and Br.
Some anions are destructive to the system in which they are being measured, and in the
gaseous forms can be toxic. The halides traditionally are detected as contaminants in water
systems. Bromine ions can best be detected through a fluorescent quenching process™*™;
chlorine ions are monitored in water purification applications’ ; and the concentration of
fluoride ions in aqueous solutions are also examined'™". Iodine, in aqueous solutions as well
as in vapour form, has been detected”™ . The gaseous form of CN', a toxic gas, is monitored
to give wamning of a minimum dosage level (concentration-time product) that is hazardous

™1 Sulphide ions too can be toxic, as well as having undesirable corrosive effects® 7",

1.2.2.3 Watzr and water content

Moisture is of great importance to food industries and in telecommunication systems
(especially at splicing points), as well as for airports (prediction o” fog and ice). The relative
humidity of the environment may be measured, or specific humidity or a volume ratio (parts

of water vapour per million parts of air). A classic method for determining the humidity (in
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a laboratory-based system only) is the gravimetric hygrometer. In this case, chemicals that
are known to absorb water are weighed while dry, exposed to the sample, and then re-weighed.
For relative humidity, electrical transducers which are based on a resistance element that
changes resistance with respect to water content are used, though an independent temperature
measurement must also be made. A number of schemes for detecting water vapour for specific
humidity measuremznts have been developed, either looking at added mziss (absorption)
characteristics (for example platinum oxide) or a colourimetric chemical change (based on
cobalt chloride, for instance)**"***" Methods of performing the traditional laboratory

(and reliable) system in field environments are still in demand.

1.2.24 Oils

Oily substances can be detected in soils or in liquid colloids. The nature of the analyte
(viscosity, speed of interaction) determines the sampling means. In soil, the oils being
detected are likely to be contaminants, gasoline or organic solvents. This type of detection is
a low-endpoint one (i.e., presence versus absence of the contaminant is necessary), as these
are often considered hazardous contaminants, so sensitivity requirements are quite strict’” ",
If the transducer is based on an optical fibre, a simple bare fibre sensor system for colloids
can be used: when the core is dipped into water, with a relatively low index of refraction, the
optical field remains bound; if the core is in contact with an oil, with a refractive index typically
higher than that of the fibre, the optical field is attenuated. Coatings can be applied to limit
the classes of oil that the system reacts with. Because of the small amount of materal to be

detected relative to the interferents in the detection envircnment, the sensor in this situation

must be very sensitive and very specific.

1.2.2.5 Gases

Gaseous sensing as opposed to sensing in the liquid phase has specific requirements. Sample
handling is typically more difficult, and the substances monitored are often dangerous (as in
the case of HCN). Ammonia gas is detected as an environmental hazard' and thereby

requires a dosage level to be detected (either a low concentration over a long period of time,




or ahigh concentration over ashort period of time, or some combination leading to adangcrous
accumulation). Carbon dioxide can be studied when dissolved either in blood or in sea
water "2 the wo different environments require almost totally different approaches.
Carbon monoxide is a familiar hazard and is monitored as a health and an explosive
danger***" here, although the environment for the analyte is the same in either case, the
‘alarm states’ (concentration levels that require explicit declaration in the data presentation

element) are quite different.

Volatile organochlorides are contaminants in ground water and soil "***, Hydrocarbons,
such as xylene, propane and toluene, as well as the potertially carcinugenic polynuclear
aromatic hydrocarbons, are monitored as environmental hazards whether in soils, dissolved
in water, or in the atmosphere', which will require different sampling techniques. Hydrgen
sulphide is another environmental hazard that is monitored, frequently as an industrial
by-product ™. Methane gas, with its widespread domestic use, and its potential as an
explosive hazard when mixed with air (in the v/v ratio § to 15%), which may come from
industrial or natural (farm-based) sources ™™ Sample handling is extremely important
in all these examples, and may completely drive the design of the sensor. For example, a
simple flow-through column may be used which flushes the saiuple past the sensing elements
ar a certain rate, allows « determination of concentration but reduces the likelihood of
contamination of the sensing region: a sample cell for fluids may instead allow a static

environment for sensing.

The medical environment (.., in hospital ut at the lzboratory) has very stringent requirements:
minimur detectable concentrations or rigid concentration regimes are demanded. Oxygen
gas sensing (particularly as a blood gas) has been extensively studied for its applications in
biomedical applications as well as environmental and industrial areas™. Oxygen detected in
vivo constrains size, materials chosen, and the response time of the sensor. Narcotics, such

as the anaesthetic halothane, are detected in combination with oxygen “***”. Nitrogen oxides
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are monitored, frequently with :he use of a gas-permeable membrane!'™!.

In various incusirial applications, gases which are not otherwise hazards also require
detection. Sulphur fluoride is used to insulate switches in electrical substations and its
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discharge is closely monitored to prevent explosions . Various solvents, both polar and

fes.102391  1nd the

non-polar, have been investigated for process control monitoring
concentration levels can relate to a degree of completeness (of a fermentation, for example)

or the need to change chemical components.
1.3 Sensing system determinants: technologies

1.3.1 Non-optical sensing technologies

The many chemical analytes that are of medical, industrial, environmental or military interest
have been examined by a variety of technologies. All the sensors developed are changed by
the environment in some measurable manner. Although there are some exceptions, most of
the techniques'™! used up to the present time fall into the categories of electrochemical,
pressure-sensitive (acoustic), or pyrometric. These are briefly reviewed below: an excellent
coverage of these technologies (and others) is available in the series entitled Sensors: A
Comprehensive Survey, edited by W. Gopel, J. Hesse, and J. N. Zemel. The technological
choice for the sensor system can dictate sample handling, response time, as well as other

portions of uitimate system design.
1.3.1.1 Electrochemical

1.3.1.1.1 Amperometric

One of the first types of chemical sensors to he considered was based on amperometry™*™,
which depend on the mainwenance of a fixed potential between two electrodes. The cuneat
flow in the cell is measured at the single applied potential™"; optimaily, the target chemicsl
species will undergo chemical transfer with the electrode, so the change in currentis directly

related to concentration®”, Alternatively, an intermediary can be used., which interacts with




the analyte, and then undergoes electron transfer with the electrode. Problems of flexibility
_ in sample handling, and ‘electrode poisoning’ must be addressed during the design and

manufacture of sensing systems based on such devices.

1.3.1.1.2 Potentiometric

Potentiometric-based sensors operate on the principle of the accuraulation of charge density
at an electrode surface, which in tumn develops a measurable potential at that electrode. Many
sensors using this principle are based on field effect transistors (FETs)". The potential detected
is related to the analyte activity present in the sample and is measured relative to an inert
reference electrode also in contact with the sample™”. Chemical sensors of this type are
insuiated gate FETSs in which the gate metal electrode is replaced by a suitable membrane and
a reference electrode. For biosensors, this suitable membrane may include structures from
various plant and animal sources", DifTiculties in devising membrares withoutionic leakage
had hindered the manufacturability of these otherwise simple devices, though recent efforts
have improved matters, leaving the sensitivity to ionic differences in samples (i.e., 0.1M

versus 0.05 M) a potential difficulty.

1.3.1.1.3 Conductimetric

As chemical reactions produce or consume ionic species, the overall conductivity of the
solution changes, usually monitored by the application of an altemmating current between the
two electrodes'®’. These changes will be nonspecific unless monitored on, or in close
proximity to, immobilised ‘indicators’. These indicators may be pH-sensitive, enzymes and
their substrates, or anything else specific (o the desired interaction. In this case, the changes

in solution conductivity can be attributed to changes in concentration of these indicaiors.

One example of a conductimetric sensor is a biosensor based on a pair of microelectrodes

with an applied electric field. The electrodes are surrounded by an electrolyte or buttered
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solution containing an enzyme and the species to be detected. The circuit’s temperaiure must
be closely controlled to prevent thermal effects from dominating, but once done, the
instrument may be calibrated against a standard resistor across the sample cell electrodes to
allow the output voltage change of the conductimetric sensor to be related to the reaction

change in conductance. A type of chemical reaction that would produce such changes is the

urease
NH, - CO- NH, + 3H,0 ————> INH; + HCG + OH
e enzyme
u

decomposition of urea to produce ammonium (NH,") and bicarbonate (HCO,) ions, which

both serve to increase the conductivity of the test solution,

1.3.1.2 Pressure-sensitive

Piczoeiectric sensors measure mass change as species are adsorbed on the sensors’ surface,
cnanging the resonant frequency of a crystal. These mass changes are made specific through

4

the immobilisation of an indicator onto the crystal surface™™. Some form of acoustic

electrical wave propagates through the crystal either as a surface wave, bulk wave, or a

18! An example of the piezoelectric sensor is that based

combination of bath types of waves
on surface acoustic waves (SAW) with two scts of interdigitaied metal electrodes on a
piezoelectric thin planar substrate. An AC electrical signal is applied to one set of electrodes,
an acoustic wave is Jenerated and the other set of electrodes receives this wave and converts
it back into an electrical signal. A sensitive coating is immobilised in the propagation path
of one of the oscillators; if an analyte hinds to the coating, the mass of the crystal increases,
the delay time changes (as the resonant frequency of the crystal changes), and the frequency
shift of the change can be related o the mass change. SAW devices have been used
extensively for gaseous measurements'™ and more recently for biosensors. The
investigations continue for suitable chemical coatings which display insensitivity o

high-frequency cscillation while retaining selective hehaviour for the analyte.




1.3.1.3 Pyrometric (calorimetric)

These sensors are based on a response, electrical or otherwise, to a change in the heat
environment of the sensor. Anexample is the heat wire sersor, which is used in the automotive
industry to measure intake air for fuel injection control, based on thin platinum wires and their
heat capacity (known expansion rate as a function of temperature change) ™. In addition,
certain chemical reactions, especially biological ones, can be monitored by the heat evolved
in the catalytic process. Such a device is the enzyme thermistor, which measures heat output

1

when a sample solution is passed through an ‘enzyme reactor’™ surrounding a thermistor.

The changes in resistance recorded electrically can then be correlated to a change in enzyme

action.

1.3.2  Optical techniques

1.3.2.1 Bulk optics

Optical techniques are among the oldest and best established methods for sensing chemical
and biochemical analytes'™™, Since the optical sensor has no metal components, it wil! not
present a risk of generating sparks, nor will it contribute to electromagnetic interference.
Although many optical geometries exist to direct light, prisms, slab waveguides and gratings
are typical structures used for sensing’. All of these waveguides function to conduct light
(optical energy) in a known manner, and the selective interaction of light at the interface
between the sample and waveguide provides information about the sample. One of the most
successful and powerful teckniques™" for chemical sensing utilises evanescent field
penetraion’™, in any of number of methods. These optical evanescent techniques will be

discussed in Chapter 2.
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1.3.1.2 Optical fibre sensing

In some applications, the use of optical fibres would present significant advantages®**!=*>*!,
Their small size and weight make it a useful component for aerospace or offshore applications,
or remote applications where heavy electrical cabling is excessively expensive. Most optical
fibre is very flexible and can be readily inserted into small volumes or wound into various
shapes (i.e., coils or loops) for particular sensing requirements™. It is relatively simple to
multiplex (in time, or wavelength, with varicus wavelengths transmitted simultaneously) and

7138381 Optical fibres may be used as temperature sensors’; for

have multiple endpoints
example, as neodymium ions in the core region of a fibre change temperature, their absorption
spectrum changes; the ratio of transmitted intensity of two wavelengths is an indication of

temperature''*,

1.4 Conclusions

Two main determinants for a sensor system are the analyte of interest and the technology
chosen to perform the detection. The application for which the analyte must be analysed can
also alter system requirements. No single technology or design is suitable for all sensor
systems. In order to be successful in developing a useful sensor system, the end user or market
for the system must be understood. Market studies' " have examined the focus for sensors
in the (near) future, and most have concluded the medical diagnostics market is the dominant
area for future sales™'"**'": this includes "clinical” testing, consumer (take-home) testing, and
immediate patient diagnostics (in vivo)*™., The chemical sensor development lab at the
Instituto di Ricerca sulle Onde Elletmmagnctiche. Ttaly has been developing a commercialised
bile monitod***", Scientists there claim that optical fibre chemical sensors are advancing
faster in biomedicine than any other technology. Other areas of development include the food
industry, and environmental monitoring (both for the factory and public areas). Optical

sensing techniques adapted for use in these areas will be reviewed in Chapter 2.
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Chapter 2

Optical Sensing Techniques

Summary

The approackes to chemical and biological sensing can vary widely, but some
that have met with much success use an optical technique. A number of optical
approaches tc gathering information about a chemical or biological sample have
developed. Most are evanescent field interactions, but ellipsometry, which
depends upon the polarisability of light, is also a powerful technique. In this
chapter, the techniques for using optical interaction withan analyte are generally
reviewed, and the applicability of such techniques to optical fibres are discussed.

2.0 Optical sensing

Of the vast number of transduction mechanisms that have been developed for use with
chemical sensing, the optical property changes often provide the most readily detectable
system!™***. Part of this stems from the fact that much of the chemical sensing currently
performed relies upon the interaction of the analyte with the sensitive 'ement of the device
at a surface. The analyte typically is a relatively small molecule and the sensing problem has
been interpreted to be reduced to only two dimensions™**!. For biosensors in particular, this
would be considered an advantage as .he level of interference from the bulk solution is
drastically reduced. If such a surface reaction was taking place, then the chemical systcm
being examined is not allowed to come to a true equilibrium, and an arbitrary
(sensor-dependent) time frame can be chosen {o suit the dynamics of interaction, thus speeding
up the detection time. Som2 of the typically used optical sensing techniques are ellipsometry,

internal reflection spectroscopy, and surface plasmon resonance.

Many efforts have been pursued in adapting optical techniques, especially optical fibres, to
chemical sensing, as summarised in Appendix . The type of waveguide used is all but

irrelevant to the technique chosen, as long as it meets the assumptions of the methodology
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employed (i.e., a suitable number of interactions per unit length). The abilities of the most
typically used techniques are reviewed, as well as the unique features of the optical fibre that

make it a most useful basis for portable and "in the field” sensor systems.

2.1 Ellipsometry

Ellipsometry is a measurement technique for thicknesses and refractive indices of thin films
(up to tens of nanometers) on solid surfaces and for the measurement of optical constants
(index of refraction and film thickness) of reflecting surfaces. A thin transparent film on a
reflecting surface causes changes in polarisation state from which the thickness and refractive
index of the film may be determined. The initially linearly polarised collimated light beam
(monochromatic) upon reflection becomes elliptically polarised. The degree of ellipticity
(ratio of minor to major axis) and azimuth (orientation of ellipse) provides information on

changes in film thickness and refractive index'™*, A typical set-up for ellipsometry

measurements is shown in Figure 1.

‘ \ . du'uv - Fitter

Datector

Figure 2.1  General ellipsometric set-up .

In general, an optical model is used'"**""' 1o represent the surface (substrate)-organic layer (i.e.,
protein)-buffer solution. This is known as the three-layer or three-phase model, and the tilm
is assumed to be uniform (homogeneous) and non-absorbing. The thickness (d) and refractive
index (n) may then be calculated. It is obvious that these are average values, as protein tilms
are not uniform (particularly in solution), and often dynamic. Arwin™ has examined this

problem extensively, but this essential difficulty remains. Nonetheless, even these average
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values provide a reference, and changes on the surface can be relatad to analyte concentration

changes.

2.2 Internal reflection techniques

Either the characteristic absorption or fluorescence of molecular layers may be determined,
based on the same principles. The optical spectrum of a sample material that is in contact
with an optically denser but transparent medium is recorded. Light is then introduced into
the denser medium and the wavelength dependence of the reflectivity at the interface is

measured in any one of a number of ways (Figure 2).

Figure 2.2 Internal reflection techniques. The layer thickness is shaded, © is the
internal reflection angle, I, the incident light intensity and [ the reflected
light intensiry.

When the light beam strikes the interface between the two transparent media from the optically

denser side (n, > n,), total internal reflection occurs when the angle of reflectance
n

8 > sin™ (71-2-) In this case an electromagnetic component of the light, termed the evanescent
e

wave, penetrates a characteristic distance beyond the reflecting surface into the optically rarer

medium. A depth of penetration is typically defined (when the electric field amplitude has -

decayed to afraction of its value at the surface), which is usually of the order of several hundred
nanometers. Because of this small distance, the evanescent field is absorbed by compounds

on or close to the reflecting surface.



The chemical species on or near to the reflecting surface may simply absorb the evanescent
field, resulting in attenuation, or may chemically convert it into fluorescent light (of a longer

wavelength) that can be detected separately from the incident light.

2.2.1 Attenuated Total Reflection (ATR) spectroscopy

If the analyte has a characteristic absorption maximum or spectrum, it should be possible to
monitor interface binding reactions optically. A great mass of data is readily available on
many chemical compounds (and elements) in the UV and IR portions of the electromagnetic
spectrum™™. Data are not so readily available in the visible portion, and thus must be
detennined prior to system development. Virtually any type of waveguide may be used to
assess the absorption spectra; the most successful systems rely upon the use of the evanescent
field to interact with the surface’. Many techniques rely upon a planar waveguide™**", with
many points at which the optical energy interacts with the analyte. For similar reasons, optical
fibres could be used, since with a suitably long interaction length, many sampling points could

be obtained.

2.22  Totally-Internally-Reflected iluorescence (TIRF? spectroscopy

Internal reflection fluorescence is a subset of internal reflection techniques!**™",

Detecting fluorescent light, as used in TIRF spectrometry. typically reduces interferent affects
that would result in attenuation of the original light beam from factors unrelated to the analyte
B4 The set-up for TIRF, shown in Figure 3, is very similar to that of internal reflection
techniques for absorption, but incorporates a filter to eliminate the input (pump) light. The

waveguide in this case may be planar, a prism, or even an optical fibre.
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a) Right-angle vorscence b) In-fine flucrescence

Filter
| sovmemm——
Detector

Figure 2.3 Internal reflection fluorescence: right-angle (a) and in-line (b) detection.

2.3 Surface Plasmon Resonance (SPR)

A surface plasmon wave is an electromagnetic wave which propagates along the surface of a
metal. In general, this wave is a guided wave formed at the interface of a metal and a dielectric
when TM polarised light is incident at a suitable angle on the interface from the dielectric
side. A surface plasmon can be optically excited by evanescent waves if, for example, an
incident light beam is reflected at the surface of a glass substrate coated with a thin metal film
(often gold or silver). If surface plasmon resonance is induced, light will be readily absorbed
at a certain angle of incidence of the light beam. This effect can then be observed as a sharp

P! The resonance angle is extremely sensitive to

minimum in the intensity of reflected light
variations in the refractive index of the medium bonding on top of the metallised surface

(illustrated in Figure 4).

Figure 2.4  Surface plasmon resonance and optical biosensing.



If the metal surface had one half of an antigen-antibody pair attached to it, the binding of the
second half will change the resonance angle. A limitation of this technique is that the
sensitivity depends upon the molecular weight of the absorbed layer which controls its optical
thickness, so low concentrations of small molecules (with a molecular weight of less than
250) are not measurable. In biological systems, however, and proteins in particular, the
analytes are frequently many times larger than this limit, and SPR has had much success

(including commercialised systers).

2.4 Optical fibres

For many of the techniques described above, virtually any type of waveguide can be used.
The essential portion of the information is simply optical: i.e., reflectance, absorption or
received fluorescence information rather than geometric, so any configuration can be used.
The overall goal of most sensor research is to develop a field-deployable system (whether the
‘field’ is medical, environmental or industrial). Because of the growing interest in performing

analysis from a remote location, optical fibres have begun to receive a great deal of attention™,

Optical fibres can be used as a sensing element in a number of the optical techniques so far
discussed (for example, SPR, TIRF and ATR spectrometry). In general, optical fibres are
waveguides made of transparent dielectrics whose function is to guide visible and infrared

light over long distances. A typical optical fibre consists of an inner cylinder of glass, called

Jacket
Cladding

Cors

Figure 2.5  Optical fibre: core, cladding, jacket (protective rather than wdveguiding.
for the most part), and angle of acceptance, 8,
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the core, surrounded by a concentric shell of glass (or other material) of lower refractive index,

termed the cladding, as illustrated in Figure §.

Optical fibres may be classified in terms of the refractive index profile of the core and whether
one electromagnetic mode (single mode, where a mode is the methed of field propagation) or
many modes (multimode) can propagate through the waveguide. Each of these
configurations can have specific advantages or disadvantages, depending on the requirements
of the analyte. The inherent design of fibre devices lends further advantages to the optical
chemical sensing t=chnique. Optical fibre probes are mechanically flexible, (typically) small,
(potentially) inexpensive and disposable™".

The other advantages of optical fibres cited tend to be their lack of electrical components,
and continuous operation with the possibility of real-time remote output™“***!, The sensing
portion of the optical fibre may be remote from the optical instrumentation meaning that the
probe itself can be made inexpensively (and possibly disposable), and the source can be more
sophisticated. The ease of constructing arrays or networks of fibres” suggests that multiple
measurements (either for different analytes or from different locales) could be pertormed
simultaneously. Various techniques have evolved for the use of the evanescent field of the
fibres, with the same advantages expected as seen for other optical detectors'.  Optical fibre

biosensors, especially for biomedical applications, are generating great commercial interest.

2.5 Conclusions

Optical techniques in general have had success in measuring chemical concentration as well
as other parameters of samples. Most of the techniques available for other optical waveguides
and configurations are adaptablie to optical fibres, and their mechanical tlexibility and ability
to be multiplexed are further benetits. The largest future market for sensors is expected to
biomedical, where optical fibres are considered to be an attractive option. The use of optical

fibres in conjunction with the evanescent tield should provide a reliable and sensitive sensing

t 197,99.136,317.381,448,356.331.349]
tt [167,203.208.212,235.218]
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system. The method used for gaining access to the evanescent field in thus research is based
on adiabatically tapered fibres. The fabrication of the tapered fibre, as well as other important
experimental components, is discussed in Chapter 3. The origin of the cvanescent field, and

methods to take advantage of it, is discussed in Chapter 4.
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Chapter 3

]

Details of taper, coupler and taper loop
fabrication and packaging

Summary

A suitable method for gaining access to the evanescent field in optical fibres was
established using adiabatic tapering. The details of fabricating the basic tapered
fibre, as well as fused fibre couplers are described in this chapter. A method of
allow the sensitive portion of the tapered fibre to become selective as well as
readily exposed to the sample was chusen, and an appropriate mount designed
and described. Lastly, the computer program used to develop a theoretical
understanding of the evolution of the modal fields is reviewed.

3.0 Tapering rig

The basic adiabatic taper, at the Engineering Department of Cambridge University, was made
on the tapering rig originally designed by H.S. MacKenzie™” and subsequently upgraded
for better fibre alignment and gas control by G.J. Pendock'™®, The rig is similar in concept
to those used for making fused fibre couplers and other tapered fibre components'* “
consists of two motor driven stages (Oricl) incorporating a micrometer and a gas burner flame
to soften the fibre. The stages moved apart in opposite directions at the same speed (2 to 100
pm/second) to ensure symmetric tapering. The gas flame was a mixture of oxygen and
methane (town gas; or butane or propane). The length of the flame was adjustable, as was
the ratio of gases used (with a flow rate of approximately 25 cm’/minute), which was
accomplished through the use of needle-valves and flow meters in the gas supply lines. The
bumer heads were custom made within the workshop, and were mounted on a sliding stage
that could easily remove the heat from undemeath the taper once the process was complete.

Jigs in conjunction with magnets held the fibre in place during the tapering.
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3.0.1 Fibre preparation

The fibre used in all cases was SM450 fibre from York Technology (preform YD580) with a
numerical aperture of 0.18, an outer cladding diameter of 80 microns, and a nominally circular
core of diameter 1.7 microns. A central portion of the fibre’s protective coating was removea
by dipping it in NitroMors (a commercially available paint stripper), waiting a short period
of time (two minutes), and stiipping off the affected portion. This portion was then thoroughly
cleaned with acetone, and p'aced in the grooves of the supporting jigs (fixed in place with
small magnets). The jigs holding the fibre were carefully aligned to prevent the taper from
bending during the heating process. One end of the fibre was then illuminated with a
monochromator-selected white light source (tungsten); the other end iiluminated a large area
photo diode (RS Components). The transmission through the fibre was monitored during the
tapering process (an acceptable loss was 0.1 dB or less). The general set-up for the tapering

rig (without light source, monochromator, or photodiode) is shown in Figure 1.

Figure 3.1  The tapering rig: motor-driven mounts with supporting jigs for fibre,
burner head on sliding stage, gas supply lines.
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3.0.2 Tapering process

The tapering was started by placing the flame undemeath the prepared fibre and engaging the
motor driven stages. The speed of the motors had to be slow enough to ensure a smooth
profile (6 to 10 pm/second) though rapid enough to prevent taper sagging. When the taper
waist reached the desired diameter, the process was stopped, the tapered fibre mounted
suitably, and the actual diameter measured by microscope. The waist diameter was gauged
largely by eye during the process, and by noting the distance traveled by the stages, which
was at least 10 mm (from the centre point, or a total of 20 mm, and up to 40 mm). The profile
of the tapered fibre could be approximated conveniently by an exponential function!"™. Taper
waists of the order of one micron were used routinely for most experiments, especially those

involving tapered loops (section 1.2).

3.03 Initial dye cell mounts

For several of the initial experiments, the finished tapered fibres were mounted in aluminium
dye cells, as illustrated in Figure 2. The fibre and dye cell were covered with a small, thin
slab of Perspex to prevent dust and other foreign obiccts from landing on the fibre surface, as
well as to provide a fixed volume for interaction inside the dye cell. The fibre was bonded o
the mount using a reagent-resistant glue (Plastic Padding Chemi-Dry, with additional resin
to achieve a proper viscosity), and the Perspex slab to the mount with a silicone adhesive
(commercially available bath sealant). A peristaltic pump, showninFigure 3, with amagnetic
stirrer, was used in the experiments using the dye cell, wiiich served to circulate the sotution
along the taper at speeds from 2 to 7 cm/s. This speed did not break the taper nor did it cause

quenching of fluorescent soluticns (when used).
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Figure 3.2  Custom made dye cell mount (45 by 20 mm)} for tapered fibre: aluminium
with plastic (Tygon or other suitably flexible material) tubing to allow
solutions to flow.

Figure 3.3 Peristaltic pump used to circulate solutions through the dye cell, along the
taper interaction length: magnetic stirrer in reservoir to mix solutions.
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3.1 Couplers

Couplers were used throughout these experiments to monitor input power to the tapered fibre
or tapered fibre loop. These were constructed using the same tapering rig with a minor
adaptation to the methodology. The fused fibre couplers are cladding mode devices which,
during the tapering process, allow the fields in the fibres to become cladding guided. When
the fields enter the fused region, the zeroth and first order cladding modes of the effective
waveguide system (two cores, partially fused cladding region, outer cladding region) are
excited™!, and coupling between the two branches arises from the interference between these
iwo modes as they propagate across the fused, tapered region. The splitting ratio hetween the
two branches depends on the phase difference between the two modes as they leave the fused
region and are recaptured back into their respective cores. In practise, it is difficult to ‘design’

the actual ratio required (i.e., a desired ratio of 95:5 may tum out to be 97:3 and s¢ forth).

Fabrication of a coupler required two lengths of fibre to positioned side by side on the tapering
rig with contact hetween the exposed cladding but no twist. This was critical to minimising
loss, and was examined carefully with a microscope prior to initiating the taper process. The
transmission loss and power transfers during the tapering process were monitored as before,
and the process was stopped when the desired output ratio was achieved. Removing the flame
always resulted in a slight increase in the coupling coefficient as cooling took place!™, but
this was not critical for any of the experiments as long as the ratio between the two branches
was known. Couplers were packaged in prooved silica rods (with the tapered portion in air)*,
and subsequently in Perspex containers, as pictured in Figure 4. When needed in the optical
circuit, a coupler was spliced in front of the taper to monitor the input power. The splicer
used was a B.1.C.C. (British Insulated Calendar Cable) Test Instruments AFS 3100 fibre

splicer, and the insertion loss of adding a splice coupler was no more than 0.3 dB.

3.2 Taper loop

As will be discussed in Chapter &, a 180” macroloop could be losslessly introduced into the

tapered region of the fibre after it had been made. Loops were made using a custom-made
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Figure 3.4  Packaged coupler: a Perspex container was used to store the couplers for
use in experiments (cover removed here for clarity). Some of the chemical
processes required that the coupler be respliced onto the fibre leading to
the mounted taper at the beginning of every sample run.

jig, as shown in Figure 5. After the tapering process was complete, one side of the tapered
fibre (near the original diameter portion) was bonded to a new (from the dye cell) mount
(shown in Figure 6). Once the glue had set, the end of the tapered fibre farthest from the
mount was slipped out of the jig and rotated 180° and slipped into the groove of the mount.
The length of the looped portion could be adjusted with the use of a metal guide rod (shown
in Figure 5). The transmission was monitored throughout the process to ensure a return to
the original transmission. The fibre could be slid along the groove to recover the initial signal,
if necessary, The second end of the fibre was then bonded to the mount (made of brass to be
chemically inert, as made necessary during some of the heating steps in the cholera

immunoassay). The upper portion of the mount was then joined io the base forming a
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Figure 3.5  Jig for making tapered loops with centre post to guide length of lcop.

complete unit, and a protective cap (made of Perspex, lead, glass, or any other material as
required) slipped over the looped portion to protect it (ot to allow chemical interaction with

the waveguide).

These mounts were found to be very robust, and could easily withstand any number of knocks
(barring head-on drops onto the loop) without breakage or transmission loss. The length of
the tapered loop available for interaction with solutions in its cap ranged from 10 to 40
millimeters (though the amount of evanescent interaction possible at thicker portions of the

fibre is small), with an average of 20 millimeters being standard.

3.3 Computer model for field description

A computer model (developed by Dr H.S. MacKenzie in the process of his PAD™) was used

in this research to determine the necessary transverse modal field profiles and propagations
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Figure 3.6  Mount for supporting taper loops; the two sections snap into place via pins,
shown on top section, which is face up, and a suitable cap (depending on
type of chemical interaction required) was placed over the finished loop.
Caps pictured here are Perspex and lead. The lower section of the mount is
held in the jig of Figure 5. The mount is approximately 15 by 20 mm.

in each waveguide system considered. This computer model produced the optical fields
depicted throughout Chapter 8. It is a numerical algorithm based on the Strum sequence™:
the sequence determines the minor determinants of the eigenvalue matrix, and then converges
on the modal propagation constants of the pre-specified modes of the fibre. The propagation

constants then determined the modal ficld profiles of the waveguide.

3.4 Conclusions

The components described in this chapter are the foundations of all experimentation described
in Chapters 5 through 9. Although all the equipment was ‘hand made’, the critera for selecting

suitable optical components (i.e., low loss and acceptable configuration) allowed a known
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baseline of performance to be established from which experimental success (or failure) could
be judged. The characteristics of the optical field, especially the evanescent field, are

discussed in Chapter 4, as this is another fundamental component of the experimental work.
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Chapter 4

Applications of the Evanescent Field in
Optical Fibre Sensing

Summary

This chapter contains the theoretical building blocks for the description of light
propagation in fibres, as used for this research. The single mode fibres, used in
all the experimental work, are treated by solving a boundary value problem while
multimode fibres (frequently used in sensors decribed in the literature) apply ray
optics approximations. The evanescent field, which arises in both treatments, is
defined, and methods of gaining access to it are described. Details of adiabatic
construction of the tapered single mode fibres are also presented. The principles
presented in this chapter are applied to all the theoretical treatments of
experiments presented in later chapters,

4.0 Optical fibres

Optical fibres are made of transparent dielectric material which can guide visible light (for
the purpose of this dissertation) over long distances. The refractive index protils for the fibres
used in this research was that of a step index fibre, with a core of higher refractive index than
the cladding, as depicted in Figure 1. Most of the optical power is contined to the core, but
the evanescent field, described by moditied Hankel functions (K ), extends into the cladding.

The derivation of this field ic discussed in the next section.

~ 4.1 Description of the fibre

The optical power 1n a fibre is described in terms of the fields of the electromagnetic energy.
These are expressed as superpositions of simpler field configurations, and for guided modes,
the values of the propagation constants (B) must be solutions of the eigenvalue equation

satisfying the requirements of Maxwell’s equations and certain boundary conditions. For




Figure 4.1  Step-index optical fibre: ris the radial coordinate, n(r) is the index of
refractive distribution, p is the radius of the fibre, a is the core radius, b is
the cladding plus core radius, n; and n, are the refractive indices of the
core and cladding respectively.

monochromatic light fields, the time dependence of the electric field is ¢ ; the symmetry

allows for a simple dependence on the longitudinal z-coordinate e

. . 2n
B = propagation constant = nk; k = wave number = -i‘

o = radian frequency; A = wavelength

4.1.1  Weakly guiding fibres

In most cases, the difference between the cladding and core refractive indices is small.  This

is expressed by A, the fractional refractive irdex difference or the profile height parameter:
A= _l_ 1 - L‘ZL - .’.l.f_"_.:_f_‘l |
2 n; e, (1)

Defining a modal cutoff parameter V (also termed waveguide parameter or frequency):

2 R
V=xa-= na n -nz_l = 2—T':g'n 2A
X” co ¢ lo co (2)
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n., = core refractive index

n,, =cladding refractive index
a = core radius

A, = source wavelength

If the approximation n_ = n_is used, then A is small, and A’ << 2 A

K, = ‘ZR—AN‘A‘;NA = ‘Jn;’—nc‘l =~ nm‘JZA

o

Usually, A < 1. The propagation constants for the guided modes may be approximated by
1),

B=nk (3)

It can be shown that the fields of the guided modes of weakly guiding fibres are very nearly
linearily polarised and are termed LP modes!". All the field compenents can be obtained as

derivatives of one dominant transverse component of the electric field vector.

4.1.2 LP modes

LP modes are the approximate mode solutions when the approximation for the propagation
constant is used. LP modes are valid locally, and are actually superpositions of exact

{1311

solutions™™". These LP modes are useful because they allow simple approximate eigenvalue

equations for the guided modes. Inside the core (r< a), J is the solution for the electric field:

where J, = Bessel function of the first kind of order v ; finite at the origin .

Outside the core (r 2 a), "modificd” Hankel functions, K, are used™ " The cladding field

must satisfy the condition that field amplitudes tend to zero as they extend to infinity and for
large values of ¥ the modified Hankel function behaves asymptotically like an exponentially

decaying function.
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K (" =modified Hankel furction of the first kind of order v.

For large values of ¥, where vis defined by ¥ = B*~njk’,

(MY ey o ’ 2
K, '(jy)=A v e’
(4)

The exact mode solutions, even in step index fibres, would have very complicated equations:
using the weakly guiding LP approximation the solutions are obtained from matching
boundary conditions that require continuity of the transverse and longitudinal electric field

components at the core boundary.

4.1.3 Power outside the core: the evanescent field

The power contained outside the core decays exponentially at large distances from the

core-cladding interface. Gloge 9% has calculated the power in the cladding as a function of

V, using the ratio:
1.0

0.8

0.6

04

0.2

Figure 4.2  Fraction of total available evanescent field power versus V number (note
that the mode number appears in circles cn the curves)
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Pc.’ad
r= —
tot

P (5)

For sensor systems using the evanescent field as the method of interaction with the sample
solution, modes with almost al! of their power in the cladding would be preferred, and selective
excitation of these modes is through the use of masks and mode strippers is often attempted

in multimode fibre sensors.

Fibres may be constructed to have either one or many modes ata given wavelength (multimode
fibres referred to earlier). If only the LP, mode (fundamental mode obtained from the exact
analysis of the fibre) will propagate, then the fibre is termed single moded. The cutoff
conditions for these modes are shown in Figure 3. For multimoded fibres, the number of

modes is large, but finite, and approximated by "

2 (6)

4
1.0 Jo(x.a)
1(x.a)
05p
2 [{

0 1
-1.0f

A LPy,
1.5 : LP,,

Figure 4.3  Plot of Bessel functions used for calculating cutoff conditions of LP,,, and
LP,,, modes.
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4.2 Multimode fibres and ray optics

An alternaiive method for analysing optical fibres, particularly multimode fibres, is that of
ray optics (Figure 4)"™. The ray picture is valid when the number of modes in a fibre is large
(compared to one). The guided mode is described as a guided ray, which is totally internally

reflected at the core-cladding intertace.

K |
> 9 |
Z
e Ccos 8 = —
k
Figure 4.4  Geomerric (ray) description of optical fibre
4.2.1 Total internal reflection
Snell’s law states:
sin 8, k, n,
sin 8, - 75: - ;._ 17)

for an obliquely incident wave upon a hboundary going from a denser medium cf refractive

index n, , 10 an optically rarer medium of refractive index 7, (i.e, n, > n,).

. ‘n - . n
Forn >n,,as B increases, an angle of 8_is rzached where 8, = =, or

-
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. "1 .
sin8, = | = — sin§

n, (8)

When 0, = g , there is no propagating wave in medium 2 and the wave will be "totally

intemally reflected” in medium 1.

Figure 4.5  Total internal reflection: a) oblique incidence; b) at the critical angle,
where the light is totally internally reflected

=) = .a:
Bp = Fyeier® (9)

Defining ctand B:

2 2
n n N
a=kA\[—Fsin’8 -1 =o' e —sin*g - |
2 2 [} e 2 < {
n n,

(10)

(1!
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The "evanescent” wave has an attenuation constant o in medium 2. f is a phase propagation

constant. A "penetration depth” is often defined which describes the distance travelled for a

given reducticn in E (sometimes taken to be 90%, or ¢ ' - 63%). As an example, for the

electric field amplitude to fall o 1 of ts initial value, E, (at the interfuce),

E =E expi— |,
"4, (12)
The magnitude d_is given by
A
d =

4 1

n,
2nn, sin’@, - (“‘]

",

(13)

Further, the quantity of evanescent power which is available within this depth is important.
Various techniques have evolved to gain access to the evanescent field power in an optical

fibre.

4.3 Access to the evanescent field

In general, exposure of the evanescent tield involves removal of the cladding ot the fibre,
Three methods of doing this are etching, polishing or tapering the optical fibre, as depicted

schematically in Figure 6.

Etching relies on a glass solvent. such as hydrofluoric acid, to dissolve or etch away the
cladding™™. As the cladding is removed concentrically from the fibre, an increasing fraction
of the modal evanescent ficld will he exposed.  These devices are typically delicate,

M Erching causes an abrupt profile to be presented to the

non-ruggedised components
modal fields, and will not mainwin the distribution of power amongst the fibre guided tibre

muodes. Some of the power will be coupled into radiative modes, and thus representan overall
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Figure 4.6  Depictions of methods of gaining access to the evanescent field

loss to the power within the fibre. Even with the most careful etching, at most 60-80% of

the evanescent field can be exposed to the external solution.

Pilishing is similar in a number of respects to etching, but removes only (up to) one half of

[ Y 2 .
d"C These devices

the cladding, forming 2 D-profile, until the core is almost expose
car. be made adiabatically ‘without power loss) as long as longitudinal changes are mace
gradually, and the optical surfaces are made optically smooth™!. A maximum of about 20%
(due to asymmetry and refractive index sensitivity) of the modal evanescent field can be

exposed to the surrounding media.

The third and most important echnique for exposing the evanescent tield involves tapering
the fikre over an arc or flame’. The tapering makes the core diameter and the localised V
value so small that the field(s) extend greatly into the taper region, to the point that potentially
all the evanescent tield can interact with the outside material. These devices can be readily

manufactured with low loss (0.1 dB)"".

+ [31.49.51.72.379.64 81,70}
t{181.238.230.293.296.276)
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4.4 The adiabatic taper

In the course of tapering, the field within the fibre becomes less confined to the core and
gradually spreads out into the cladding. The field is guided by a combination of
core-cladding-external refractive index and, at the taper waist, finally only by the cladding
and the external medium. As the radius of the fibre changes, coupling of the energy in the
LP,, mode may occur to the higher order LP, modes. These are lossy modes for the taper.
In an adiabatic tapered fibre, negligible transmission losses (0.1 dB or less) occur during the

tapering process. For tapered fibres to be suitably adiabatic, their longitudinal refractive

index profiles must change with sufficiently small taper angle Q( z) (between the tangent

to the core-cladding interface and the fibre axis and the local core radius p ( z)) "™ to prevent
lossy coupling into radiative modes"™™* ¥ This is shown in Figure 7.
cladding
:
Z
core
e L —
Figure 4.7  Length scale for adicbatic taper
L, = distance from the origin of p to origin of cone with half-angle Q.
L P
2 < 1,in practice, and thus L = o
The radius along a taper changes as
p(”zR»“p('Z_] (14)

R, = unr~r-ietibre radius

o
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Low losses result when the taper profile does not change abruptly and the slope of the taper
is far smaller than the normalised beat length, % , no coupling will occur. The smallest inverse

beat length will be above the slope of the taper (this will be seen again in Chapter 8).

4.5 Applications of tapered single mode fibres as evanescent sensors

Having now selected an optimal method of obtaining access to an optical fibre's evanescent
field power, it is necessary to develop several sensor configurations to compare the actual -
performance of our devices with that reported in the literature using different techniques. For
chemical sensing, the light in the evanescent field may be attenuated by the external media
(absorption-based sensing) or light generated external to the fibre (near the surface) may be
captured by the evanescent field and transferred to the fibre's guided mode (fluorescent or
luminescent based sensing). As with most systems, problems are often found putting into
practise what seems an improvement in theory. Many of the optical finre sensors reported by
other researchers have had their share of both successes and failures. The tapered single mode
fibre was examined for its potential as an evanescent field chemical s2nsor by measuring its
performance in detecting absorption changes and capturing induced fluorescence. The
behaviour of the waveguide was assessed in each case by resorting back to LP mode theory.
Once this baseline had been accomplished, more complicated systems were assayed. Before
describing this, however, it is necessary to review some of the earliest efforts to use optical
fibres as sensors to compare the tapered single mode fibre's effectiveness as a new and
improved platform for a sensor system. This will be accomnlished by examining

absorption-based sensing with optical fibres in some detail in Chapter 5.
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Chapter 5

Absorption-based evanescent
field optical fibre sensors

Summary

A potentially elegant method of applving internal reflection techniques to optical
fibres would make use of the evanescent fields of the guided modes. Difficulties
in implementing this in a satisfactory manner has led investigators to use optical
fibres primarily for their light carrying capability, and have merely substituted
photons for electrons in analysis of the analyte. The inittal absorption-based
optical fibre sensors, and the subsequent efforts to apply evanescent absorption
to optical fibres are discussed. Lastly, the promise of the tapered mode single
mode fibre as an evanescent absorption sensor is explored, experimentally and
theoretically.

5.0 Absorptivn-based fibre sensors: initial efforts

The earliest efforts to exploit the potential of optical fibres for optical chemical sensing relied
on the absorbance characteristics of a chemical system and the capability of optical fibres to
carry light to and from the sensing region’. Absorption coefficients, based on Beer’s Law,

were well-known for many compounds (and elements) of interest.

Beer's law describes the attenuation of a beam of light as it passes through a sclution of an

absorbing chemical species. For many species it is found that the optical power P after

passing through a length [ of solution (of uniform concentration) is given by

P,="P 10, (1)

iyt

t 116.17.18.22.26,32.33.35.60.73.92.103.120,147, 148.169,172.173.183.243.270,272.299.306,31 1,31 3,403,430,
431,432,444, 445)
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where c is the molar concentration of the solution and ¢ is the molar absorption ceefficient.

Equation 1 may be rewritten as the more familiar
PM=P“ exp(-—al), (2)
where the absorption coefficicat a is given by

[
o=
log e (2a)

Equation 2 is the exponential absorption law for a bulk material, with a proportional to the
concentration of the absorbing compound. For those materials not obeying Beer's law, a

more complex absorption/concentration calibration curve must be derived.

An absorption-based optical fibre system was devised in the 1960’s for detection of oxygen
in the blood"™. This required the development of an absorbance spec’-um based on
concentration because Beer’s law does not apply to blood. Although many other tibre sensors
have been developed since then, many suffer from the same problems of this first attempt:
low sensitivity when compared to other technological methods and insufticient specificity.
Most work has focussed on the use of multimode fibres as a type of light pipe - that is, a means
of transmitting light from one point to another (shown in Figure 1), rather than utilising the

convenient properties of the evanescent wave,

Adjacent Bifurcated

1

Face-to-face

Figure 5.1  Exwrinsic "light pipe” sensor arrangements (abridged from Appendix I)
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Kapany’s work in 1964"™ used an optical fibre device as an in vivo oximeter. It was designed
to measure the oxygen saturation in the blood, to replace an off-line sampling system. The
system was based on the detection at two wavelengths of back-scattered light from the blood
cells: one fibre conducted light to the sample, and another collected it and guided it through
a filter to a photo detector. The investigators found some difficulties in interpreting their
results, as blood is a complex medium to analyse optically because it does not adhere to Beer’s
Law, the flow velocity alters some of the detected optical properties, and so forth. The
conclusions of this study were simply that optical fibres can be a useful research and clinical

tool as they permit sampling of specimens in remote locations and in the dynamic state.

Nearly thirty years later, advances have been made, with the development of smaller optical
fibres, and more sophisticated techniques to vinterpret absorptive data. A commercialised bile
monitor ** system is being developed and placed on the market. The bile sensor can monitor
the level of biiirubin (a major disease causing compound in the stomach) in bile which has an
absorption peak at 452 nm'"""*~***!" There is no absorption above 750 nm, allowing for a
simple differential absorption scheme to be carried out. This device, though marketed, is
optically clumsy, as a bundle of fibres brings the light to the sample, and another bundle brings
the light to the detecto:. The biggest stumbling block to overcome with this type of set-up is
the typically low signal losses received in such a scheme. A more elegant technique would
involve evanescent absorption detection, and would enhance the sensitivity of such a device,
since the portion of light from the optical fibre interacting with the sample remains guided by

the waveguide.

Researchers have been actively pursuing development of an all-fibre evanescent spectroscopic
probe' . Approaches which remove the cladding through etching or polishing typically result
in a fragile optical element that is susceptible to chemical attack and fouling. For analytes
that are solvents, a polymer clad fibre can be used, as the polymer acts as a diffusion
membrane. In one such system'"*" a dye had to be added to the sample, and the multimode’

fibre was tightly coiled about a mandrel before insertion into the sample solution. Beer’s Law

t [104,198,268.291.251,323.16,29.324.338.370.375,377.40!}



- ——— . . e

was not completely obeyed for the chemical system, despite the fact that bulk
spectrophotometric tests showed that the dye itself obeyed Beer’s law. DeGrandpre et al™™*!
pointed out that the assumption of equal power distribution amongst fibre modes made for

analysing the absorption of the evanescent fields of all the fibre modes could not be valid.

Further work involved examining the evanescent absorption behaviour for unclad
fibresPH=* %4 Simple straight line adherence to Beer’s Law was not found. The analysis
of these results caused the researchers to conclude that surface adsorption effects existed due
to the electrostatic interactions between the polar silica surface and the ionic solution
(DeBye-Huckel interactions®™™! ), and interfere with evanescent absorption. This
phenomenon was considered to be irreversible and a fundamental fibre limitation for

evanescent absorption devices.

5.1 Absorption-based evanescent field fibre sensor modal bekaviour

DIDLON o amining the interaction between the evanescent field of the fibre

Some researchers
modes and the surrounding medium (usually a solution) have reported successful use of Beer’s
Law to interpret their absorbance data. In this case, the concentration of the analyte is then
simply relaied to the measured optical attenuation along the fibre's sensing region. Polished
multimode fibres were often used: the distribution of optical power amongst these modes is
critical to overall sensitivity. It is not trivial to launch light into a given distribution of modes
or a specific, higher order mode. Various configurations have been tried, as depicted in Figure

2. Although the initial distributior. lunched into the multimode fibre is not maintained along

e SRV

Mask Off-axis: near core to
transverss illumination

Figure 5.2  Selective launch methods in multimode fibre to access higher order modes
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the length of the fibre, selectively exciting higher order modes with a higher proportion of
energy in the evanescent ficld could improve sensitivity. Another option is to uniformally
excite all possible modes in the fibre at once and have a uniform distribution of optical power
throughout the whole of the fibre, including the sensing region. Knowing the power

distribution amongst the modes of the fibre at the point of sensing allows Beer’s Law to be

applied.

For fibres interacting with the evanescent field, a slight modification of Equation 2 is necessary
to account for all the modes absorbed by the medium. For a single mode fibre with just one

mode to be absorbed, Beer’s law still holds, and no modification beyond accounting for the

s
135 I, as

fraction of power of the fibre contained within the evanescent wave need be made
expressed in Equation 3. However, in the case of a multimode fibre, it has been argued that
this will also be the case if a uniform distribution of modes is present, and that } will account

for the total fraction of power in the evanescent fields of all the fibre modes launched.
Poul = Pin exp (- a n I) (3)
where 1 is the fraction of power in the evanescent field(s)

For a uniform distribution of power among the fibre modes, an expression for n has been

derived by Gloge!™™:

-4
=3y (4)
, . 2ma
where V is the waveguide parameter, V = N NA.

5.2 Apparent limitations of fibres as evanescent absorption sensors

There have been significant deviatons from measured absorbance ( log m—Pl"-' ) using
”

multimode fibres and the predictions of Equations 3 and 4. The actual absorbance was
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consistently less than that predicted and seemed often to have a nonlinear variation with
concentration (unlike what Beer’s law would predict)"~***! The fundamental utility of
fibres as evanescent absorption sensors was called into question. This limitation was seen
as a fundamental basis for discontinuing efforts in this area beyond very specialised

applications.

The inherent question of determining whether this non-Beer’s Law-type behaviour was
caused by fibre characteristics or modal characteristics had to be resolved. The validity of
Equations 3 and 4 can be questioned if it is seen as the consequence of the assumptions of

U This is not the

equal distribution of power amongst the different modes of the waveguide
case when the cladding has been removed and a solution with a refractive iadex quite different
from that of the core placed in contact with the fibre. Modes that were weakly guided enter
a region where they are now much more strongly guided by the core. Only a few possible
bound modes are now propagating in the sensing region, and the overall distribution of modes
is not uniform. An effective attenuation coefficient for a polished multimode evanescent
absorption sensor has been derdved™", though this seems again to be an upper limit (rather

than a specific dependence on concentration) for possible absorption. Equation 4 may be
valid (with V >:31_ ) in a fibre propagating only one mode or by continuous coupling between

all the modes of a multimode fibre. In general, however, each mode of the initially uniform
distribution has a different profile and extent of penetration for its own evanescent field and
so experiences a different attenuation throughout the sensing region, thus causing the
distribution of modes to become non-uniform. The true response of such a sensor will deviate
from that predicted from Equation 4, which now can be seen as an upper limit or (realistically)
an overestimate. A careful examination of the total absorption experienced by the tibre modes
will help determine if modal characteristics limit the use of multimode fibres as evanescent

absorption sensors, or if fibres themselves have inherent limitations.
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5.3 Analysis of absorption of fibre modes in the sensing region

Using an urclad multimode fibre of refractive index n, and core radius p immersed in an
absorbing medium of lower refractive index n, and absorption coefficient a, the total number

of modes present can be derived by starting from the following equation:

Vz
N== ()

This expression for N is valid for large V and counts all possible polarisation states of the
d[Ull'

Definingy = (\/%-—) al = 2—3—’

For the large V values of multimode tibres, a function of one variable, v, representing
294),

optical fiel

absorbance, can be asymptotically simplified to

2
f(y) Y (6)

Plotting the fibre absorbance as a function of y from Equation 6 and comparing it to Beer’s
Law, as shown in Figure 3, and data extracted from a multimode fibre-based evanescent

%4 it can be seen that Beer’s Law

absorption sensor reported by DeGrandpre and Burgess
will over-estimate the absorbency considerably. Further, the experimental data deviating
from the prediction of Equation 6 makes clear the difficulty of using multimode fibres as
evanescent absorption sensors, as it would seem that not all modes had heen compietely

excited. This is to be expected practically.

[321]

If a restricted range of modes is launched into a fibre™"", as depicted in Figure 4, then the

number of modes excited within the fibre is
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Figure 5.3  Fibre absorbance as a function of ¥ (a); Beer's law (b); and data from an
evanescent absorption sensor

P (7)
and this N, can be used to calculate the expected attenuation.

The modified Beer’s Law wiil be valid if the fibre is forced to maintin a uniform modal
distribution along the interaction length, along a relatively long interaction length, In the case
of a single mode fibre, this modified Beer’s Law should always be obeyed. An experiment

: was designed to verify that this is the case.

Figure 5.4  Restricted runge of modes
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5.4 Demonstration of an optimised evanescent field optical fibre
absorption sensor

An adiabatically tapered single-mode fibre was exposed to solutions of a dye known to
conform to Beer’s Law. It was expected that the absorption through the tapered region wiil
be described by the modified Beer's Law of Equation 3, as there is just one mode in the sensing
region. Further, an absorption Lased assay for calcium ions in solution was performed as a

demonstration of the tap<red fibre as a practical sensor.

The tapers were faoricated by placing a section of the single mode fibre over a stationary
flame and melted whils® being gradually stretched. The speed of the process is chosen to be
slow enough to obey the slowness critena established in Chapter 4. The fundamental fibre
mode that entered the tapered regicn does not couple to either claddir g or radiation modes.
The cverall transmission loss across the taper was of the order 0.1 dB or less for all tapers
used in this demonstration. Very small diameter tapers were constructed, with a waist
diameter of approximately one micron. This ensured that the core piayed no significant
contribution to the waveguiding in the tapered (interaction) region. The evanescent field
extends into the mcdiurﬁ surrounding the cladding at the taper waist, where a new effective
waveguide is formed consisting predominantly of the fibre cladding and the external

solution.

5.4.1  Materials for initial absorption scheme and calcium ion assay

Methylene Blue (Aldrich) was used in the initial absorption scheme to confirm Beer's Law.
The calcium assay used calcium acetate (Sigma) and Calmagite (1-(1-hydroxyl-4-methyl-
2-phenylazo)-2-naphthol- ¢ ulphonic acid) (Sigma), and a 0.1 M borate buffer pH=10

(Fisons).

The single mode silica optical fibre used for the basis of the sensor, SM-450, was supplied
by York Technology and had a numeyical aperture of 0.18. A tungsten white light source was
used for the bulk absorption measurcments with Methylene Blue, and a red HeNe laser

(wavelength 632.8 nm) for comparable taper absorption measurements. The Calmagite
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solutions were illuminated with the 514.5 nm line of an air-cooled argon-ion laser

(Omnichrome). The optical detection system used in all the measurements consisted of a
large area photo diode (RS Compouents, data sheet 12508) and a lock-in amplifier (Stanford
Research Systems, model SR510) linked to a personal computer via an analogue to digital
acquisition card (PC LabCard).

5.4.2 Evanescent absorption experiment and results

The absorption characteristics of the tapered single mode fibre were first measured using
aqueous solutions of Methylene Blue, concentrations ranging from
5x10°°M to 2x 107’ M. Comparative spectrophotometric data were taken with
solutions in a dye cell one millimeter thick. The experimeutal setups for these measurements

are shown in Figure 5.

Taper svanascent
absorption measurements

Single
mods Fused-fibre
Taper fore coupler

Figure 5.5  Apparatus used for absorption measurements. The absorption spectra of
the Methylene Blue through the dve cell and across the mounted waper were
made with a white light source and a monochromator. The variation of
absorption with dye concentration for the taper was made a fixed
wavelength using a HeNe laser (632.8 nm) and with the monochromator
removed. PD = photo diode, L = lens, C = optical chopper.




The absorbance levels for the visible spectrum were taken, with an absorption peak found at
664 nm for both the tapered fibre ard the dye cell. Figure 6 shows absorption levels, with the
reduced absorption for the tapered fibre due to the relatively low refractive index of the
solution (n=1.33); which caused little of the evanescent field to be available for interaction
with the external solution. After exposure of the tapered fibre to each concentration level, the
taper was cleaned with deionised water until the baseline spectrum of water was once again

obtained. This ensured that no dye was adsorbed to the surface of the taper.

A better light source for the fibre, a He-Ne laser, with transmission at 632.8 nm, was used to
measure evanescent absorption levels more accurately through the concentration range. The
data were analysed with a least-squares regression fit for a linear and a square root
dependence''” on concentration. The chi-squares of the two hypotheses made the choice

between the two altematives quite clear, as seen in Table 1.
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Figure 3.6 Mrthviene blue absorprion spectra; dve cell and fibre taper evanescent
measurements {note that the index of refraction is approximatelv .32}




Test xz
Linear 0.32
Square root 4

Table 5.1 Comparison of likelihoed of distribution for evanescent absorption methods.

A linear fit, shown in Figure 7, was confirmed as most appropriate for the data, indicating
that the evanescent absorption of the taper followed Beer’s Law with little measurable

deviation. Adsorption effects can also be seen at low concentrations.
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Figure 5.7  Methylene blue evanescent absorption as a function of concentration. The
value is 0.83 with n = 105 (15 repetitions across 7 concentrations).

5.43  Calcium ion assay based on evanescent absorption

The detection of calcium, as well as magnesium, ions is currently performed in clinical assays’,

which typically require the preparation of standards and numerous dilutions. The use of

t 1102,192.217.258.259}




fluorescent or absorption based optical sensors for analysis of such ions is of interest due to
the potential for real-time results™"“7**" Calcium ions levels were determined optically
in this experiment through the use of an indicator, Calmagite™**!. Calmagite functions as
a typical acid-base indicator, with different colours corresponding to different levels of pH.
This indicator conforms to Beer’s Law"™®!, If Calmagite is placed in an alkaline (in this case
pri of 10) buffer, the typically blue colour is changed gradually to red by the addition of either
magnesium or calcium'®. The absorption maximum of Calmagite solutions in2 0.1 M borate
buffer pH=10 was found to be 523 nm. The 514.5 nm line of an argon-ion laser was used as
the source for the tapered fibre dye cell containing Calmagite solutions throughout the calcium
assay. All calcium detection with the tapered fibre was performed without altering the
refractive index of the sample solution. Initial efforts to index match the solution to the
cladding refractive index were hampered by poor miscibility of high refractive index solutions
such as benzyl alcohol. A concentration range, derived from calcium acetate, from 40 um

to S mM was tested. As with the Methylene Blue measurements, after each sample exposure
the tapered fibre was rinsed with deionised water to ensure no adsorption had occurred. The
optimised experimental configuration for evanescent absorption-based tapered fibre

measurements is shown in Figure 8. A {used fibre coupler, with the power split between the

Lock-in
amplifier

________:—1 Trigoer for lock-in
—d

PD L

p '_@0 F e
Oy -
Taper  sMF
Tegger for lock-in

Argon-ion laser

Lock-in
amplifier

Figure 5.8  Optimised set-up for evanescent absorption Ca** detection based on
Calmagite. Both lock-in amplifiers were triggered from the optical chopper.
FFC= fused fibre coupler, SMF = single mode fibre, PD = photo diode, L=
lens, C = optical chopper.
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two output arms in the ratio 55/45 (the value of the ratio was experimentally arbitrary), was
constructed to monitor input power from the laser simultaneously with output power. This
allowed the laser power fluctuations to be extracted from the received attenuation data at the
far end of the optical fibre. Once again, a linear least-squares analysis was performed on the
absorption data to confirm that the sensor system had the expected linear (rather than square
root dependence) response, Figure 9, predicted by Beer’s Law (with an r? of 0.98). Not

udsorption may still dominate at lower concentrations.

Normalised absorbance

—
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Figure 5.9  Evanescent absorption of Calmagite with increasing concentration of Ca
ions in solution: index of refraction of 1.32.

5.5 Conclusions

The single-mode fibre evanescent absorption sensor is free from some of the difficulties facing

multimode systems”" .

A Beer's law-type response is found (e.g.. linear concentration
variation with absorbance) in single mode adiabatically tapered fibres but not generally in
multimode fibre systems. However, although the tapered single mode fibre system did
measure calcium ion concentrations, the samples had to be pre-treated before analysis could
take place, and treatment to minimise adsyrption effects would have to be considered. Further,
a specific absorption indicator for the analyte in question had to be selected, which may not

be readily available for every chemical detection scheme desired.
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A potentially more useful design would use fluorescent fight, which would allow the
separation of the source light in a simplistic manner. Fluorophore-based systems can use a
secondary reaction to detect a range of analytes in a manner that is not specific to the analyte
(e.g., the chemical reaction of the analyte with a compound labelled with a fluorophore
releases an acid, thereby quenching the fluorescence). Fluorescent systems are examined in
Chapter 6. Further, it is highly desirable that the indicator portion of the detection system be
an inherent portion of the optical fibre. Immobilisation schemes have been well

documented”™ and are explored in Chapter 7.
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Chapter 6

Chemical sensing with fluorophores
and tapered single mode fibres

Summary

This chapter discusses the capture of light generated by fluorophores by optical
fibres. The general properties of fluorophores are reviewed. A method for
assessing the expected amount of fluorescent energy by optical fibres is derived.
A simple fluorescent capture experiment, based on a pH indicator dye,
fluorescein, in solution about a tapered optical fibre is performed. The level of
fluorescent energy captured experimentally is compared to that predicted by
theory, and the performance of the tapered single mode fibre is assessed.

6.0 Fluorescent evanescent wave sensors

Many researchers’ have developed chemical sensors based on capture of a fluorescent signal
into an optical fibre. A change in the light signal output ata longer wavelength than the source
wavelength is captured back into the fibre core and detected, usually at the far end of the tibre,
though some sensors rely on the detection of backscattered tluorescence (i.e., fluorescence
returned to the pump end of the fibre)'*"". In some devices, the dye is bound in the cladding

surrounding the fibre and is excited optically™.

In order to develop an optical fluorescent sensor, the fluorescent indicator-and the solution
of interest are exposed to the evanescent field. This exteral optical power can cxcite

molecules of the fluorescent indicator sufficiently near enough to the waveguide. Their
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emitted light can then be coupled back into guided modes which propagate along the fibre.

The overall sensitivity of this process depends on the modes choszn and the thickness of the

cladding ",

6.1 Fluorophores and optical fibres

A fluorophore is a chemical that absorbs light of a particular range of wavelengths, which in
turn excites some of the fluorophore’s electrons to higher energy levels (excited state). When
the electrons return to their previous energy state (relaxed state), light is emitted. The light
emitted is always of a longer wavelength than the incident light due to energy conservation.
In general, fluorophores or fluorescent markers, are chosen for good absorption, stability of
excitation and efficiency of fluorescence. Fluorescent markers can be added to another
chemical, thereby labelling it. A reaction of the fluorescently-labelled chemicai(s) with some
other substance can a.luf:r the fluorescent characteristics of the marker, sometimes quenching
it ' (for example, as acid by-products are produced during the reaction) or shifting its
wavelength response #74# P23 Thers is a limitation in the number of markers that can
be placed on one chemical (i.e., protein), as too many fluorescent molecules too close to one
another can transfer electrons among themselves rather than routing the transferred energy
from the pump source through the fluorescent energy release route. Most applications require
a large Stokes shift (distance between the excitation maximum and fluorescent maximum, in
nm) to allow easy discrimination of the label after excitation "™ *!_ Some reaction products

are naturally fluorescent, but this is not generally the case (unfortunately!).

6.2 Fluorescence capture at interfaces

The fluorescence generated by fluorophores has been modelled as radiating dipules™ near an
interface to study the potential collection efficiency of such systems. Once the factors
contributing to the fluorescent capture levels have been derived, efforts have been made to

optimise systems to take advantage of these parameters. It has been claimed that in general,
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when a radiating dipole (the fluorophore) is located in the optically rarer medium (cladding
or external solution to a waveguide with an index of refraction less than that of the core) very
close to the interface, the emission by the evanescent waves into the optically denser meoum

(core or waveguide material) is the dominant contribution 0 the power collec* ...

Other researchers take into account the thickness of the layer, but in all <-ses this description
assumes an orientation for the light striking the interface, as might be the case for a prism,

diffraction grating, or planar surface acting as a waveguide where the ray theory can be

applied. Further, the films are expected to be very thin 2nd uniform, n d < % ,wheren_ is

refractive index of the layer, and d_ is the depth of the layer. This is not always the case for

typical deposition methods, especially those involving proteins. The results in this chapter
are based on systems involving fluorophcies in a bulk solution surrounding the waveguide.

Chapter 7 will focus on methods to im:inobilise indicators in thin layers about the waveguide.

6.2.1 Multimode fibre fluorescence capture

Many devices studied so far are based on unclad multimode fibres, particularly those with
plastic clad fibres (with a large core radius, such as 50 im ). Higher order modes in these
fibres have the advantage of a large number of reflections per unit length, and consequently
a long effective interaction length with the external material "', The use of multimode fibres,

113,114.115.242
[112113,114,118,24 IShOW

however, does entail a number of disadvantages. Theoretical calculations
the efficiency of the ccupling of cladding fluorescence to the guided modes of a multimode

fibre depends strongly on the dimensionless waveguide frequency, V number, of the fibre:

V=Zzt"g'\ln;—n22
A (1)

where p is the core radius, n, is the refractive index of the core, n, is the refractive index of

2
the cladding, and A is the free spacc wavelength of light propagating in the fibre. The
evanescent field of a multimods fibre is extremely weak, of the order of 2% of the total power

in the fibre fora V of 100", Fibres with higher V numbers have higher coupling coefticients.
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This is because they have many modes near cutoff and the evanescent fields of such modes
penetrate more deeply into the surrounding cladding @4 Fluorescence from a dye may be
excited by the evanescent field of the guided radiation if the dye is close to the fibre core. The
fluorescent light generated must be re-radiated in a manner that allows it to be coupled (or

captured) into a guided mode, as portrayed in Figure 1.

As aresult, most multimode fibre devices rely on preferential excitation of higher order modes,
either by launching the light off axis, or by means of suitable masks. This in itself can cause
problems in maintaining repeatable launch conditions. Lastly, multimode fibres themselves
are incompatible with single mode fibres, and thereby unable to take advantage of the very

high quality single mode fibre couplers and power splitters now commonly available.

6.2.2  Single mode fibre fluoresscence capture

As an alternative to unclad multimode fibres, a number of devices have been reported based

on polished fibres. In these devices, part of the fibre cladding is removed mechanically to

]

Figure 6.1  Fluorescent light coupled into a guided mode at the waist of the tapered
._)
fibre; J current element generated by fluorophore.

within several microns of the core, resulting in a D-shaped cross section. This exposes the
evanescent field to the surrounding medium, as discussed in Chapter 4. The evanescent field
of the fibre mode or modes can then interact with a dye solution with spectrochemical
properties of interest to the sensor type desired. However, the evanescent field of polished
fibres is extremely weak unless the refractive index of the external dye solution is very close

to that of the fibre (typically to within a few parts per thousand). As a result, polished devices
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exhibit extreme sensitivity to changes in external refractive index which is useful in a

refractometric system, but troublesome for other applications.

The use of single mode fibre tapers can avoid the negative aspects of multimode fibres while
still retaining the advantages. A single mode fibre is used because modal coupling amongst
the higher-order modes of a multimode fibre along a taper weuld result in high losses. Further,
the modal field in a single mode fibre is well defined. Power guided by the fundamental
mode is concentrated in a very small circular cross-section at the taper waist. If such tapers
were made with a diameter of about 5 microns, a very small optical power, of the order of a
milliwatt, ran cause a high power density of kW/cm® at the waist ¥

At the taper waist the fibre core is so small that it plays no role in guiding the light. Guiding
is achieved by a new effective waveguide consisting of the fibre cladding and the surrounding
medium. The local value of V is reduced in proportion to the fibre diameter and in very small
diameter tapers (of the order of microns), the fundamental mode ticld extends into the medium

31" as well as predicted

surrounding the cladding. This has been shown experimentally
theoretically. The level of interaction with the field, as well as the fluorescent indicator used,

determines the etficiency with which the fluorescence can be re-captured into the fibre.
6.2.2.1 Theoretical fluorescence capture for tapered single mode fibres

A theoretical description of the efficiency with which the external tluorescence in the dye
solution surrounding the tapered fibre is coupled into the fundamental mode of the taper has

D$¥ who have given a general account of

been developed ", based on Snyder and Love
radiative capture into the core of an optical fibre. A corresponding analysis for the case of
highly multimoded fibres has been given by Marcuse ™. This analysis assumes a taper waist
is of constant radius p and length L. At the taper waist, the original core of the fibre is so
small that it can be neglected, so that the light is guided by a new effective waveguide

consisting of the fibre cladding and external medium, as illustrated in Figure 2.

At the taper waist, the pump light excites the dye molecules into the first excited s.ate, from

which they fluoresce as an incoherent mixture of radiative dipoles. A dipole at position 7
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can be represented by a current density T) The current density from ti.2 excited fluorophores
will in tum excite a tibre mode to a certain amplitude, and thereby transfer a certain level of
power 58 The total power from all the radiating dipoles is summed, and the efficiency of
fluorescent capture can be defined as the total fluorescent power captured into the tapered

fibre divided by all the flucrescent energy generated. This can be written as:

P_  logV(nA)
P Vi o (2)

NA, the numerical aperture of the taper, is given by (nf-—ni)"‘. V is the normalised

. 2ra . . .
waveguide parameter, e NA, and n, n, are the refractive indices of the core and cladding,

o

respectively. In this form, 1 can be seen to be always less than one.

Figure 6.2  Light guided by a new effective waveguide consisting of the fibre cladding
and external medium.

Equation (2) is plotted in Figure 3 as a function of V for different values of NA. From these
curves, the efficiencies of fluorescent capture can be estimated for various taper diameters

and external dye refractive indices.

The smallest tapers used in these pH experiments had diameters of approximately 0.5 microns.
The external dye index was always adjusted to (at least) 1.44, which, combined with the index
of refraction for the cladding of 1.458, corresponded to an NA of 0.23. The fluorescent
wavelength was 0.526 microns, yielding an estimated efficiency of 0.2%. For tapers with a
2 micron diameter the corresponding efficiency would oe just 0.04%. Results using

multimode polished fibres give efficiencies of approximately 10, i.e., 0.01% ®™. Similarly,
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given that the fluorescein dye exhibits a very high quantum yield of 90 £ 5% ™, a aper
diameter ranging from 1.5 to 2 microns, a typical experimentally derived fluorescent energy
taper capture rate was of the order of 107, i.e., 0.1%, of the input light cnergy to the dye
molecule. It is important to note that theeretical fluorescent capture and experimentally
measured fluorescent capture are not the same; experimentally, the ratio of fluorescent power
capture to pump power is used, as the absorption cross section and quantum efficiency of the

fluorophore is not known.
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Figure 6.3  Fluorescent capture efficiency as a function of the dimensionless waveguide
frequency at different levels of numerical aperture

There is a further, more importart distinction between the tapered and multimode fibre cases:
the much higher optical intensities achievable with a tapered fibre translated into higher
absolute levels of captured fluorescence. The total fluorescence is proportional to the fraction

of pump power in the external dye solution. For a multimode tibre with equal excitation of

modes, this is Si-v " For a tapered fibre propagating the fundamental mode, the fraction is

—‘—/l-z. A typical value for a 200 micron diaeter multimode fibre is V = 300, whereas for a 2

micron waist diameter of a single mode fibre taper V is about 2.7; in each case assuming a

t (47,107,108, 135312343364, 44}
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wavelength of 0.5 microns and aa external dye index of 1.44. From this the level of
fluorescence should be 30 times higher in a taper than in a multimode polished fibre of the
same length. Furthermore, most of the pump power is absorbed in a taper. Consequenty,
for small diameter tapers (2 microns ur less), much higher absolute efficiencies are possible
compared to multimede fibres. Tapered tibres are also less sensitive to variations in the
external refractive index than unclad multimode fibres, as shown in Figure 4. Here the
efficiency of a two micron taper is plotted as a function of dye index over the range of n =
1.33 (water) to 1.44. As can be seen, the efficiency does not vary by more than a factor of

three over the whole index range.

6.3 A practical demonstration of a fluorescent sensor based on tapered
single mode optical fibres

6.3.1 Materials and apparatus

The indicator, disodium fluorescein, and methanol, the solvent chosen for this experiment, as
well as pH buffer solutions, were purchased from Fisons Scientific Equipment.  For the
titration process, glacial acetic acid (17.4 M) and concentrated agueous potassium hydroxide
(100 M) were respectively obtained from Aldrich Chemical Company and Fisons. The pH

levels of the buffers and titration products were verified using a hand-held pH electrode
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Figure 6.4  Sensitiviry to variations in the external refractive index for a 2 inicron taper



supplied by RS Components with zn overall stated accuracy of £ 0.03 pH units. To ensure a
constant external refractive index, apprcpriate amounts of dimethyl sulphoxide, supplied by
BDH Laboratory Supplies, were added and regularly confirmed using a Bellingham and

Stanley sugar refractometer.

The single-mode optical fibre used for the ser- r was the silica York Technology SM450

' and

with a numerical aperture of 0.18. Tapers were made in a manner reported earlier *°
shown in Figure 5. The tapers used in this study had waist diameters from 0.5 to 2.5 microns
(transmission losses of 0.1 dB), which represented a compromise between a sensitive system
and a durable one. Narrow tapers tended to break, and wide tapers were not sufficiently
sensitive. The tapers were then mounted in the custom built linear dye cell, as shown in Figure
6, to provide a means of circulating solutions about the taper. The refractive index of the
solutions ranged from 1.32 to 1.453. Once mounted, the tapers could be easily handled and
have been in use for several months.

Monochrorater € o

F=L_110
ar— =

Lock-a
oMt

Figure 6.5  Set-up for taper fubrication: WLS = white light source (tungsten), C =
optical chopper; L = lens: M = motor-driven stage: F = flume

The experimental configuration, shown in Figure 7, measured output fluorescence level asa
function of pH. An Argon-ion laser, tuned to the 488 nm line, was used to excite the
fluorescent dye around the taper. The indicator in solution released fluorescent energy when
excited by the evanescent field of the fibre. The fuorescent emissions from the excited dye
molecules were then coupled hack into the fundamental guided mode of the taper. The level

of these emissions was characterised by using a monochromator. This light was then detected
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Figure 6.6  Dye-cell apparatus for exposing the taper to different pH levels with a
constant concentration of indicator dye, at a constant index of refraction.
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Figure 6.7  Fluorescent measurement svstem using tapered single mode optical fibre:
L= lens, C = optical chopper. Taper is mounted ir: a dve cell support and
solution is pumped through the cell by a peristaltic pump.

by a large-area photo diode (RS Components, data sheet 12508). Due to the signal levels,
intensity measurements were made using lock-in detection (Stanford Rescarch Systems). The
lock-in amplifier was linked to a personal computer via an analogue to digital data acquisition
card. The fluorescence spectrum found was iypical for that of bulk absorption ™', as seen in
Figure 8. Subsequent measurements were then made with the monochromator set at 526 nm,

the wavelength of maximum {luorescence.
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Figure 6.8  Spectrum of disodium fluorescein (Uranin) in methanol.

6.3.2 Measurements and results

A volumetric titration of 100 M potassium hydroxide and 17.4 M acetic acid was carried out
to establish a baseline for pH level as a function of volume of added base. The amount of
acetic acid used was then fixed for all subsequentexperiment trials, and the pH levels obtained
were verified by the pH meter. This baseline curve, as shown in the solid line of Figure 9,
exhibited the typical sigmoid shape of pH as a function of added H® ions (represented by
volume added). The data represented by squares in Figure 9 describes the same titration
performed using a tapered fibre with the fluorescein indicator in solution: the right-hand y-axis
applies. Approximately fifty sets of data were taken on the described experimental apparatus,

and they clearly demonstrated the expected titration curve.

6.3.3  Limitations of current system

All optical fibre sensors for pH share some fundamental difficulties in assessing pH precisely.
The relationship between the surface-measured pH and the actual pH of bulk solution difters
due to the effect of electrostatic mepulsion. The surface of the optical waveguide possesses

acid-base properties that are retlected in the surface pH. In the case of this sensor, and many
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Figure 6.9  pH titration curve: solid line from pH meter,_ for tapered fibre. Note
that in both cases the external refractive index is adjusted to 1.44.

others reported in the literature, the sample solution (and thereby all the other ionic
components of the solution), has been kept constant. In this case, the ertors tend to cancel
" For application in biochemical assays (particularly biomedical), this condition is likely

to always be met

6.4 Conclusions

Tne tapered optical tibre sensor as discussed here was found to be very responsive to pH
changes. A calibradon curve hetween level of fluorescent light and pH could be readily
determined. However, because the indicator was not a fundamental portion of the sensor, the
solutions used had to be pre-conditioned - both for refractive index and indicator dye content.
A possible cure for this limitation would be to immonilise "™ the indicator in the cladding
(or as the cladding) along the taper. Such "active coating” sensors often provide much higher
sensitivity PP Many immobilisminn methods are described in the literature, and will
be discussed in Chapter 7. Immohilisation of a thin layer with indicator molecules in it would
both fix the refractive index and the concentration of the indicator.  Nonetheless, the use of
single mode rather than multimode fibres results ina more stable and repeatable optical launch

as well as higher achievable levels of tluorescent capture.
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Chapter 7

Immobilisation

Summary

This chapter reviews some of the techniques availatle to combine a selective or
recognition element in conjunction with a sensitive one (here, an optical fibre).
.The expected fluorescence capture performance of an optical fibre with an
immobilised fluorescent indicator is presented. A simple experiment is described
to determine if the tapered single mode fibre would be able to respond to an
external sample solution with a fluorescent indicator immobilised to its surface.
The sensitiviry of this assay is assessed, and the groundwork is laid for the
development of the tapered single mode fibre as a ‘true’ sensor.

7.0 A true sensor: sensitive and selective

The optical fibre sensor in general must be developed to take advantage of the benefits of its
configuration, especially its ability to perform remote operation. This usually dictates that a
chemical that i; selectively sensitive to the analyte be immobilised in some manner to the
waveguide. As many chemical fibre sensors depend upon the evanescent field for interaction,
the process of immobilisation chosen must not restrict the access of the sample to the
waveguide. Notwithstanding these constraints, many of the types of immobilisation
techniques used for other optical detection systems have been successtully applied to optical

fibres.

7.1 Immobilisation techniques for optical waveguides

Many techniques have evoived to attempt to bring together the chemically-selective elements

of an immobiliscd-indicator sensor to waveguides’. At least some of these techniques must

T 128,42.59.80,193.221.245,248,310.342,363,372,.390.397 408,41 2,433.446,447]
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be attempted in order for the tapered optical fibre loop to demonstrate adequately that it can
perform as a biochemicai sensor. Some methods typically used to attach selective chemistries
to waveguides are silylation (or silanisation), Langmuir-Blodgett films and the sol-gel

process. These techniques are generally reviewed in the next sections.

7.1.1  Silanisation

Silylation is defined as the substitution of a hydrogen atom, bound to the hetero atom of an
inorganic (i.e., without carbon) substrate, with a silyl group (depicted in Figure 1), forming a
hetero-silicon atom bond without further alteration of the molecule. Silanisation involves
converting a silanol group to a less polar group, which converts a terminal hydrogen to some
other group, frequently an organic compound (for chemical and biological sensors).
Silylation (and silanisation) can be applied to many biochemical systems with the use of
organofunctional silanes. These silanes (and others) have reactive groups at one end' for
covalent attachment to supports such as quartz, glasses of a variety of configurations, as well

as optical fibres themselves'.

S.I -i a!'gn.
| @ | ®
—SiOH to —SiOR
| I
silanol group less polar
silyl ethers
Sitviation:
CH, (© ()
——Sli-- CH into an organic
| 3 compound
CH,

Figure 7.1  Silanisation (a and b) and silvlation (¢ and d).

+ 125.41.77.219,40891)
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Depending on the chemical attached to the arm of the silane linker not bound to the optical
fibre, sufficient optical signal may be generated by silanising directly onto the fibre itself
without introducing any support structure. Some of the optical systems reviewed in
Appendix I did include an additional layer or polymer to increase the optical path, but
frequently these systems already suffered from inefficiencies in capturing the available optical
information (attenuation or received fluorescence): the additional complexity of another
substrate usually made maiters worse, rather than correcting the initial deficiencies of the
system being employed. The combination of the amount of responding material (absorbed
by or fluorescent to the analyte) and the length of silanisation of the fibre, togetiier with the
intensity of the evanescent field at the silanised layer determine the overall sensitivity of such
devices. The ease of configuring the chemically-reactive end of the silane to any desired
functional group for many applications make this technique very attractive. Further, the
potential for monolayers or thin layers on the fibre surface allow a high proportion of the
evanescent field to interact with the analyte (directly or indirectly) reacting with the silanised
layer. Silylation (or silanisation) can be applied to silica-based optical fibres (or any other

waveguide) for chemical sensing.

7.12  Langmuir-Blodgett films

Longmuir and Blodgett pioneered a technique sixty years ago to place monolayers of chemical
films on surfaces. An organised assembly of molecules can be transferred to a solid substrate
by dipping the substrate through the film to produce a monolayer, or by repeated dippings,
multilayers. These films are generally characterised as well-ordered and mono-molecularly
layered®™™!"™! These characteristics of Langmuir-Blodgett films allow for rapid and
sensitive interaction with the external environment if these molecular layers are reactive
biomolecules (or other suitable recognition entity). Troughs for depositing
Langmuir-Blodgett films in a repeatable manner are commercially available, though typically
more suitable to a planar surface rather than a cylindrical one. Attempts to apply these tilms
to optical fibres have met with mixed success™™ ", Some of these problems relate to the
unknown cenfiguration of the molecules in the layer, but others relate to the geometry of the

fibre. Since many optical fibre sensing systems use only the tip of the tibre for sample
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interactions, this portion may be made planar. Similarly, the polished fibre sensors (the flat
portion of the D profile) could be used in conjunction with Langmuir-Blodgett films. The
limitation in these cases may be the amount of material available for interaction (pariicularly

with a2 monolayer of selective molecules), but this may be sufficient for many biochemical

sensor applications.

7.1.3  Sol-gel

The sol-gel technique is a method (for which there are at least three approaches) of deposition
of thin coatings onto glass and other substrates. It has been used to place specific coatings
(i.e., antireflective) onto optical components’. Its greatest benefit is that it can produce
optically smooth surfaces. These coatings can be used in many different applications,
including those involving chemical sensors. The chemistry behind this process is complex,
and must be carefully controlled at every stage in order to avoid fracture during the drying of

such films. The basic sol-gel process is approached from any one of three methods™™

» gelation of a solution of colloidal powders

» hydrolysis and polycondensation of alkoxide or nitrate precursors

followed by a hypercritical drying of gels

» and hydrolysis anrd pnlycondensation of alkoxide precursors followed

by aging and drying under ambient atmospheres

These approaches zll require the evolution of a sol, a dispersion of colloidal particles in a
liquid, and a gel, an interconnected, rigid network with pores of submicrometer dimensions
and polymeric chains whose average length is greater than a micrometer. The specific
definitions of colloids, gels, and the ligands involved in the steps of the process are complex
and often specific to the type of chemistries being attempted™ "™, With appropriate protocols,

these coatings have been used in conjunction with optical fibre evanescent wave sensovs. A

+ 152.69,252,265.396)
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porous cladding can be created, allowing an indicator or indicator-labelled reactive chemical
to be held close to the surface of the fibre. The sol-gel film can be dip-coated onto the fibre'.
Some limitations of current techniques include leaching of the trapped chemical, dissolution

of the structures in some chemical environments, and cracking of the structure!'¥ 25261,

7.14  Other

Other methods of depositing thin films to surfaces have been attempted, based on materials
varying from polyurcthane to epoxy to photoresist. Films have been developed from
molecules with particular affinities to certain surfaces (e.g., penicillinase™'*". The lack of
reproducibility of films as well as the need for adaptation to many different chemical reactions

has limited the application of such methods.

7.2 Expected behaviour of thin films deposited on optical fibres

The configuration of molecular layers of the films deposited onto optical fibres is absolutely
critical to their performance. Non-uniform layers intecfere drastically with the efficiency of
evanescent field interaction, as the index of refraction of most solutions used for organic
material is nearly that of water. The molecular constituents of the films must either be induced
to have a uniform orientation, or chosen to have such a characteristic inherently.  For
multimode fibres, a fairly stringent requirement for the depths of such films is established,
but this is primarily to simplify the calculations of the optical field (from LP theory to ray
approximation). It was found, as will be discussed in Chapter 8, that as long as the layers
were optically smooth on the same order of magnitude of the wavelength, the film acted as
the expected guide for the optical energy. In general, however, the films are treated as very
thin films that do not contribute significantly to the effective refractive index of the waveguide,
and can all but be neglected save for the presence of the fluorescent or absorbing sources, and
are often treated as sources imbedded in the cladding. This assumption leads to a simple

estimation for the fluorescence capture etficiency based on the analysis of Chapter 6, where

t [69.138.235,236.246.319]
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the integral is re-evaluated from the surface to a small distance away from the surface

p + 8 p . The efficiency is then twice what what we had before, or:

log,V(NAY
nN=2—y—
LA (1)

2
V, the normalised wave number, is given by _iﬂf_ NA; and NA, the numerical aperture of

the taper, is given by (n}—n ;)V’.

In order to examine the behaviour of thin fluorescent films on the surface of the tapered single
mode fibre, a very simple (chemical) system was chosen, as the point of the experiment was
to examine the light-guiding properties of the immobilised layer rather than invent new
chemical procedures for attaching functional groups to optical waveguides. Because of its

(7609186

unique affinity to glass, penicillinase was chosen as the immobilised layer for the

tapered optical fibre sensor.

7.3 Demonstration of the tapered fibre: an immobilised-indicator based
penicillin sensor

The main goal tor this experiment was to immobilise fluorescently-labeled penicillinase
around the tapered single-mode fibre and measure penicillin levels based on quenching of
fluorescence by release of penicitloic acid. This would serve to demonstrate immobilisation
of fluorescent indicators on tapered fibre surface gives results similar to those of bulk solution;
that is, the coated tapers are as least as sensitive. Although the experiment itself is relatively
simple in conception, the chemical requirements for such a system are not trivial, and the use
of enzymes required careful handling in order for the chemical activity of the species to be

constant.
7.3.1  Preparation of the biochemical element of the sensor

First, the peniciilinase had to be labelled with the fluorescent marker (fluorescein

isothiocyanate, FITC). This required that the penicillinase be dissolved trom its delivered dry
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state and then desalted into an appropriate medium for binding. The recommended solution
from the supplier (Sigma) was an alkaline phosphate buffer. The buffer salts from the original
shipped penicillinase were removed by running the protein through a Sephadex column,
which served to separate molecules of different weight. An ELISA-based analysis to locate
the highest protein concentration from the eluate was performed, and the protein samples

amassed, using the standard curve shown in Figure 2. Next, an appropriate amount ¢f FITC
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Figure 7.2 Bio Rad Bovine serum albumin standard curve: used to relate ELISA.
read-out values to level of protein in the sample cell

in the same alkaline buffer was added to the penicillinase samples. The system was allowed
to react, and then the unbound FITC was separated from the labelled penicillinase by running
the solution through another Sephadex column. Again, the protein-rich samples were
combined; this was simplified once tne penicillinase had been labelled by the FITC, as the

nbelled protein was visually different than the unbound FITC (dark yellow versus orange).

Next, the ability of the fluorophore to tluoresce and the penicillinase to react with penicillin
had to be confirmed prior to immobilisation on the fibre surface. The labelled penicillinase
had been switched to a slightly acidic ph¢ 'aiz buffer at the same time as the unbound FITC
had been removed. Sigma recommended this buffer as more appropriate for maximum
activity of the penicillinase. The tlucrescence of varying concentration levels of unbound
FITC was measured on a fluorimeter, and a simple concentration versus tluorescence level

standard graph was developed (Figure 3). The bound FITC was then neasured in dilutions

75




"
= 800t
5
700
5
~ 6001
..é
(o] 500 -~
S y
T 400}
2
') 300
&
S 200t
@
g 100 +
3 of
o — . A L — L i
0.0c0o Q.c 0.002 0.003 - 0.004

Concentration, mg/mli, FITC

Figure 7.3  S:iandard curve for fluorescence level of FITC solutions. The filled circles
represent different FITC-labelled penicillinase dilutions and are compared
to the standard . The bound FITC retains its fluorescent nature.

to determine its effective concentration. The FITC-labelled penicillinase displayed an

adequate fluorescence signal to be measurable on the fluorimeter.

The activity of labelled penicillinase had to be compared to the activity of unlabelled
penicillinase against standard solutions of penicillin (for this experiment, Penicillin-G or
benzylpenicillin). An indicator reagent (blue-black starch solution) that changed colour
dramatically was used in conjunction with the ELISA-based system. A group of reaction
controls were prepared and the indicator solution added. If the penicillinase reacted with
penicillin, penicilloic acid would be released, which tumed from blue-black to clear in the
presence of the acid. The completeness of this change, and the speed of the reaction was
assessed by examining the transmission through the solution. The labelled penicillinase did
display the required level of activity, as shown in Figure 4. Details of the chemical procedure

can be tound in Appuidix HEL

Now that all the necessary chemical components had been develop:d. they had to be combined

with the sensitive element of the sensor system: the tapered fibre. The immobilisation
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Figure 7.4  As FITC-labelled penicillinase interacts with standard solutions of

penicillin and releases H*, a blue-black starch indicator turns ciear, and
the the measured OD increases dramatically.

procedure was simple: the labelled penicillinase was allowed 1o react with tapered fibre in
its mount overnight (at 4° C), as penicillinase will preferentially adsorb to glass™™ ",

7.3.2  Preparation of the optical element of the sensor

A taper was prepared and mounted in the dye cell. In addition, a coupler of known
power-splitting ratio (i.e., 95:5) was constructed in order to monitor input power. The

experimental setup, similar to the absorption measurements, is illustrated in Figure 5. The
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Figure 7.5  Experimental set-up to measure fluorescence decrease as a functicn of

penicillin concentration. C= optical ck xpper, L = lens. Taper with
immobilised FITC-labelled penicillinase mounted in dye cell; samples are
injected with a syringe.
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optimal setting for the morochromator was determined by taking an initial fluorescence
spectrum, with the peak level found at 522 nm, £ 2 am. The fluorescence spectrum for

FITC-labelled penicillinase on a tapered single mode fibre is shown in Figure 6.
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Figure 7.6 Fluorescent spectrum of FITC-labelled penicillinase

7.3.3  Testing the penicillin sensor

The penicillinase-coated taper was exposed to concentration levels of penicillin from 6 uM
to 0.4 mM, and the fluorescence level wus monitored continuously., The quenching of the
FITC fluorescence as penicilloic acid was released could be seen by eye, especially at the
highest concentradon levels of penicillin. The rate of fluorescence decrease for each
concentration level was calculated at 5 second intervals and compared. After each exposure,
butfer solution was circulated through the dye cell mount to remove the penicillin. The
fluorescence level was monitored and the process of rinsing continued until the fluorescrnce
level recovered to its criginal level. It was expected that only an initia! ‘fast’ rate could be
used to separate the different concentrations as enzyme binding in a static

PBABBL Gndergoes initial diffusion (Fick’s law), and subsequently

environment
dissociation, electrostatic repulsion, steric deformation, and re-association events that may

cause an oscillarion in the received fluorescence signal independent of the reaction that is
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Figure 7.7  Fluorescence uptake for fibre taper; protein-protein interaction on surface.

being monitored. Figure 7 illustrates fluorescence uptake in a protein-binding event with such

multiple processes.

Sampling times of less then 60 seconds were used to discriminate the initial concentration of
the penicillin sample; Fick’s law wouid apply in at least the first 40 seconds, as shown in

Figure 8. A concentration curve versus level of fluorescence decrease could be developed for
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Figure 7.8 Fluorescence uptake for fibre taper in the first 40 seconds of interaction,
using the first order approximation (Fick’s law).
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Figure 7.9  Concentraticn of initiai peniciliin. sample determined by the rate of
decrease of fluorescence of FITC-labelled immobilised penicillinase after a
30 second sample exposure time.

afixed time interval. Thirty seconds was found to be best, and a calibration curve for peniciilin

concentration is shown in Figure 9.

As seen in Figure 7, it would be expected that other phenomena would interfers with the
simple calibration curves being devetoped at arbitrary times. For example, if calibration
curves for other time intervals are combined on one graph, the rate of fluorescence decrease
does not continue monotonically. If the curves in Figure 10 are examined, it can be seen that
there is crossover between the different fluorsscent decreases measured after different times,
The firstexplicit curve is chesen to represent the initiai interaction (Fick's law) of the unknown

penicillin sample and the immobilised FITC-labelled penicillinase.
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Figure 7.10  Concentranion versus reaction level (t=35, 40, 50, 60, 65 sec)
FITC-labelled immobilized penicillinase: note that curves do not increase
monotonicully.

7.4 Limitations of the current system

The limit of detection of the FTTC-labelled penicillinase voated tapered fibre sensor is of the
order of ppb. Althoughitis comparable to, and in some cases better than, the current penicillin
sensors reported in the literature', the sensor as it stands has not been adequately tested against
cross-reacting species or the varying types of penicillin, Although individual concentration
levels of penicillin give reproducible results, the system is not likely to be useful to
discriminate unknown samples. It did, however, demonstrate that if indicators were bound
in the interaction region of the taper (at the taper waist), sensitive measureracnts could be
made. The fluorescence levels captured were adequate to discriminate one sample

concentration level from another.

t [132.161,193,194.210.248.262,437,65,75,7 10.274,275.278,390 443]
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7.5 Conclusions

A more severe limitation of the penicillinase coated tapered fibre is its linear configuration.
There is some difficulty in coating the taper in its current mount without contaminating the
mount surface, and easily exposing the taper to samples. A new geometry for the tapered
fibre and mounting arrangement was necessary, as wiil be described in Chapter 8. The
penicillinase-coated single mode tapered fibre did demenstrate very effectively the capability
of the device to use capture fluorescent power frem iminobilised indicators to deteimine
analyte concentration. A more generic method for attaching recogniticn or zelective elements
to the optical fibre is also needed, as will be discussed in Chapter 9. Given some optimisation,
in both configuration and immobilisation technique, it was expected that a very sensitive

sensor for biological and chemical material could be developed.
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Chapter 8

Optimising sensor configuration

Summary

Adiakatically tapered single mode fibre evanescent field devices have been
demonstrated us a better alternative for fluoiescent capture devices then those
sensors based on multimode fibres, as well as suitable candidates for optical fibre
evanescentabsorption transducers. Despite this inherent capability, configuring
the tapered fibre as a device suitable for biochemical sensing remains in general
aproblem. Asis discussed in this chapter, a more desirable configuration for the
tapered fibre had to be established. A lossless macrobend (18(°) was introduced
in the tapered region of the single mode fibre. The tapered fibre loop was tested
in conjunction with a silanisation process for indicator immobilisation. The
expected fluorescent capture level is predicted, and compared to experimental
results. It is found that when a suitable coating thickness is applied to the region
near and including the taper waist of the fibre loop, a novel waveguide siructure
with potentially verv high fluorescent capture is develope:!.

8.0 Optical fibre macrobends

In general, bends can be introGuced to optical fibres as long as the radius of curvature is greater
than the limit imposed by stress on the fibre {(outer surface tension and inner surface

compression) as defined below!™™:

» 7 0.002 (1)

where b is the radius of the fibre taper at the bend and R, is the radius of curvature.

For example, with a tapered fibre radius of 0.5 um, the bend radius should be greater than
250 um (0.25mm} in order to maintain a bend without stress losses or fracture. Typically,

bend radii of 0.5 to 1.0 mm could be used without excess loss or treakage. The total




transmission loss of the tapered fibre loop was 0.1 dB or less; the intreduction of the bend did
not significantly add to the total loss through the tapered fibre.

Other researchers have used such macrobends with multimode sensors w0 induce losses” ™.

A stripped (etched or melied with a CO, laser) multimode fibre is used as a refractometer,
with the bend intreduced to enhance the loss when the sensor was placed in contact with a
medium of differing refractive index (in th.is case, the presence of water). Pressure, strain and
magnetic sensors based on a biconically tapered (asymmetric) single-mode fibre with a bend
radius of 62 mm have been constructed™ !, These structures are tov large to be used with

type of sample volume expected for biochemical systems.

8.1 Applying the macrobend to the single mode tapered fibre

Structures that have approximately the same scale as desirable for the fibre loop sensor have
been developed "™ *!. Some of these were made to radii of curvatures that wers even smaller
than the stress considerations would allow, and did not exhibit any breakage. Some
preliminary theoretical work has been done to examine the actaal etfect of curvature changes
along the taper, rather than simply applying the stress formula for untapered fibres. The Love
slowness criterion introduzed in Chapter 4 was applied to define a critical value for the radius
of curvature with the distance along the curved taper axis. A proposed function for this relation
was defined by Birks et al ", which is not as easy to appiy as the first formula. An example
of the improvement in reduction of scale is given by the authors, who were able to bend a
15 um diameter tapered fibre about a C.75 mm bend radius with negligible loss. The fibre
stress formula would predict a much larger radius, 3.75 mm, as a limit, so the revised approach
is certainly attractive. The authors further suggesied a thinner taper could be bent in almost

any manner without loss.

In this work, the initial tapered fibres with macrobends were bent entirely by hand, and it was
necessary to he conservative in the size of macrobend constructed. Further, an inability to
measure the final taper waist diameter achieved in each case of tapering uatil after the taper
loop was mounted required that 2 worst case assumption be made (in terms of thickness of

waist diameter). Taxing these various limitations into account, a fibre mount was constiucted
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Fibre loop, with Mount
taper waist at apex. ‘ ;

Fibre

Solution is placed in the cap, and recogaition
svents occur on the surface of loop waveguide

Figure 8.1  Support for initial version of tapered single mode fibre loop sensor, cut
away view. The upper half of the mount is placed over the bottom half with
the fibre fixed in place; a cap can be placed over the complete mount to
protect the taper loop or to allow chemical interactions to take place.

to accommodate a radius of curvature of 1.0 mm as depicted in Figure 1. Loops of this bend

radius were made repeatedly without significant transmission loss (0.1 dB or less).

Subsequently, macrobends with a radius of 0.5 mm were made without difficulty.

Now that a much simpler configuration, with suitably low loss, had been devised, practical
application of coatings to make the system specific to the desired chemistry was possible.
Silanisation with an appropriate organofunctional silane could be used tc introduce
appt opriate functional groups onto the silica fibre surface, without contaminating the mount.

The tapered fibre loop could interact simply with the samples.

8.2 Use of the tapered single mode fibre loop in an immunoassay

The use of opticai fibres with timmohilised recognition elements for immunoassay sensors is

well known'™™,

In generai, the fibre sensor will not be affected by fluorescence trom
molecules spaced away from the waveguide (i.e., background interference). This method not
only allows the presence or absence of the tluorescent indicator to be detected but also enables

quantitative measureraents to he made. The biochemiczal materials bound to the waveguide




surface exhibit fluorescence in response to a change in the amount of analyte present (either

quenching, the introduction of a fluorescent label, or a two-step fleorescent label assay).

To examine the tapered fibre loop in a fluorescent-based immunoassay, either tluorophores
or recognition elements used with secondary fluorophore reactants were silanised directly to
the fibre surface. If the fluorescence occured in the entire region surrounding the silanised

tapered fibre, then the fluorescent collection efficiency would be given by Equation 2,

_ log, V(NA)?
Vi o (2)

The tapered silanised fibre loop used for this analysis had a numerical aperture of 0.59 in the
taper waist region where the external refractive index was 1.32, cladding refractive index was
1.458, taper radius p was 0.5 microns, and the wavelength of the expected fluorescence was
0.526 microns. Using this equation, the fluorescence capture efficiency was anticipated to be
0.13%. This assumed that the refractive index of the molecular layer of fluorescein
isothiocyanate (FITC) and silane (and other proteins for appropriate linking) immediately
adjacent to the fibre was negligible. However, even if a near-monolayer coating was applied,
some effect was likely to be seen. In practise, a monolayer was not found, as illustrated in

the scanning electron microscope photograph in Figure 2.

The coating here is approximately {60 nm in depth, which implies that for the tapers used in
this immunoassay study, a coating about 1/3 as thick as the waveguide itself surrounds it. The
fluorescent molecules appear to act as a thin surface layer radiating around the waveguide in
dimensions significant to it. In order to take this into account, the fluorescence capture
efficiency must again be evaluated from the surface to a small distance away, i.c., p to
p + 3 p to arrive at the appropriate efticiency, which is the same as used in the penicillinase
experiment,
2 log,V(NAY

v n (1)

86



—g 2

Figure 8.2 Surface of a fibre with CTP;-BSA attached to the silanised fibre at 2 micron
resolution. NB: this section of the fibre is not at the toper waist.

Thus the expected fluorescence capture rate would now be 0.27 % (including rounding). it
is important to realise that there is 2 fundamental limitation in comparing theoretically derived
fluorescent capture levels and experimentally measured ones. Inan experimental set-up,
typically the actual orientation and absorpiion cross-section of individual molecules are not
known, nor is the quantum efficiency of the fluorophore. Experimental efficiency is based
on the ratio of total collected fluorescent powet (collecting energy at wavelengths above the
pump wavelength having performed suitabie Spectroscopic analysis) to input power
(measured via a suitable coupler). The pump power must be assumed to be completely
absorbed, or the residual amouat measured and subtracted from the denominater.
Nonetheless, the theoretical captui® fevels should be upper limits of possible sensitivity of
the system, and these are used as a figure of ment. The experimental study performed on
immobilised material on the tapered loop sensor was developed in order to verify that the

theoretical level predicted by this second model adequately represented the effective
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waveguide system of tapered fibre plus protein layer. ‘This required investigation of a number

of simple mode! systems.

8.2.1 Model systems based on silanisation and the avidin-biotin
interaction

One of the most useful interactions in immunochemistry involves the specific binding of the
water-soluble vitamin biotin to the egg white protein avidin'. Avidin is a tetramer containing
four identical subunits of molecular weight 15,000. Each subunit contains a high affinity
binding site for biotin with an extremely low dissociation constant. The binding is undisturbed
by extremes of pH, buffer salts, or even chaotropic agents, such as guanidine hydrochloride
(up to 3 M). The strength of the avidin-biotin interaction, the strongest known noncovalent
biological recognition between protein and ligand, has provided researchers wiik a unique

tool for use in immunoassays and protein isolation.

The avidin-biotin system is particularly well-suited for use as a sandwich or bridging system,
in association with antibody-antigen interactions. The biotin molecule can easily be activated
and coupled to either antigens or antibodies, usually with complete retention of activity.
Subsequently, avidin can be conjugated with fluorochromes and used as a high affinity
secondary reagent to greatly increase the sensitivity of an assay. or to make it optically
detectable. The model systems used to initially examine the protein-tapered fibre loop
waveguide system were very simplistic: first, FITC alone was bound to a silanised tapered
fibre loop, then FITC-labeiled avidin directly to the loop, and then FITC-labelled avidin was
allowed to react with a tapered fibre loop with biotin silanised to it. Lastly, a more complex
system was examined with FITC-labelled synthetic peptide CTP, bound to a carrier protein
BSA (CTP, and its significance as an epitope for cholera toxin will be discussed in Chapter
9) attached to the silanised fibre as a preliminary measure for an antigen-antibody

immunoassay.

T [140, 141, i42, 143, 187, 251, 260, 409]
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8.2.1.1 Chemical preparation of the tapered fibre loop

Various methods of attaching these fluorophores to the optical fibre surface were explored.
The silanes used for the chemical binding were specific to the functional groups present. In
all cases, the solutions used were placed in a cap that fitted over the end of the tapered loop.
In the case of FIT(; alone and NHS (N-hydroxysuccinimide ester of) -biotin an
amino-functional silane was used. This required that the tapered fibre loop be activated with
3-aminopropyltriethoxysilane ai 50° C for one hour. The fibre loop was rinsed thoroughly,
and then | mg/ml FITC in 100 mM sodium phosphate buffer pH 8.3 or an equivalent amount
of NHS-biotin was incubated in a cap at room temperature (taken to be 25° C) for an hour.
The fibre loop was rinsed extensively with buffer to remove any unbound material and stored
with buffer solution. For either FITC-avidin or FITC-labelled synthetic CTP,-BSA,
3-2lycidoxypropyltrimethylsilane was reacted with the tapered fibie loop for one hour at room
temperature. Vicinal diols were formed after hydrolysis of the oxide furction by using 11.6
mM HCI at 9C° C for one hour. Aldehyde groups were then formed by oxidation by 0.1M
NalO, dissolved in 10% (volume to volume) acetic acid placed in a cap and reacted for another
hour at room temperature. Lastly, cither FITC-avidin or FTTC-labelled synthetic CTP,-BSA
were reacted with the tapered fibre loop for an hour, and then the loop was rinsed exhaustively
with buffer solution (the same as used in the amino-functional silane protocol) and stored with
a cap filled with the same buffer. A pictorial representation of these functional groups, as

they attach to the silica fibre surface, is shown in Figure 3.

8.2.1.2 Fluorescent measurements

The 488 nm line of a water-cooled argon-ion laser (Coherent Innova 90-5), passed through
an optical chopper, was used to excite the tluorophore. The fluorescent light from the excited
bound fluorophores was coupled into the guided mode of the taper. The input wavelength
was removed with 2 high pass wavelength filter (OD 515 nm) which allowed wavelengths at
or above 515 nm to pass through it; this completely blocked out (50 dB loss or more) the

excitation wavelength. The filtered light, emissions from the captured fluorescence, was then
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Figure 8.3  Modification of terminal group of silane, attached to silica fibre surface, to
bind protein

detected by a large area phioto diode. Voltage levels (converted from the current output of
the photodiode) were recorded with a lock-in detector linked to the optical chopper. The
lock-in detector was linked to a personal computer via an analogue to digital data acquisition
card. Initial measurements of the excitation wavelength through the OD 515 nm filter were
made and found to give statistically negligible readings. The photo diode alone, without any
illumination source other than ambient light (the photo dinde was mounted with a pin hole
cover suitable for insertion of an optical fibre), gave extremely low readings, which were used
in conjunction with the filter readings to give a noise level for comparison to the fluorescent
readings. Fortunately, all the fluorescent emissions were found to be at least three orders of
magnitude higher than the baseline noise level. The optical launch of the fibre did not need
to be disturbed while the cap was filled with sample solutions, nor while the locp was being
rinsed. A baseline fluorescence reading of a fibre loop in contact with | mg/ml FITC in

solution (not bound to the fibre surface) was made as weli.

The fluorescence levels captured from FITC attached directly to the silanised tapered fitre
were in line with what was predicted by theory, as was the fluorescence measured for the

FITC in solution. All the other mndel systems, however, exhibited fluorescence levels

significantly higher than expected. This is shown in Table 1.




System Power measured (mW) | Percentage of input power (%)
Predicted (theoretical) level| ~ 0.00892 0.268
FITC 0.0071 0.197
FITC in solution 0.0006 0.016
FITC-Avidin 0.096 2.67
Biotin-FITC-Avidin 0.091 2.53
FITC-CTP3-BSA 0.12 3.33

Table 8.1 Fluorescence levels of various fluorescent or fluorescently-labelled proteins
in contact with: the tapered fibre. Input power was 3.8 mW at 488 nm.

There are several ways to attempt to explain this result. A simple solution wculd be to note
that the theoretical treatment of the fluorescing molecules on the surface of the optical
waveguide assumes an equal density of fluorophores for all cases. This is certainly not the
case since the number of FITC molecules that could bind to the fibre depends on the number
of potentially accessible lysine groups (the hiotin binding site of avidin may be sterically
hindered when certain groups™®' are present near the lysing). In both the FITC-avidin and
biotin-FITC-avidin systems, up to 10 FITC melecules could bind per avidin (though in
practise only 6-7 are normally bound); for the FITC-BSA-CTP, el system more than 40 FITC
molecules may be bound {though only 24-28 would be expected). 1. this is taken into account
simply by multiplying ihe fluorescent effect by the number of FITC possible per protein

molecile, then the levels described b Tabie 2 are anticipated.

System Maximum Level expected in Measured level, %
expected level | practice (i.e., 7 out of 10
¥ITC moiecules), %
FITC 0.268 0.268 0.197
FITC-Avidin 2.68 1.88 2.67
FITC-Biotin-Avidin 2.68 1.88 2.53
FITC-CTP3-BSA 10.72 7.5 333

o——i

Table 8.2 Fluorescent levels with simplistic fluorophore quantification.
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Although this seems to address the situation, it is not a very satisfactory explanation when the
physical aspects of the protein are taken into account. Avidin is simply huge compared to
FITC alone (molecular weights of = 60,000 and 400, respectively). It is extremely unlikely
that the fluorophore density in the volume surrounding the taper is distributed in such a
multiplicatively-simplistic manner. These molecules will not occupy the saine volume, and
certainly not while on a surface™?. Itis more likely that another explanation is more plausible.
When these tapered fibre loops were first considered {or use in immunozssays, it was assumed
that a monolayer or insignificantly thin layer (from the viewpoint of the wavelength of light
utilised) would be attached. Although this appears to be true for silane alone (see Figure 4)
or FITC in c.ajunction with silane (borne out by Table 2), it certainly is not true for protein
coats. A number of methods were used to assess the surface yield (i.e., amount bound per

surface area) as well as the thickness of the attached layer.

Figure 8.4  Surface of tapered fibre loop with only silane (3-aminopropyltriethoxy-
stlarie) at 2 micron resolution
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Figure 8.5  Yield of SAED molecuies covalently bound th: ough a siiarisation process to
the surface of the fibre.

8.22  Surface yield determination

Twa chemical metheds of determining surface yield were attempted. First, a fluorescent
technique based on SAED (sulfosuccinimidyl 2-(7-azido-4-methyl coumarin-3-acetomido)
ethyl-1,3’-dithiopropionate) and its interaction with TCEP-HCI (tris(2-carboxyethyl)
phosphine) was tried. Next, these results were compared to radio-isotope protein yields

derived from gamma counts,

SAED can be bound, using the 3-glycidoxypropyltrimethylsilane protocol, to fibres with 2
measured surface area. This molzcule has 2 double sulphide bond that can be cleaved with a
reducing molecule, TCEP. The part that is removed is the mobile fluorescent moicty. The
fluorescence of these detached fluorophores could be measured on a fluorescence
spectrometer and compared to reference concentrations. The resulting yield is calculated to
be approximately 0.6 to 5.6 molecules /A’ or 46-125 pg/mm’ . This is shown in Figure 5.
This calculation pre-supposes a surface area, rather than a volume. It is likely, if the upper
range of the calculation is used, that the layer is at lzast § molecules thick. Another method

was needed for comparison.
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A radioassay was performed based or: the gamma counts from sodium '®I. Fibres of known
surface area were prepared and bound through thie amino-functional silane assay (Appendix
III) to a commercially purified peptide (Arginine-Lysine-Aspartic Acid-Valine-Tyrosine
peptide). The sodium 'B1 should bind to the tyrosine in a 1:] manner, thus allowing a good
approximation of the number of protein molecules actually binding to the silanised fibre.
Gamma counts of solutions with known concentrations of sodiuin **I were compared to these
received for the radiozctive fibres, yielding approximately 0.01 molecules/A’ and 125ng/mm?,

2733

which was about 10-15 times more than expected for a surface area™”. The peptide was

attached to the fibre with an amino-silane, which typically does give rise to thicker (heavier)

(109, 372)

protein layers . This confirmed the notion that the protein layer was many molecules,

possibly up tol0, thick.

Lastly, scanning electron microscopy of the fiore surfaces was used to assess thicknesses of
various protein layers. Rough measurement of the thickness of the layer was possible from

photos such as shown in Figure 6, which shows a thickness up to approxiinately 250 nm. The

Figure 8.6  Surface of a fibre with CTP,-BSA attached to silunised surface. at 200 nm
resolution.
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surface layer must indeed occupy a volume, as opposed to a two-dimensional surface area.

As shown in Figure 7, the protein coatings were smooth from the standgoint of the optical

Figure 8.7  500nm resolution of fibre with CTP;-BSA attached to silanised surface.
Protein coat appears to be optically smooth.

wavelength (500 nm). This information, in conjunction with estimates for the index of
refraction of the protein layer, were used to develop a model for the behaviour of the

fluorescent light in the protein-tapered fibre waveguides.

8.3 Novel waveguide concept

Since careful definition of the protein conformation and binding behaviour was not possible,
itis perhaps better tc look at the optical field in conjunction with what information is available
about the nature of the waveguide. The surface examination methods seemed to be consistent
with one another in establishing that a multi-layer of protein built up around the optical fibre

that remained accessible to the sample, and that was optically smooth. If this is the case, then
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the protein coat could be acting as an effective waveguide in and of itself, and depending on

the actual thickness and index of refraction of the material, the fluorescence generatzd in this
protein waveguide may couple into the mode of the tapered fibre. Using the computer
program described in Chapter 3 to analyse the modal field evolution through the tapered region
near the taper waist, a four layer problem was evaluated, with the efractive index profile as
shown in Figure 8. The thickncss of the protein coating {silane, protein, fluorescent label) is

approximated at 0.15 pm consistent with estimates from SEM photographs, and an estimated

distarce from core

Figure 8.8  Refractive index prefile used in the compuier model to analyse optical field
propagation for the taper waist region. Letter a is the core dimension: b
represents the extent of the cladding; ¢ is representative of the protein
coating extent; and d is the buffer extent (which, as far as the model is
concerned, extends o infinity).

index of refraction of 1.6 is used for the external protein coating™ "™,

As the evanescent field of the tapered fibre mode interacts with material silanised on its
surface, the attached fluorophores generate fluorescence which is actually carried along inits
own mode. The energy of the waveguide is now in both the fihre as well as the exiemnal protein
layer. The interaction between the evanescent ficld of the tapered fibre loop fibie mode
(core-guided) and the fluorescent mode of the protein fayer (protein ring) occurs mainly at
the taper waist. Figure 9 shows a possible evolution of light through the taper from the

viewpoint of the total mode of the waveguide system (i.e., the combination of of the protcin

96



s e et oo b

1.2 um —alii
(s)

sbaB. .
%

NS
) s [
\k M)J
47 pm ]
e A {c.m u

e © ‘ - ®
Ly et
[V} [Fid
aof

.‘ -

»

-

-

-

-

(% 5 2
NS

a1
" 11
i) = 188 um ? b )

r—
LX LY
- @
[N
a a v ummil 2] wa
u
{ 1 0 ) Q,(M’:

Figure 8.9  Possible evolution of light th=nugh the taper

ring and core- guided modes). Atths taper waist (Figure 9), a significant portion of the guided
optical field is found in the fluorescent layer. As the mode iravels along the taper it sves u
fibre core of gradually increasing diameter, and the mode adiabaticaily evolves into a core
guided mode when the fibre retumns to its full diameter (Figure 9d). Figures 9b and 9¢ show
the field at two intermediate points aleng the fibre.

The mode suppoited by the total waveguide structure depends critically on the thickness of
the protein layer. If the protein layer is 150 nm thick, as assumed here, the mode showr
Figure 9 evolves: this is a second order mode, not the vadamental mode. The fundamentai
mode would be light guided as a ring shaped mode by the fluorescent layer, which is seen at
thinner layers. The propagation constant of the fundarsental mode does not intersect the f§ of
any other moces, and so the zvoiution of this mode can occur adiabatically without coupling.

The fluorescence capture efficiency initially increases as the protein layer decreases to about
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100 nm, where the modal propagation constant crosses that of the ring type mode, which will

allow modal coupling of power at some point along the taper - an additional, nnon-adiabatic
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Figure 8.10  Effect of the thickness of the protein coat on the propaygation constants, (s,
(curves on graphs) of the fibre and fluorescent modes. When the crating is
0.2 uma), the twe Bs are far awav; when the caating is cut 1o 0.15 um (b),
the two s move closer. When the coating i< reduced siill further to 0.10
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trznsfer of energy, as shown in Figuse 0. Reducing the coating thickness sidll further once

again allows the modes to evoive adiabatically, without interaction.
2 y

An interesting point to note is that the cladding mode and the fibre mude never interact, even
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Figure 8.11 Inverse taper siope as a function of V number cf fibre: lower curve is for
the fibre mode(i.e., measired on an actucl taper); upper curves are for the
cladding mode at two coating thicknesses - 0.3 microns and 0.15 microns.
R:ducing the coating thickness only rioves the tvo sets of propagution
coristants further away.

as the external coating thickness changes, as seen in Figure 11. It is only the protin ring

mode that interacts with the corc-guided fibre mode.

8.4 Conclusions

Although the exact experimental parameters were not knewn, this effective waveguide mode!
describes a method in which the observed levels of flucrescent capture could occur. I fact,
the external refractive index of the external buffer solution serves to enhance this effect, as
sezn in Figurc 12. I¢ must also be pointed out *hat non-adiabatic power transfer could have
occured, and not been noted as nron-adiabatic behaviour, as the input power was measured 0
the taper (via a fuscd fibre coupler) and the fluorescent power measured at the output end.
Confirmation of low splice and transraission loss through the coupler-loop optical circuit is

performed prior tc the fluorescent sandwich assay. Further, the exact dimensions of the taper
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Figure 8.12  Fiuorescence capture efficiency as a function of protein coaiing ihickness,
given a fixed index of refraction for the protein layer. The external index of
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theoretic:! fluorescence capture efficiency, based un ihe totai fluorescent
energy generated.

waist and the protein coat are not known individually, as the SEM process is desiructive to

the sensor. Thus real values cannot be used in the computer model. Repeatzdly makirg tapers

of (statistically) known slcpe and waist diameter shou!d he a focus for future work. Assessing
the index of refraction of the protein ceat could be done on a  behavioural basis, if the

dimensinns of the entire waveguide system are known, and additional measurements o

confirm adiabatic behaviour (or not) are made. Also, the behaviour of proteins as a portion

of an immunoassay do not behave identically as those proieins pre-labelled with a maximum
number of fluorophores, as used in the experiments in this chapter. The measurements made
nere do, however, demonstrate the ability of the coated tapered single mede fibre toop to
capiure far more fluorsscence than is possible with a multimude system, even without
adjustment of \he extemal refractive index. Tapered fibre loop devices with low transmission
loss, as expected, couid pe repeatedly made. The use of silanisation to apply selective
elements was demonstrated, and a more complete sensor for a specific analyte could be

devised. A funther assay was performed to model the tapered fibre loop’s capatilities in a

inore realistic antibody/antigen assay, examining "more interesting”  chemistries, as is

duscribed in Chapter 9.
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Chapter 9

Realistic chemisiries applied to the
tapered single mode optical fibre loop

Summary

As discussed in Chapter 7, the immokilisation of penicillinase ento an optical
fibre is not very interesting from a practical chemistry viewpoint, ncr were the
model analyses cf Chapter 8. In this chapter, the use of silanisation procedures
in conjunction with more generic recognition elements are discussed, as is the
behaviour of the tapered single mode fibre loop as a "true” seasor. A more
complete immunoassay than the model systems of Chapter 8 is carried oit. and
the sensitivity of the device discussedl.

9.0 Selective elements for optical fibre immuncsensors

Antibcdy-antigen pairs, as well as enzyme-substrate ones, are suitable recognition elements
for immunosenscrs. Both of these sets of proteins can cimost uniquely respond te their
respective other half, and it suitably chosen or labelled, can release opucal information. The
immobilisation of a protein to a silica-type waveguide can be accomplished covalently through
the nse of silanisativn processes. Once immobilised, these recognition elements may be

re-used, with obvious economic advantages.

9.1 Reusable probes

Typically, it is desirable that a sensor system he reusable in some manner. In the case of the
penicillin sensor, this was relatively simple to regenerate as the peniciilin did not bind
sufficiently icnaciously to the recognition element, and repeated rinsing with bufters could
restore the tapered fibre to 1ts original configuration, In the case of antihody-antigen reactions,
this regeneration is not necessarily as simple. Two techniques were explored: the replacement

of the recognition element silanised to the fibre was investigated, as was the regeneration of




a reactive antigen (to allow repeated interaction) similarly attachcd to the waveguide. These

two approaches gave some measvre of the capability of the fibre icop system as a reusable

Sensor.
9.1.1  Replacement recognition entity investigation

The zbility to completely replace the recognition elemeant on the loop sensor was investigated
first. The fibre loop is silica, made from the York Technology single mode fibre. The tapered
fibre loop was silanised with 3-mercaptopropyltrimethoxysilane for one hour at 70° C. Next

a dithio was added to the silanised fibre loop with Ellman’s reagent

(5.5"dithio-bis-(2-nitrobenzoic acid)), shown in Figure 1. This allows the formation of a

Tapered

\ fibie loop {
Si—S~—S O MO,

/
coo~

Figure 9.1  Bound Ellman’s reagent 5,5'-Dithio-bis-(2-nitrebenzoic acid); figure is not
to scale.

mercaptosilane-TNB (2-mtro-5-thiobenzoic acid) conjugate. Once the binding of El'man’s
reagent had been confirmed through the use of a cysteine-standard (cysieine is used here as
a prokein standard for the ELISA controi as was BSA in the penicillinase cxperiment)
ELISA-based process, the conjugated di-sulphide group was carhoxylated with
mercaptopropionic acid, releasing 2-nitriv-S-thiobenzoic acid, which could be monitored
using the cysteine stancdard. The prowein of interest (enzyme, antigen, antibody) could then
be added to the treated loop through the use of N-hydroxysuccinimide and
N,N’-dicyclohexylcarhodiimide!®*, ard finally the protein itself. A disulfhydryl could be
reformea with treatment by mercaptopropionic acid, and subsegnent amination would aliow

another protein 0 be attached to the fibre.

This chemically-treated taperéd fibre loop system was tested with the addition of

FITC-labelled 2vidin. Once the fluorinated prowein was bound to the loop, ihe fibre was
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illuminated with the 488 nm line of an argon-ion laser (Coherent Innova 90-5). Fluorescent
light was ccllected at the far end of the fibre thicugh an OD-515 filter, which served to remove
the pump beam, comtined with a large area phote diode. The loop was treated with the
mercapropropionic acid to release the protein, and the fluorescent power was monitcred and
seen to go to zero. Another sciution of FITC-avidin was added after the fibre had heen treated
with N-hydroxysuccinimide and N, N’-dicyclohexylcarbodiimide, and the flucrescent power
recovered to similar levels when compared to the signal from the intially-treatzd fibre loop.
The ability to change the recognition clement "on the ge” for tests of multiple analytes is
attractive, but the chemistry used was time-consuming and involved reagents that must be

handied in a laboratory environment. Potentially, a better option would be to have muitiple

loops present if multiple analyte testing is desired.

9.1.2  Reusable probe with attached antigen

In this immunoassay, the presence of cholera toxin (CT) antibodies were sensed to test the
ability of the recognition element to regenerate its scsponsiveness. An appropriate detection
element, either tiie D subunit of choleia toxin or CTP,, a well-established epitope for the toxin,
were lirked to a silanised tapered tibre lonp. A twc-step process was invesidgated using
samples from blood drawn from velunteers who had expressed symptoms of cholera. If
chulera toxin antivodies were in solution. they would bind to the antigen on the silanised fibre
loop. The loop was then exposed to 2 labelling solution, containing fluorophores which would
in turn bind to the antibodies on the loop if any were present. The regeneration of the system
was tested by repeated us= of the same concentration level (or titer) of a given blood sample
in conjunction with a chaotropic solution, 0.1M glycine hydrochloride at pH 2.4, exposed to
the silanised loop-antibody-fluorescent label system for 1 minute. This limit was chesen after
varying exposurt times to the g!ycine and sampie solutions, as shown in Figures 2 and 3. The
original flucrescent signal measured at the first incidence of testing was {ound repeatedly
(using the same dilution level several times), verifying the viability of this simple regeneraticn

techrique.
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Figure 9.2  Restoration of expected reading after varving the time of exposure to the
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Figure 9.3 Variation of signal received upon variction of sample exposure time, at a
fixed exposure time (30 seconds) to the regeneration buffer.

2.2 Compiete assay of choiera toxin antiboedies

The taperad portion of the optica! ribre is initially treated with a svitable binding agent, in this
case 3-glycidoxypropvitrimethoxysilane, following the protocol laid out in Appendix 1L
This may be achieved. as shown in Figure 4. by filling the cap with the silane, placing it over
the {ibre ioop, and incubating it for an heur at 50° C. The sitanised nptical fibre is then treawed

in the same maaner as described in the application of the modzl analytes of Chapter 8. The
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end result is a tapered fibre loop with a recognition element for cholera toxin antibodies hound
to its surface. The loop with either bound CTB or CT3 subunit derived synthetic peptide
(CTP,) «ntigens is then placed in the solution potentially containing CT antibodies. Finally,
the oprical fibre having the . 'nd antigen and antibodies is exposed to a solution of
flucrescently labeiled anti-IgG wnd -igA which 'ill bind to the antibodies, if present. The
presence of fluorescence then indicates the presence of the cholera antibody, and the
wavelength (526 nm ter FITC-1gG, 575 am for TRITC-igA) determines which

immunoglobulin was present.

9.2.1 Backgiound of the samples used for the immuncassay

This assay examines the sensitivity of the tapered fibre loop sensor to the rresence of anii-CT
IgG or IgA antibedies to sera samples obtained from human volumeer studies exposing them
to live, fully virulent pathogenic Vibrio cholerae 1. The samples were cowifed from Dr M.
M. Levine of tlie Center for Vaccine Development at the University of Maryland School of
Medicine and preparcd for use with the tapered optical fibre loops by Dr R. S. Marks of the
Institute of Ricicrhrology at the University of Cambridge. Punfied CTP, samples were
prepared by Dr R. S. Marks while at the Weizmaen Instircte of Science, Rehovot, Israel. All
the measurements with the fibres wers accomplished in the Engineering Department of the
University of Cambridge. The sera used as a basis of the dilwied titers (Appendix UI) were
ottained from human volunteers before (pre-simym) and 28 days afier (post-serum) oral
challenge with fully enteropathogenic Vibrio choierae 01 Ciassical strain Inaba S69B. All
sera used were from those volunteers who had shewn both diarrhea and postiiive stool cultures
for Vibrio cholerce G1. Tc.al reactivity to cholera toxin was determined by standard ELISA

processes™™. All other reagents used were purchased from Pierce & Warriner.

Cho’ers toxin B subunit-derived synthetic peptide (CTP,) is o well-described epitepe!™ for
cholerz ioxin. An epitop= simulates the toxin antigen without carrying the pathogenic activity.

Cholera vsas selected as 2 suitable basis for a realistic immunoassay’.

T [43,116,170,171 .250,289,332,157,165,374.6,376]
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9.2.1.2 Fluorescent measurements ornid rageneration of antigen activity

A water-cooled argon-ion laser (Coherent Innova 90-5) was used as the excitation source for
beth fleorophores; the 485 nm line was used to excite the FITC-labelled IgG and the 514 nm
line was used to excite the TRITC-labelled IgA. The labelled immunoglobuiins were appiied
simultaneously. The 514 nm line did not excite the FITC nor did the 488 nm line excite the
TRITC. The reading for the FITC-g=nerated fluorescence was taken using an OD-515 nm
fulter, which filtered out the pump power but allowzd the fluorescence (raaxima at 526 nm)
to pass through. The argon-inn laser was then tuned to the 514 nm line (a matter of seconds)
and the fluorescence for the TRITC-generated fluorescence {maxima at 575 nm) was recorded
using an OD-550 filter. The QD-550 fiiter served to filier out the source wavelength (514.5
am). Measurements of input power for 488 nni and 514 nm were taken as well. An optical
chopper in conjunction wih a lock-in detector was use< to record voltage levels from the large
area photo diode. " The signals were passed via an anaiogue to digital card in a personal
computer. Serasamples diluted by a factor of 1:50to 1:26,214,400 (Appendix I1i) were tested
for four patients. Non-specific binding of antihodies or other proteins rather than the cholera
toxin B antibodies was minims.; pre-diseas: onset samples from the same four patients were

tested as well (Appendix HI) and had no significant fluorescent signal other than at the 1:50

0.6 ¢

02} qtient e

Fluorescence level (RITC)

[+ RN J

0.0 et e b e bt b o r s
1:13077C0 1:3776800 Serum titsrs 1:408600
1:2621440C 1:8553600 ':1638400 1:819200 1:204800

Figure 9.4  Fluorescent level of TRITC-labelled IgA as a result of exposure to different
dilution ievels of sera sample.




dilution. This noise level, as well as photo diode noise and total system noise, were used as
a baseline for detection. Signais that could not be recorded S times above the noise level were
rejected. The ininimum detectable dilution for IgA was a titer of 1:26,2144,460, as shown
in Figure 4, and 1:13,107,200 for I3C (and converted to an effective mass), as shown in Figure
5. 1gG was purified through a selective column that extracted only IgG from the original sera

samnle; comparing the amouat of 1gG from a given volume of scra allowed a calculation of

the mass of antibody.
Detection of cholera antitoxin IgC antibodies
using a CTP3—-mouified tapered optica: fibre loop
— | . -
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Figure 9.5  Fiuorescent signal from FITC-labelled IgG versus umount of I3G present in
various dilutions (serial} of sera sample. 1:50 sample frem I ml: 200! of
serum in 080 ! of buffer.

The fluorescent levels seen in this immunoassay are also higher than what can be piedicted
using the p + 8 p estimates, further contirmiing that the coating of the taper loop acts as an
effective waveguide, as discussed in Chapter &. The iluorescent level portrayed on the graphs
represents percent capture of pump power: i.e., 0.5 represents 0.5%, or 20 microvsatts of
fluorescent light received at the end of the fibre taper tor 4 m'¥ input of pump ugh: at the
beginning of the fibre. Note at low concentrations some non-specific binding of the

fluorophore may occur.




9.2 Conclusions

The immuinoass2y investigated ‘wvas not complete in the sense that it did not inciude
cross-rzactivity controls’, as would be optimal. The use of the synthstic peptide helped to
reduce the nen-specific binding in the system, as the peptide is designed to react only with
specific portions of the anti-CT antibodies. However, the overall good levels of sensitivity
are comparable to (and even betier than) current optical systems™ . Morc in-depth
investigations sitculd focus on developing the means to inake repeatable tapers in both waist
thickness and overal! taper length, as well as the ability to appiy layers of known and repeatable

thickness. This wonld allow snitable statistical analysis.

The fluotescent capture levels seen in ihe choiera toxin immuncassay confirm the novel
waveguide stricture, as discussed in Chapter 8. Since the immunoasscy performad here used
wnore realistic assay components than those of Chapter 8, the potential of the tapered single
mode loop to perform as 2 useful element of a sensor cystem is confirmed. Further, the
attractiveness of the tapered fibre loop is enhanced by the ability to re-use the system through
a relatively simple process of chemical treatment. The tapered bre loop can potentially be

exploited in other areas of chemical and biological sensing, as is discussed in Chapter 10.

1 183.180.435.226.376]
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Chapter 10

A T e I T S A

Conclusions and proposals
for future work

Summary

This chapter discusses future work that could be carried out to refine the
characteristics of the tapered fibre loop. A number of straight-forward follow-on
experiments are proposed. The overall results of this research, as presented in
this dissertation, are summarised.

10.0 Fuiure work

The studies performed in the course of this research have demoenstrated the concept of a novel
waveguide sysicm adapted for use in biological and chemical sensing applications. The
various experiments discussed in this thesis established a proof of principle. In order for the
limits of performance of the taper zingle mode loop fibre sensor to be well-defined, much
more work must be done to statistically establish the requirements for the seiective coating
(vefractive index and thickness), the uniformity of layer, the required taper length, waist
giameter and radius of curvature. This sensor then can be applied towards other areas of

interesting research with 2 well-defined understanding of its exnected behaviour.

10.1 Luminescent Techniques

A physical system emitting luminescencs is losing energy and some form of energy must be
supplied from elsewhere. Most kinds of luminescence are defined according to the source
from which this energy is derived.  Energy from a chemical reaction may cacite
chemiluminescence, 2nd chemiluminescence reactons taking place in living organisms give

(298]

rise to biolumirescence Bioluminescent reactions are generally catalysed by specific

enrymes of ‘luciferases’. Considerable interest wn applying luminescent techniques to optical
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fibres has been seen 2s this would eliminate the (potentially) costly light source from the
sensor system. However, the problem of detecting the luminescence remains. Because of the
unpredictability of the light source, signal to noise ratios are likely to be lower than those
generated by fluorescent systems. No optical chopper at the scurce can be used to influence
the behavicur of received light An optical coupler could be used in conjunction with the
system in order o0 give a background "dark” reading to compare to the signal at a specific
wavelength, integrated over time. There are a number of chemical systems currently reporied
in the literature that have been, or couid be, used in conjunction with optical fibres’. Many
of these systems rely upon the use of a membrane to attach the chemical elements to the nptical
fibre tip. This would net be mquired in the case of a tapered optical ribre, and depending on
the system being used. a relatively simple optical detection device could be used (photodiode
in conjunction with a selective wavelength fiiier). Apglicztion of the luminescent material in
layers of contrellzble thickness and uniformity would have to be tried belore the efiicacy of

such a system could be determined.

10.2 Surface piasmon resenance (SPR)

Another method of examining chemical behaviour cculd rely on the application of a thin
metallic film to the tapered fibre. Surface plasmon waves, as discussed in Chapter 2, have
traditionally been used in conjunction with evanescent waves of opticai systems. The usc of
optical fibre would elimina‘e the requirement of coupling the light in and out of a prism, as
typically used in SPR applications'™“"". Further, the use of a thin (500 A ) film of silver
provides a surface for chemical depositicn with well-known characteristics, simplifying the
chemical requirement for a tapered singie mode fibre sensor. Work by othier researchers '™
has utilised multimode fibre, with its inhere 't complexities of density of modes propagoting
and the bchaviour of each one. The change of diameter along the taper to and frem the waist

serves to change the effective index of refraction, n_,, and this can be used in Equation | below

to phase match with the plasia mode.

t 1i,23,122,126.127.128,206,207,244 82 04, 1 60, 188,209,224, 285}
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n K

2

g = ==
“ K'=n (1)

n, is the external index to the fibre/metal surface, usually 1.32 in biochemical

assays. K is the imaginary part of the metal’s refractive index.

As in the effective waveguide system described in Chapter 7, the two modes at some point
along the taper can couple energy from one to the other. It should be possible io measure
changes in external refractive index as shifts in the output SPR wavelength spectrum with a
silver (or gold)-coated apered fibre loop.

10.3 Visible wavelength semiconductor laser as light sources

Another potential area for improvement of this fibre loop is to apply a different sort of laser
source. Systems such as water-cooled argon-ion laser are very stable, very efficient, and
typically very large and expersive. Recent developments in bluc semiconductor lasers.
particularly those expected to be uvailable soon from Conerent, will allow a much less
expensive and bulky laser system to be coupled directly into the input end of the tapered single
mode fibre lcop sensor. Further, modulating the semiconductor laser und providing that
modulation as a reference signal is a simple matter. The experimental work performed
throughout this research relied upon o low input power levels, with much of the tapered fibre
work performed with input powers below 4 mW. Several scurces currently avaiiable can
provide this leve! of power. Remaining in the visible spectrum allows the use of common
flucrescent labels such as fluorescein and rhodamine derivatives. Numercas
fluorescent-based assays and protocols currentiy exist and can be readily applied to the tapered
fibre system. The inherent sensitivity of the fibre sansor would provide benefit as a diagnostic
tool. With the influx of blue (and other visible) wavelength semiconductor lasers into the
marketplace, the cost of such components will drop from prohibitively high levels {as have

other laser components done in the past).




10.4 Conclusion

This dissertation has presented the development of a new optical fibre biochemical sensor
based on a tapered single mode optical fibre loop. This senser’s characteristics have been
demonstrated t¢ he orders of magnitude better than those of existing, multimode evanescent
field fibre devices. Initially, the ability of the tapered fibre itseif to perform evanescent
absorption as well as {luorescent capture werz demonstrated. Next, the robustness of the
tapereg single mode fibre in 2 macrobend (loop) was corfirmed, and its ability to perform as
a waveguide re-esublished. The loeped configaration led to the discovery of a new effective
waveguide system that ailows for extremely efficient fluorescent energy capture and thereby
- great semiiivity in tluorescent assays. Tapered fibre loop sensors can therefore be used in
many biochemical assays, and in novel sensing arrangements to gain information about the

chemical constituents of samples.
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Appendix 1

O RN

Summary of Chemical and
Biclogical Sensors

This appendix attempis to summarise most of the information available in the recent literature
on chemical and biological sensing systems. The aticles presented here are arranged by
analyte, and each entry hus the details of the cxperiment described in the article. Many of the
papers discuss optical fibrc sensor systems, though other techniques are represented. The
method ofAdetecting the analyte (ch,aracier) is described in terms of extrinsic (for example, the
waveguide merely carries phetons rather than electrons) or intrinsic (an evanescent reaction
or other inherent character of the sensitive elemeat is used), as well as the means of detection
(property): lumirescence, fluorescence, absorption, reflection, or other technique. The state

of the analyte is reported as gas, liquid, solid, or any other important attribute (i.e., blood).

(a) Bifurcated (bj Coiled
Toput

Output
 Pair, tripist, or bund'e Fibrs may be unclad
of not sround mancrel
(c) Face to face (d) Flow cell
— [

Figure I-1  Sensing arrang'nents used in the chemical/bischemical systems reviewed
in Table 1




(e) One way

(f) Perpendicular

;
i

Fibrq may be taperad, Soauwes Detactor
unciad or simply cleaved Number of reflections can be mutiple
(g) Side by Side (h) Two way
Fihre may be tapered, Fibre may be tapared,
unciad or simply cleaved unclad or simply cleaved

Figure I-1  Sensing arrangements used in the chemical/biochemical systems reviewed
inTable |

The methodology of selectively intcracting is noted: reagent and means of immohilisation.

The access to the sensitive clement of the sensor system is desrcibed - membrane (if needed),

as is the optical fivre und iis armangement (bifurcared, face o face, side by side, coiled,

perpendicular, two way. one way - other technologies are noted in this category). Lastly. the

details of the ortical source and detector element (including type, response time and levels

achievable) are presented.
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Ansiyte Charactar Reagent Mombrane Light Source Dstactor
[Retarence Property | immobilization | Optlcal Fibra Adnput Dynamic Range
_Sample Support Arrar: _i-Analysis | Response
A’I‘P‘ubanDH extrinsic/ reversible | Bacterial luciferase Polyamide Lumioescence MTM
bioluminesceaca Covalest Silia M - Limitof 0.25t0 5
pmol
Aqueous Polyamide Bifurcated 490 nm -
membrane
AP extrinsic/ reversible Moxin Noee Tuagstea halogen PMT
59 white light source
fluorescance Adsorption Sifica 429mm 1x10%10 1 x10* M
Aqueous Cellulose Bifurcaiad 438 nm { to 2 minutes
Alkaline extrigsic/ rever.ible [4-methylumbellifery: Nvion Tungsten halogea PMT
phesphotase (modet phosphctacs whits light source
amlxe)
ua fluorescence Solution Sifica 353 am Limitof 3.6 x 10"
: M
Aquecus Samgpie well Pifurcated 420 nin 5 to 20 seconds
Ammonia intringic/ reversible | p-nitrophenol and FTFE Tungsten halogea PMT
us NH(C1 (aq) white light source
absorption Solution Plastic - 2410%04x10"
M
Aqueous None Rifurcated 404.7 nm 2-4 minuwes
—
Antibodics intrinsic/ irreversivle | FITC/TRITC/Texas Nouns Lacer (7) PD
it Rod
fhaorescence Covalent Plastic 442 am 7y Limit of 106 pM
Aquecus Nooe Two-way (12pered) As appropriats -
Aatibodies exmnsic/ reversidle Rhodantine Noas Argoo-ior. faser PD
(Clortridivas
botmim;t;\“'l"ox‘a Ay fluorezcence Covalent Plastic $14.5 um Limit of & ng/m)
Agueous None Two-way {lapered) 550 nm 1 minute
Antibodies extrinsi/ reversible TRITC + Noes Argomion laser PD
{Clostridium ant:botu'inumns
botulinum) antitodies
(&7
fluorescence Covalemt Fused silica St4.5am (N 10 pi
Aqucous None Two way (tapered) $$am (D) Less than | nupwie
Amibcdies (Cocaine) | catrinsic/ revertibie | Fluorescetn+henzoyl Nooe Argominn larer PD
1%} .
ecgonine
flucrescence Covalent None 514.5 nin Limit of  pph (S
ng/nd)
Aqueous Glass beads Flow cell 4D mn (N 1 minute




Analyte Character Reagant Membrane Light Sourca Detactor
[Reference] Proporty | Immobilization | Optical Fibee A-nput Dynaric Rangs
l Sampie Support Amancement A 3 Rusronse Time
Amntibesties (Cocaine) | extnasic/ reversible Fluorescein + Nore Whais light source PMT
{ beazoylecgonioe
fluorescsace Adsorbed Nooe 450 om Lirait ¢f § ng/mi
Aqueous Sepharose None 520 am Rapid
(approximately 12
seconds)
Am:boii‘o‘e's (1gG) | cxtrinsic/ irreversible | Carboxyfluocescein None Laser (D PD
fluorescence Covalent Plastic 442 am Limit of 0.5 x 10
g/mi (3oM)
Aqueous None Two-way (lapered) $508m Fast
Antibodies (IgG) | exuinsic/ irveversidle | TRITC (Tetramethyt Wone Argos-ion laser FD
B4 ihodamine
isothiocyanate)
fluorescence Covalent Plastic $4.5am Limit of 66 pM or
33ng
Aqueous None Two-way (tapered) $72nm Minutes
Antibodies (I§G) | extninsic/ reversible Eu None Excimer (aser PMT
o 2-aaphthoyitrifluorace
tonate
flucrescence Cuvalent Silica (M 308 nm Limit of 1072 M
(0.1 pg/mi)
Aguzous None One way é!3am Rapid
An'ibo;!lis‘s' (TNTY | intrinsic/ reversibie Texzs Red; CvS Non= Whits light rource Fluorimeter
Nuorescroce Adsorption None 583 nm Lirait o 10 ppd (3
ng/mi)
Aqueors Zlass beads Nose 07 nm Less than 2 munitey
Auibodies‘smme‘) isrinsic/ reveenible ' Benzoyl ecgonine Nom: Whit= light source Fluorimeter
n fiuocescein
Msorescencs Covaleat Note - Limit of ng (pM)
Agqueous Sephrrose heads Flow celi - Less than | miouie
Aotibodies extiinsic/ reversible | Fluorescera + Mab Noee White light source Fluorimeter
dini so0l N
( -m )
Nuorescence Cavalent Noom 490 amn -
Aqueous None Flow el $20nm -
Alrbodil-n;’(hapuu) extriasic/ irreversible FITC Noos HaC'f laser PMT
Tuorescence Covalent Silica 325 nm Limit 25 mM to 259
mM
{ Aquesn None Bihsrexted 420 um S minutes
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Ansiyte Ctaacter Reagert | Membrzne | Light Source Detector
[Raterencej Property | Immobilization | Ogtical Fibve Adnput Dynamic Range
Support | Arranecmerit F!esopr Time
IR i D A R
Antibodies Cuman | intriasic/ reversible ani-hCG 1gG ~ Noone He-Ne laser PMT
chorionic QFITC(quinolizino
gom;xg:;pﬁn) substiiuxed TITC)
fluor=scence Covaleat Nooe 543.5 am 0.83 aM
Aqueous Invdiva phosphate | Planar Waveguide 600 nm Approximaicly 5
l minutes
Antibodies (human | extrinsics reversible Pyridine Nobe He-Cd laser PMT
serum albumin)
N fluocescence Covalent Quartz 325 mm 0.1 to 10 mg/ml
Aqueous None Bifurcated 420 om 2010 30 minures
Adtibodies (humaa | extrinsic/ urevarsible Rhodamioe B Nooe HeNe Jaser PMT
semml :nl!lb'mu'n) izothiocyanats
fluorescence Covalent Silica (D) 543.5 am 10%t0 107 M
Aqueo.is None Two-way (unclad) 79 am 8 minutes
Astibodies | extrinsic/ reversible Texas Red Dialysiz Argot-ion faser PMT
phenytoin} {
= fluocescence Covalem Sitica 314.5 um 110202 10°M
Agquecus Cellulose Two-way 577 am 20 minutae
Antibodies extringic/ irrev-rsible Rhadamine None Argon-ion Jaser PD
(pseudexin)
(133 Nunrescence Covalent Plastic 5145 am Limit of 10 ag/m}
Aqueous Nooe Two-way (tzpered) 550 am 2 minute;
Antbodies intrinsic/ irreversible | Trypteohna None Xenon white light PMY
{synthetic peptide to source
represect —
im fluocescence Covalent Plastic 350 um -
Agueous None Polished one-way 550 am Rapid
Antigen (ge«den’n) intriasic/ reverside | TRITC (tetrametiyl None Argos-ion laser PD
t rhodaniine
isothiczyanate)
fluoerscence Covalemt Silica 514.5 am 165 pM to 33 oM
Agqueous None Two-way 550 am Minutes
Aptigen }a-ewk.u‘n) imuingic/ reversible | TRITC (tetramethyl None Argon-ion laser PD
L thodamine
isothiocyasate)
fivorescence Covalent Silica 514.5 nm 25 0 700 ng/ml
Agueous Nons Two-way 550 am Minutes
847 oxtri~sn/ revversible Moain None Tungsten halogen PMT
{338] white ligit source
fluocesce nce Adsorption Silica 420 am Limit of 10 M
(9 ppb)
Agqusous Celiuions Bifurcated 520 nm { to 2 minutes




Analyte Chare cter Reagen® Membrane L!~ht Scurce Delactor
[Rsterence] Proparty | Immobilization | Optical Fibra jdaput | Dynamic Range
Samp Am‘néamem -Anatysis | lesuonsa TIma
Bile acid extricsic/ reversible | 3-ulpha-hydrosy Nooe Tungsten vt Xenoa PMT
b4 stzroid halogen white light
dehydrogenase; source
NADH (zacoodary
flunrescent label)
flurescence Covalent Silica - 210 206x 10°M-
Aqueous None Two-wsy . 10 seconds
Hillivr;n'bm extringsic/ reversible Bilirubin Nune Argoc-iua luser PMT
absorption Noo: Quan, 457.8 am 10to 30 ppm (0.1 to
14x10%M)
Agueous Mora Two-wiy 457.3 nm -
Biiilr_'u}'a.u extrinsic/ reversible Bilirutin None LED PD
R — _
absoptios Nooe Plestic 420, 860 am -
Ia vivo Noone Trifurcated 480, 860 nn -
extrinsic/ reversible | Bromothy.nol blue; Gas yermeable Tungsten halegen PD
ey phenol red white light source
absorptioa Solution Sil'za; fused siliza 430, 620, 756 nm 300 to 550 patm,
Aqueous Capillary tube Side by side 430, 620, 750 nm 1 to 26 minutes
COYf- extrinsic/ ineversibiv Fluarescein + Copolymer Argon-ion laser PMT
1% acrylamide; (semipermeabie)
Fluorescein +
2-hydroxyethy
methacrylate
(HEMA); HPTS »
acrylamide
fluorescence Adsorbed Silica 488 nm 35099 % COr
Aquinus Polymer matrix (> * Two way 530 nm 30 seconds
method)
v—
Card extiiasic/ irreversible Crc.n ether TEFLON White light sourcs ?
2% )
reflectance Adsorption Plastic - 5 1o 50 mM
Aqueous Styrene ? 557 om 10 uinutes
divinylbenzene
Ca** extriasic/ reversible | Rhodamine B + lipid None Xenoa white light puT™
134 membeane source
fluorescence Adsorption Silica (N 540 am 0.1 to 10 mM
Agueous Lipid membrane Bifurcated 620 am Rapid
Ta"Mg™ extrinsic/ reversihie Crown ether 5 P1FE Tungsten halogen PMT
14 white light source
fluorescence Covalint Silica 358 nm Gl 5 mM
Agueous None Bifurcated 420nm Less thag | minute
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Analyto Cheracier Reagent Membrane Liaht Source Detactor
[Rafsrance] Property | Immobilization | Cptical Flore ‘Anput | Dynamic Range
Sampls Supeant I Arrancs-mom % Anabrssj Response Time
Chiorige inlainsicf reversible Lutetium Nooe White light scurce PD (avalanche)
(w3} biptthaloryania:
absarption Adsorpuon Noae 653, 950 niv -
Aqueous Insium-tin-oxide Planar waveguide 680, 950 om
surface
Chlotw&da extrinsic/ reversibls Pyridia Aquoeous White light source PD
t impervious
imorescence Adx cptioa Silica (D Noge -
Aquzous None Two way 600 nm Nearly instantaneous
Co™, CP*, Fe®*, | edrinsic! rversible | Rhodamios 6G Hone Xenoa white ligit PMT
Pe™, Ni¥*, NH,* sorrce
(8
fluorescencre Fatrapment Silica 500 am Limitof 1 x 10°M
Aqueous Nafioa film Side by side 550 am Less than 1 minute
E!ec‘tg:{rwn extrinsic! reversiole | Near-[R specqum None White light source Spectrometer
ceflectance Noae Plastic - Rapid
Agueous None Face to face - Varied per anaiyte
Enz’gl‘u intrinyie/ reversible ABTS Noas White light source PMT (N
i Jdiamuronium 2,
2'.aziro-bis
(2-cthy!benzo
thiazonin)-6-sulphanat
e}
absorption Covalent Nene $78nm Limit of 8 x 108 M
Aqueous Controtled-pore glase None 578 nin Rapid
FITC (model intringic/ irrevernible FITC Noae Quartz halogen PD
aualy’s white lighk source
1 i
fluorzscence Adsorptioa Silica (M 425 nm B
Aqueous None Ore way 530nm -
Fluoride exirinsic/ reversidie | Alizaria Fluonine None Quartz balogza ; PMT
73 Blue white light source
sboorption Adsorption Plastic 660 nm 0.16 to 0.96 mM
Agueoss Styrenc Bilureted 66Cmn 12 ininutes
divinylbenzene |
Frucione (moskel intnasic/ reversible Silver film Noae l Tungsten halogen CCD artay
analvie) white ligit source
[E ]
sarface plasn.oe Evaporated Prastic 470-500 wa 45x10%19 7.5
resonance 10 index of
refrastion unite
Aqueous Nine Ome way 400-90Q rm Raped
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Anclyte Chsracter Renpant Membrane Light Source Detector
{Reterence] Property Immcbilization | Optical Fibre A-input Dynamic Range!
Samdla Support Arranaeivaat i-Anatvsis | Responsa Tline
Gag.;l'ine intrinsic/ reversible None Nooe LED PD
absorption Mone Plastic .
Liquid None Onc way - Rapid
Ghcose extrinsic/ reversibie Bis-(2, 4, Immuacdyoe Luminescence -
i 6-trichiorapheayl)
oxalate; Derylene;
glucose awriase
chemiluminsscence Covalent Silica - {3x10%wex10"M
Aqueous Nytoa Perpendicular - 4 to 10 reconds
Glucose extrinsic/ reversibie cluocescein and Ne.:= Xenoa witite light PMT
{31 dextran source
fluorrscence Sclutioa (competirg Silica 490 am 5C t0 400 mg %
ligaud) glucose
Aqueous, blood None Two-way S15am 50 7 mirates
Gl(t;.%se extrinsic/ reversible FITC + dextran Nooe White light courcn PMT
fluores-ence Solution (comoeting Sit=a (M 470am 0.5 to 5.0 pig/mi
ligand)
Agueous None Two-way 520 am 5 minutes
Ghoamins inasic/ reversible Giutaminase and Noone Luminercence PMT
=) glutamate oxiduse
ana turdnod
chemiluminescence Adsoiption Silica . 1to 1COx 109 M
Agueous Styrene Bundle - 2 minutce
divipyibenzene
HO (nx(x&l’c’l, analyts) | intrinsic/ reversible Silver haiide Nooe Diode lazar Pyroelectric detestor
absoeption Doping Polycrystalline 1.56 to 1.82 microns 3
Aqueous Nosie e way 1.£6 to 1.82 micruns Rapd
HO (m?g,l‘ anwyte) | infringic/ eversible Silver halide Nooe Uiode Tases Fyroelectre detector
absorprion Doping Polyerystailine 1.56 to 1.82 microas -
Aqueows Nooae One way 1.56 to 1.82 microes Raund
“2‘(‘)‘; extrinsic/ revirsible Peroxidase Imrm oty ne Lumisescence EMT (N
cherilemizesceocs Cowaleat Plastic (7 . 03z 10%w100%
' 10 ¢ M iinut of
€082 10" M
AQueoss Glutaraidetyde Bundle - 30 secomds
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Ansiyte Character Resgent Membrane ] Light Sourcs Detoctor
[Reference] Property | Immobilization | Optical Fibea Mdnput | Dynamic Range
Sample Supt Arrangement Resuonse Time |
) A S " PRy T A B L e e iy
Han, ATP. axtrinsic/ veversidle | Peroxidase, firxfly Immurodyne Luminscencs PMT
NAI%F)H huciferase, biencyme
[ system of marine
bacteria
chemiluminescence Adsorplion Sika () A appropriate 2z10%0
bhiuminesceace 1.6x10%M; 28 x
1090 L6 1 10°
M:1x10° 03
10%M
Aguecus Imrwoodyne Bundle As approgriate ! mizute
membrane
H:S exirinsic/ imeversibie |  N. N-dimethvi- None Tungstza halcgen PMT
{344 p-pireaylenediare white light scrce
(forms methylcoe
biue)
absorption Adsotbed Plastic 690 am w110 0.7 mol
(63 ppm limit)
Aqueous Caioamic exchange Buadie 690 om 1 minute
resin
}gs exmrinsic/ iureversible Lead acetate None Quartz haiogen PMT
1= white light sousce
absorption Adeorption Plastic 580 nm Liait of ppd
(Volume to volume)
Garzons Celluloae (paper) Bifurcatea 580 nm 10 seconds
HCN extrinsic/ ireversible Py-idine, None Tungstea halogen PD
3 pyrimidinetrione white light source
absorption Adsorption (7) Plastic 604 , S40 nm Lio 10w
Gaseous Styrene Bifur-aed 604, 540 nra i mioute
divinvibenzene
HCN extrinsic/ greversible 4-picoline, None LED PD
lien chicramine T
sbrorplios " Adsorpion Silica {7 560, 335 am Limit of 10 x 10°
(vivy
Air Styrene Bifrwrcated (7) 360, 635 am 1 munuts
divinylbenzene
HCl, NH3 exminsic/ reversible Cresol Red + Noee N1-puraged dye tsser PMT
1 ryplocyanine;,
coumcin S40A +
xesol violet +
rhcdamiee 6G
fluorescence Adsorption Plastic 540 arn (7) L8 x 197 it 8.6
x 167 motn
Garzour ? Two-way i S0 mm ™M t second
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Anaiyte [_ Characte? Rexgemt Membrane Light Source Detector
(Hetorencs] | propenty Immobilizstion | Optical Ftwe Ainput Dynamic Range
{ . Responre Time
RO RO T O PPCASS LA PR
H.:m%'lobén extrinsic/ reversible Hemoglobia Nonae Tungsten halogen Diode arvay
i white light source
absarptioe Selution Silice (D Spectra .
Biood None Two way Spectra 30 seconds
Humidy extrinsic/ reversibie Crystal Violet + Nooe Deuterium white Photodetector
oo Malachite greea light source
absorption Adsorptioa Quartz 400500 am 0-30% RH
Gascous Nafion Two way 400-800 nm 30 seconds
l[g citrinsic/ reversible | Fluorescein/Texes None Xenon white light PMT (M
Red/HPTS source
fluorescence Adsoption Silica 480, 570, 450 nm 500 x10°* g/mi
Aqueow, Polymer Two-way 520,610, 515 am Slow
(diffusioa-limited)
lodine intrinsic/ reversible Polymer jacket Noa Argoa-ion laser Diode array
302
(fibre)
fluorescence Noae Fused silica 482 nm Limit of 36 mTorr
Vapowr, aqueous None Onc way 60% nm 12 seevids
loas (Al:"‘Cd 3+ V) extrinsic/ reversible | Calesin (27, 7" - Nooe Tungsten halogen PMT
! {{bis(carboxymethyl) white {ight rource
amino] «wethylj-
fluorescein) of
flyorexon
fluorescence Advorbed il 490 om -
Aqueous Celluloae { Bifurcated 520 am Raoid
e Y ER——
X* extrinsic/ reversible Crown ether PTFE Tungsten halogen PMT
L whitz light source
reflectancs Adsorprioe Plastic . 10" w0 107 M
Aqeous Styrene Bifurcared I 557 am 5+7 minutes
divinylbenzx ne H
K* extriazic/ revers:ble Nils blue and PYChiastic Tuogsten halogzn PMT (D
1154 valinomycin white 1 ght scaure
flunresceace Adsorptioa Silica (7 550 nm 5210%10:00«
107 M
Aqueons PYCpiadticizer Bifun.ated (7) 620nm 1 minute
l mixiure
Liquid droplets intrinske/ reversibie Lexky rays None LED o
11643 .
sopivonductor laser
absorption Noae Silica (M RSO am -
Liquid Nom: Face to face (apered 850 am .
or octad)
1A%
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Analyte Charecter Faagent Membrane Light Source Detector
[Reterence] Property | immobilization | Opticsi Fibre Adnput | Dynamic Range
Sampls Support Arrannement ;ONse
M“t.:g‘uy extriasic/ reversibie Mer Noae
biotuminesceace Covalent Silica (D - -
. Nooe Bifurcated () N .
Me.tt’:m intrinsic/ reversible None None LED Fabry-Perot resonato
absorption Nooe Silica 1.66 microas Limit of 1000 ppm
Gassous None D-fibee, ooe way 1.66 microas Rapid
Me;iol_ne intrinsic/ reverible Spectra None Semiconductor laser PD(D
3 ™M
absorptioc Nooe Silica 1.66 microus -
Gaseous Noane D-shaped (polished 1.66 microns Rapid
or preform)
NﬁRH extrinsic/ reversibie Luciferass Gas permeable Lumincscence PMT
chemiluminescence Covalent Silica - 4010190 2 106 M
Aquzous Nope Bifurcated 355G am 30 seccads
N[Ault))ﬂ extrinsic/ reversible Luciferare/oxidoredus Polyamide Luminescence PMT (D)
tase
bicluminescence Adsorption/covalent Plastic () - Limit of 10 pmol (10
1 nmol)
Agreous Collagen filin or Bundle 190 s -
poly (vinyl alcahol};
polyamide mermbeans
NH; intrinsic/ reversible | Bromothymot dlue None Quiartz halogen PMT™
15 white ligitt source
reflctance Adsorption Flastic 530nm 1.5x 107 w0 60 x
10> mod
Gaseous Hydroghilic poiynier Two-way 550 nm 20 seconds
malrnix
m | Revarsible Dzazine perchiorate None LED Phototansistor
absorption Spray coated None 560 am Limit of 6 ppm
Gascous Capnilary tube . 560 am Minutes
Pﬁn intrinsic/ reversible | Rromocresol purnie Novce Tungsten halogen PD
l wrhite light source
hsorption Solution Alkali berosilic 480 om Limit of 700 peoby
Gaseous Forous cladding of Cne way 580 nm 810 9 minut-s

{ fibre
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Analyte Chraractet Heagent Membrans ight Source Detector
[Referanco] Property immobiliization | Optical Fibre Adnout Dynamic Range
Sample Sunport Arrangement \-Analvels | Response Time
TN S, . d
NHs. HQ intrinsic/ reversible Thymol blue Nooe Halogen white light | Solar-cell detector
118 source
absarption Doged Plastic Spectrum Limit of 10 ppm
Gascous Nooe Ope way Spectrum Few minutes
‘Ull]‘ extrinsic/ reversible | Bromophenol blus Gas-permeable LED PD
absorption Adsurptioa Plastic 595, 660 am Limitof 3 10 M
Agueous Gas-permeable Bundle 595, 660 am I to 10 minutes
(Teflon) memberine
NHd+ extrinsic/ revessible | Chlorophenol red, gas permeable Tvartz halogen PMT
U bromothymol blue membrane white light source
absorption Solution Plastic 578,618 am 1010 300 x10 %M
Aqueous None Bifurcated bundle 578,618 nm 6 to 15 moautes
NO2, HCL, (12 istrinsic/ reversible | Tetrphenyipocphine None White light souce () PMT
(£ e
fluorescence Langmuis Cldogest Silica 440 am 1 to 10 ppm
Gaseous None None 652 nm I minute
O extrinsic/ reversible | Agquocyancobinamide | Gas-permeable PTFE]  Tungsten halogen PMT
L white light source
absorption Solution Sitica 355, 550 nm Limitof S x 10°M
Gaseous Sample well Bdfurcated 355, 550 nm Mioutes
Na*™* extrinsic/ reversible | Rhodamine B + lipid Nons Xenon white light PMT
f36) membeane source
fluoresce nce Adsomption Silica (D 540 nm 10 0 100 mM
Aqueous Lipid membeane Bifurcated 620 nin Rapid
NaOH, CT extnnsic/ reversibie | Bromothymal biue Cation exchanger White light source PMT
o ™
absoi tion Solution Silia N 550 nm 4 to 30% (wiwy; 10
ppm "
Agricous Nane Trifurcated 550 nm 25-105 seconds
Nile blue suifate intrinsic/ reversibke | Mile Blue sulfate sait None White light source PD M
(modsi anniyt2) VNiidlausutfal) ¢4
{1e8]
absorption Solution Silica . Limit of 0.06 g/mt
Aqueous Nonz One way, polished - Rapd
Marie acid extrinsic/ reversible [Quinoialine/quinoline Nowe Xenon whit « light Diode array
174) R
4
fluorsscence Covalent Plastic 394, 420 nm 10.1to2M: 210 10M
Gaseous None Two-way 530 am 1 minute
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Detactor

Anaiyte Charactar Reagent Membrzne Light Source
(Reterence] Property | Immobilization | Optlcal Fibre Anput | Dynamic Range|
Sample Support Arrangement J-Analysls | Respo
Nocpolar solvents | intrinsic/ reversibie Ozxazine 4 Polymer claddicg Tungstea halogen PMT
l1e4 perchiorate white light source or
LED
absorption Solution Plastic $00-650 am 2x10%01 510
M
Solution Sample ceit Coiled 500-650 nm -
—
Orga?iac‘ lﬂuids intrinsic/ reversible Rhodamine 6G None Argon-iog laser PD
absorption Solution Fused silica 514.5am Limitof 107 cm-1
Aqueous Noae One way (unclad, 5(4, Sam Rupid
coiled)
Oxmen intrinsic/ reversible | Tris (4-S-diphenyl-1, None Nitrogen laser Fluccimeter
{ 10-phenanthroline)
Ru™
chemiluminescence -Enurapment Nooe 337 am Gto 160 tor
Gaseous Silicone films None 610 nm 15 seconds
Oxmen extrinsic/ reversible Co(His)z Hydrophobic ‘fungsten halogen | Spectrophotometer
! white light scurce
absorption Cazpillary tube Silica Visible Limit of 0.01 ppm
Gaseous Flow cell Bifurcated 408, 440, 720 nm 2 minutes
Oxglen - L3, Teflon Luminesceace PMT
(122 ¥ .tetraethyl-2,
2'-bi{imida~ulidium)
chemiluminescence None - - Limit of 1 ppm
Gaseous Sample chamber Gas cell - 20-24 seconds
Omae extrinsic/ reversible Blood ceils None White light source PD
absorptioa Solution Silica 640, 805 am (7
In vivo Noone Side by side 640, 805 am (7) Rapid
Oxiwen extringic/ reversible Coumarin 1202 FTFE Xeaon white light Fluorimeter
[Fibt]
soun.e
fTuorescence Adsorption Plastic - Qo 10%
Gamx us Styrene Bifurcated - 40 seronds
divinylbenzene
OxVx‘eu intrinsic/ reversible 9, 10-dipheayi Mcoe Xenon vrhite tight PMT
s anthracene source
fluorescence Core-doped Plastic 405 nm
Gaseous None One way, unclad 560 nm
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Character Reagent Msambrane Light Source Detector
Property Immnbilizaiion | Optical Fibre AHnput Dynamic Range

Sampie
] PO T

[

R

onse Time |

Oxz;leu intriasic/ reversible 3,10-diphenyl Noae Xenon white light PMT
{ anthracene source
fluorescence Core-doped Fused silica 390 nm Limit of 0.01 arr.
Gaseous None Ove way, coiled 430 am Seconds
Oxacn extrinsic/ reversible | Perylene dibutyrate Hydrophotic, Deuterium iamp PMT
{so0) poiypropylene
fluorescence Adsorption Plastic 420 am 5015% 0
Biood, aqueous Organic polymer Side by sid» 500 am 30 seconds
Oxz&en extrinsic/ reversible | Pyrene + pecyiene Flow ceil Xeaon white light PMT
(344} sourze
fluorescence Adsorbed Plastic (7 320 nw 0to 100% Oxygen
(viv)
Gaseous Silicone prepolymer Bifurcated 476 amy 1 to 2 seconds
Penicillin intrinsic/ reversible | Procion Blue MX-G Nom: Quaciz halogea PD
1 white light source
absaorption Covalent Silics 633 nm 04104 mM
Aqueous Nune One-way (polished) 633 nm 19 seconds
Pe?,i_;:zi;lin - Penicilitnase None None Electrode
H” ioas Cuvaleot None - sx10%02.5%10”
M
Agqueous Flow celt None - ! to 3 minutes
-
P.;al-llif‘i:lin extringic/ reversible | Penicillinase + FITC Nooe White light sonirce Diode arrayy
o]
fluorescence Covalent Silica (M 490 nm (7) {to 10 mM
Aquemss Dextran Bifurcsted 520 am (N | minute
Peniciliin extrinsic/ reve: sible ! Fluorescemnantine + Nose Tungsten halogea PMT
s penicillinase white ligh® source
fivorescennz Entrapment Silica 490 am () 0.0002510 0.0l M
Agqueous Povyacnimide Two-way 520 nm (7) 40 to 60 seconds
membrans
Penicillin - Penicillinase Mone Noas None
134%
} H* release Covalent Noee Noune 2012 mM
Acqucous, broth, mitk Glutaraidehyde Electroce None 10 seconds
Pe?zi;;:lin - Penicillirase Nooe None None
H* release Cor ddent Noone None Limit of 5 mM
Agqueous, broth None Electrode Noos 10 secomds




Analyte Character Heagent Membrane Light Scurcs Detector
[Referenca] Proparty | immobilization | Optical ibre Adnput | Dynamic Range!
Sample Support Arrangement A-Analysis Aesponty Time
Penicillin - Polypyrols + None Nous Noae
4 peaicillinase
H* ions Adsorption None None Lirait of 4 mM
Aqueous Gilutarsidehyde ISFET None 1 minute
Pnidllin;:j?hmoe extrinsic/ reversible Fluoreacein None Tungstea halogen PMT
i J+penicillinase/glucase white light source
oxidase
fluorescencs Eatrapment Silica 490 nm (7) 0.1 to 100 mM
Aqueous Polyacrylamide Two-way 520 om (M 40 to 60 seconds;
membrane 5 to 12 minutes
Polar solvents extinsic/ reversibie Therma! prioter None Tungsten haogen PMT
{diouni :‘rlmnol...) papet reagent white light source
absorption Physical Plastic 580 »m Limnits of 10 ppm '
600 pptn (depending
on analyte)
Gaseous Nooe Bifurcared 580 nin 30 seconds
Polyethylamize extrinsic/ reversible dexiran+ FITC; Dialysis Tungsten halogen PMT
(model aralyte) polyethylereiniine + white light source
%) fluorescein, RITC,
Texas Red
fluccescence Solutioa Silica (7) 493 nm IOmMto1l.OM
Aqueous None Bifurcaied 520, 620 om 5 minutes
Polynuciear extriusics reversible Benzo(alpyrene None Na-laser PD amay
aromatic
h\m/t}:;c‘anbom fivorescznce Solution Quartz (or plastic) 337 am Limit of 0.0t pgn
Aqueous Nooe Side by side 335 nm Ragd
Png]am intrinsic/ reversible Fluoeide Teflon cladding Tungstzn halogen Photoconductive
1531 white light source detectoe
absorption Doping Silica 3.36 microns Lowto 100 %
propane
Gaseous Nooe One wey 3.36 raicrons 2 minutes (down to
45 seconds)
Sl:a intringic/ revessible |2.5-bic{S-tent-butyl-2. Nuze Xenon white ight | Optical power metsr
i berzotyazolyl) sourcs
thiophere (BBOT,
fluorescence Dogp:ng Plastic 429 an
Gaseous None One-way 520 nm Rapid
S(‘q ertriasic/ ieversible | Pyrere + perylene Fiow cell Xenoa white light PMT
1 sourcs
Muorescenca Adsorbed Plastic ) 333 0m 0to [0G% SO2 (v
Gaseous Silicone prepolymer Bifurcated 470 nm 110 2 secomls

i




Analyte Character Reagert Membrane Light Source Detector
']
[Refarence] Property | Immobllization | Optical Fibre Mnput | Dynamic Range
Resvo
Solids: salicylic extrinsic! reversible Nooe Noas Xeaon white light Fluorimeter
acid, acety! salicylic source
acid
G4 fluorsscence Noae Fused-silica 305 - 5G5 nm 0.3 10200 0g
Sulid ] [rom or filter paper Bifurcated As appropriate Rapid
Solvews extrinsic/ reversible 2 Mylar Tuugsten halogea Fluorimewr
1) 5-bis-{3-(5-sulf>-2, white Jight source
J-dihydro- 1 H-inie-7
-yf)-2-propeaylidene]-
cyciopeoe
fluorescence Adsorbed Nooe 500 nm 80 to 100 % ethanol
| Sotution Cellulose Flow celt 620 nm 15 seconds
Stearic acid (model | intrinsic/ inreversible Stearic acid None Nitrogea laser PMT
analvie)
B fluorescencs Covalent Stiica 377am -
Aqueous None One-may 485 am { minute
Temﬁesr]ann intrinsic/ veversibis Neodymium None LED PD
absuption Doped in zore Sitica 850 om (peak) +51t0-40°C
Aiz Nooe Twi-way 330 nm, 860 am Minutes
Tem‘);r):nle istrinsic/ reversible § Alumitnun-coating Noae LED PD (M
reflectance Sputtering Silica (D 850 nin (peak) 20- 400°C
Air Nooe Trifurcateq 850 am Fast
Tcm‘xam intrinsic/ reversible Heavy-metal, Nooe Argoa-ion laser or PD
o flucride micoaductor
fluccescence Doping Silica 488, 972 nm 2510 150°C
Air Noone Bifurcated 520 (M Ra2oid
Temg;:'arre intrirsic/ reversibie Nor: None Semiconductor laser PD (M)
sbsorption None Silica 816 nm $1080°C
Afr None Interferometer 316 am 2-8 seconds
Tcnmun intrinsic/ reversible Neodymium None LED PD
fluorescence Doping Silica 810 nio (peak) 15t0130“C
Al None One way 1.05 microes Rapid
"
Temgeranxe intrinsic/ reversible | Nd’*, Pr’;. Sm™, Noae White lisht source PD
Yo'
absorption Dopins Silica 600¢to 1100 am Oto 100°C: £1°C
Air | Nene One way 600 to 1106 =m Rapid
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Anaiyte
[Reference)

Charactar

Reagert

Mambrane

i Light Source

Detactor

Immobil'zation !

Optical Fibre

Anput

Dynamic Range

Support _ )-A | Hes Time
Temg;’mn intrinsic/ reversible Mineral oi) Noae LED PD?
absorption Solutioa Plastic 850 om 010 190°C % 1°C
Air Glass tube One way (de-clad) 850 am Rapid
Tenwm::‘e, arai intnasic/ reversible Nooe Nons HeNe laser () PD
absorptica None Silica 633 om -
Ar Noas Bow-tie or elliptical 633 am -
core, one-way
Terbutyn (Regnde' 3 extrinsic/ revarsible FITC None Xeoon white light PMT
! ) source »
fluorescence Covalent Silica 480 am 05t 2.5x 10%gymi
Aqueous None Two-way 520 am 10 minutes
Toluene, Hleoe, ec | extrinsic/ reversible UV spectruin None | Nzrpumped dye PMT
! laser; Nd: YAG taser
fluorescence None Fused silica 266 nm Limit of ppb
Aqueous None Bifurcated as appropriate Rapid
'l'c:luene.l .xxkne. etc | extrinsic/ reversible UV spectrum None Nd:YAG laser PMT
fluorescence None Fused silica 266 nm Limit of ppb
Aqueous None Bifurzated as appropriate Rapid
Toluene, xylene, intrinsic/ reversible | Aluminiuvin coating None LEDs and white -
gasuline light source
]
reflectance Vacuum-deponired Plastic - 2%
Gaseous None Side by vide . Minutes
Trichloroethylese, | extrinsic/ reversible Pyridire Porous TEFLON Tuagsten halogen PD
chlom{‘mn white light source
sbsarption Solutioa Sitica (7 - 10 to 500 ppm TCE
Gaseous None Side by side 540 a, 640 am 30 minut=y
Urea - Ammonium (o Dried None None
(= slutaraidehyde +
BSA
H+ ione Adsoxption Nons None 190010
Aqueous Glucaraldehyde iSFET None . Rapd {




Analyte Charactar Reagert Membrans Light Source Detector
(Referencas] Property | immobliization | Optical Fibre Mncut | Dynamic Range
Support Arrannement Pasocnsa Time
3 Gy ) RPN 3
Urea extnasic/ reversible | Urease + 2°, 7°-bis Nooe Tuegsten halogen PMT
4 (carboxyethyl)-5 and whale light source
6)-carboxyfluorescein
+5(and
6)-carbox yfluorescein
fNluorescoice Adsorbed Sifica 490 am 13t085x 10°M
Agueous Tefloa membrane Bifurcsted bundle 520em 1 to 7 minutes
(glutariidehyde)
p-niuv?hcnoxidc extriasic/ reversible | alkaline phosphotase Nyloa niesh Quanz halogen PMT
1n white light scurce
absorption Covatent Sitica ? ito2x10° M
Agqueous Nylon mesh Bifurcated ? ?
?’!"I extrinsic/ reversible |Acroyloyl-fiuorescein None White light source PMT
fluorescence Covalent Silica 430,485 am 4.5t 8.0pH: £0.3
pH units
Broth (fermentation) HEMA (pocy Two-way 530am seconds
hydroxy ethyi
me hacrylate)
H extrinsic/ reversible | Bromothymot Llue PTFE Tungstea halogen PMT
51 white light source
reflectains Adsorption Plastic - 7109 pH
Agueous Styrene Bifurcated 530 nm 5 minutes
divinylbenzene
PH extrinsic/ reversible | Bromothywmal blue, Nooe LED PD (M
m phrenct red,
cilomphenot red.
phenoi red, aiiaria
fucresczace Adsorpioa Silica (0 443, 570 0 6.6109 7 pH ucits
Aqueons Styrene Two-way Varied Rapd
diviaylbenzene
B;l‘ extringic/ cevessibia Vanous None LEDs PMT
flucrescense Covalent Silica Various $to 19 pH units
acaRica
Aquere Mogs Trifencaed Yarious 10 minuics
FJ:‘] N reversible Fluorescein None Laser (Argon-ion 7) PMT (M
flucrevce e Covalent Silica 480 nm Linuw of 0.00s pH
unins
Agueons NMone Two-way 520 nm» Lees than 9 secomls




Angiyte Character Reagent Membrane Light Source Detector ~
[Referencs] | property | Immobillzation | Optical Fibre |  irinput | Dyramic Range
Sambple Support Arrgnaement ~-Analysis | Responsa Time
5?! extrinsi/ reversible Pheuol Red None LED PD
absorption Adorptioa Silica 565 sm 7 to 9 pH units, £
C 05 pH units
Aqueous Nooe Two-way 565 nm Fast
PH extrinsic/ reversible 3,4,5, 6 tetrs Nooe LED PD
1 bromophe nolsulphoa
phehalein, ...
absorption Cova/ent Plasiic 580, 850 nm 20.05 pH units
Aqueovs Styree 10 fibre bundie 580, 850 om Rapid
divinylbenzene
FH extrinsic’ reversible | Thymo! blue, neutral Noae Quartz halogen PD
a red. methyl red. ... white light source
abzomption Covalent Sitica As appropriate 5.5 to 8.5 pH units
reflectarce
Agqueous Nerne Twe way 555, 600, 535 am, Minutes
PH extrinsics’ reversible Thymol biue, Nooe Quartz haiogen PMT/AD
i Bromophenol blug white light source
absorption Adsorption Plastic - 0.8103.2,10-13 pH
units; 3.2i0 7 pH
units
Aqueous Styrene Side by side 555, 600 am 1 minute
divinylbenzeoe
gH inrinsic/ reversible | Bromocresol purple, None Xenon white light PD
e bromncresol green source
absorption Sol-get Silics + sodium 610 om 381054:52106.8
pH units
Aqueous None Ead to end 610 am 5 seconds
&l—:l“ exuriasic/ reversible FITC - Argon-ion !aser PMT (out): PD (i)
fluorescence Covalent Fused silica 488 nm 3to 7 pH units
Aqueous Silica bead Two-way $20 am (7 20-35 seconds
ﬁ.\Hq imrinsic/ reversible FITC None White light source PMT
fluorescence Sot-gel Plastic (0 488 ain 5109 pH units
Agqueous None Buond'e 524 nm (D) -
&F:‘ extrintic/ reversible | Bromothymot Blue Nome LED PD
fluorescence Solutica Plastic N - 5 10 10 pH uniws
Aqueous None Bundle - Rapid
TN




Analyio Character Reag<nt Mumbrane Light Source Deta:tor
[Relerance] Property Immobilization | Optizal Fibre Linput Dynamic Rar.ge|
San.fﬂe Sunovort Arrancament A-Analysiz Response 7Time
PSRN W o i R ST LR L e
&g' extrinsic/ reversidle Congo Red Node LED Photometer
shsorotion Adsorbed Plastic 565, 635 am 0.0 t0 4.2 pH units
Aqueouy Ceilulose Side by side 565, 635 am Seconds
&lj‘ extriasic/ reversible | Eosin, phenol red None Argon-ion laser PMT
fluorescence Covalent Silica 488 om Limrir of 0.21 ¢!t
units; range from
4491086
Aqueous Nooe Side by side 546 nm 4 seconds
r?P. extrinsic/ reversible | Bromothymod biue PTFE Tungsten halogen PMT
4 white light source
absorption Adsorbed Plastic 593 am 8.0to 10.5 pH units
Agueous Styrene Bundle 593 nm 5 miputes
divinytbenzene
[guH extrinsic/ irreversibie | 8-Liydroxypyrene-1, Pzrafilm Kenoua white light PMT
i 3, 6 trisuiphonic acid sourcs
(HPTS); HPTS +
suiforhodamine 64C
{luoresc_nce Entrapment Silica 405, 450; 438 5.5 t0 8.0 pH uaits
Aqueous Ethylene-vinyi Two-way 515; 530, 610 Rapid
aceiate
Ig;{‘ intrinsic/ reversible Fluorescein Nose Argon-ion laser PMT
fluo, sxc-nce Eatrapment Plastic 488 am 3.510 6.5 pH units
Aqueous Sol-gel Two-way 530 nm 5 seconds
&ij’l] extrinsic/ reversible Pheaol red Cuprophan White light source PMT (D
absorption Entrapment Silica (D 433, 558 nm 6 ta 9 pi! units
Aqueous Styrene Two way 433, 558 om -
d*vinylbenzeoe
&l;l‘ extrinsic/ reversible | Muorzsceinamine Nooe Argon-ion laser PMT
fluorescecce Adsorbed Silica 488 nm 4.0 t0 8.0 pH units
Aqueous Acrylanude Two way £30nm 9 scconds
copolymer
&H sxtriasic/ reversible | L-hydroxypyrzne-3, None Kenon white light PHT
i 6, 8-trisulphrnate sourcs
(HPTS),
7-tydroxycosmarin-
3-carboxylic acid
{HCO
fluorescence Adsorptoa Quariz 410; 485 nm 6.4 10 7.7 pH units;
1 0.01 pH uuits
Aquzouy Glass Bifurcated 455, 320 om 1 minute




s

Anclyte Choarectar Raagemt Membrane Ligimt Source De?actor
[Rateranca] Droparty fmmckilization | Grical Fibes | adnpuyt Dynamic Range
1-Aga§sl§ i Rengnse Time
s . o -
&i,‘l' extiinsic/ reversible Pheooi red Hydroghilic gol Tuagste halogen PD
(micepheres, white light soucce
polyacryl
absorptiva Adsorption Plastic 560, 600 am 7.010 7.4 £0.01 pH
uaits
Aqueras Cellulose Two way 560, 600 am Approximately 40
seconds
oH extrinsic/ reversible FiTC, eosia Nooe Tungstea halogen PMT (N
Sl white light souce
{luoresceoce Adsorbed Plastic 495; 520 am 0to 7 pH uaits
Aqueous Celiulcse Bifurcuted 530; 550 wen 20 secconds
&H intrinsic/ reversihie Rhodamine 6G, None Argon-ioa laser PMT
i Yiydroxy
pyrenetrisuiphonic
trisodium sait
(HPTS)
reflectance Solution Silica 5145 am -
Agueous None Two way {nolished As appronriate -
‘gﬂ, extrinsic/ reversible | Bromothymol blue Nooe He-Ne laser PMT
absorption Covalent Plastic 632.8 am 410 {1 pH units
Aqueous None Side by side (twisted) 632, 8 am Rapid
gxl';' extrinsic/ rever<ible | Fluoresceinamine Nooe Tungsten halogen PMT
= white Yight source
flucrescencs Adsorbed Silica 480 am 3 to 6 pH units
Aquecus Cellidose Tewo-way 520 am 15 t0 30 seconds
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Acid

Acid-base indicator

Active site

Adsorption, physical

AfTinity

Aldehyde
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Appendix II

Glossary

In general, an acid is a hydrogen-containing species which
dissociates in solution in water to produce one or more
nydrogen ions. Evea more broadly speaking, an acid can
be any compound which can fumish a proton or can attach
itself to an unshared pair of electrons. For example, liquid
ammonia iS & nonaqueous system with an acid-base
reaction where ammonia has the unshared pair of efectrons
(functioning 2s a base) and ammonium 1ons are readily
formed (acid).

asubstance, either a weak acid or base. which has adifferent
colour in acid or base solution. The colour change is due
to a marked differenice in colour between the undissociated
and ionic forms.

portion of the coenzynie that doss the catalytic work

The surface of a solid or liquid is a seat of free energy. The
process of adsorption in which foreign atoms or molecules
become attached to the suiface lowers the free energy of
the surface. Many adsorption processes are not chemically
specific and are readily reversible. The forces of attraction
between the adsorbate and adserbent are weak and siraiiar
in nature to those responsivle for the cohesion of molecules
in the liquid state, Van der Waals’® forces. Physical
adsorption often involves the forraation of multiple layers
at the adsorbent surtace, weakly bound.

the strength of binding between a given 2ntibody and a
single antigenic detarminant or menovalert hapten. This
depends on the area of contact, closerass of tit, and the
nature of intermolecular forces involved.

A group at a terminal end of an organic molecule with the

following structure: _c/‘:’

“oH



R et |

Aliquot

Amphoteric (or
amphiprotic)

Analyte

Anion

Antibodies

Aqueous

Aromatic ring

Aryl hydrogen

Avidin

Avidity

An exact volume of solution.

Able tc function both as an acid (produce protons) and as
a base (react with protons).

Substance under analysis.

Negatively charged chemical species (ions); an atom which
has gained one or more electzons or a negatively charged
group of atonis.

Protein molecules present in the serum which are forined
in the body in response ic the presence of foreign
substances called antigens. For each antigen there is a
specific antibody. The cifect is to agglutinate or precipitate
the antigens. The antibody-antigen mechanism is the basis
of the immune response.

Macrumelecular proteins which, when injected into the
blood of an animal, stimuiate the production of antibodies
(neutraiising proteins) - bacteria, viruses (living or not)
foodstuffs, poilcn, proteins, some polysaccharides, or
nucleic acids.

Dissolved in water.

Carben ring in which the carbon atoms are arranged in
loops, with double and single bonds altemating: frequently
depicted s a regular hexagon. Aromatic refers to the fact
that several compounds of this type are fragrant (for
example. naphthalene).

Hydrogen direcily bonded to 2n aromatic ring.

MW approximately 68000. A protein tetramer (four
identical subunits) found in aibumin (egg white); each of
its four portions can bind, non-covalently, with one biotin
in what is considercd to be one of Nature’s most tenacious
tonds.

a measure of the siability of the antibody-antigen compiex
formed when multivalent antigen and homologous
antiserurn are mixed. This depends not oply on the attinity
of the individur! determinant-combining site bonds butalso
on the number of satisfied valencies of the antigens and
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Base

Beer’s law

Biotin

Bridging system

Buffer sclutions

Carboxyl group

Cation

Chaotropic agent

Chemilaminesceice

Chemiadsorption

antibodies (i.e., two antigens bound to two antibodies is
more stable than two antigens bound to one antibsdy).

A substance with a tendency to gain protons. For ioitised
solvents which do not contain protons a base is a substance
which reacts with the acid of that system to produce a salt
and the solvent. (sec acid for comparisun)

The proportion of radiation adscrbed depends on the
thickness of the adsorbing layer, and on the molecular
concentration of the absorbing subsiance in the layer.

Ore of the vitamin-B factors. Biotin is present in yeast, egg
yolk, liver and other tissaes. Egg white contains a specific
protein, avidin, that combines with biotin and effectively
prevents its action. The avidin-biotin bond is the suongest
known non-covalent chemical bond.

3 system that connects two compounds in chain (ie.,
enzymce-metal ion-substraie; the inetal ion acts as the
bridging system)

solutions that ccitain both acid and base and can respond
to the addition of either, in an attempt to maintain a constant
nH.

the chemical group COOH.

Positively charged chemical species (ions). The positive
charge comes from the loss of one or more electrons or
positively chargea group of atoms.

a substance that enhances the partitioning of nonpolar
molecules from a nonaaueous (bound) to an aqueous phase
(in solution) as a result of the disruptive effect that the
substance has on the structure of water: such agents are
used to solubilise bound preteirs.

The emission of light during a chemical reaction. The light
emitted by the firetly or glow-worm, as well as luminous
combustion, are examples of this very common
phenomenon.

The adsorpuon of a substance at a surface involving the
formation of chemical bonds between the adsorbate, the



Coenzyme

Cofactor

Concentration

Conjugated

Covalent bond

Debye-Huckel theory

Deprotonation

Dimer

Dipole moment

Dissocation

Dithio

Daosage ievel {doss)

species undergoing adsorption, and the adsorbent, the
surface at which adsorption is cccurring.

cofactor based on organic species.

nonprotein group in an enzyme. This group allows the
characteristic catalytic activity to take place. (The
apoenzyme is the whole protein portion.) A cofactor can
be organic (coenzyme) or a metal ion (metal-ion activator).

The amount of substance in a given volume of solution.

process of covalently binding two or more species of
molecule to form 3 hybrid molecule (conjugate), i.e., adye
conjugated directly to a protein (as in
fluorescein-conjugated penicillinase).

The linkage of iwo atoms by the sharing of two electrons,
one contributed by each of the atoms.

The activity coefficient of an electrolyte depends markedly
upon concentration.

subtraction of the hydrogen ion.

a compound composed of two specified atoms or
molecuies.

In a heteronuclear diatomic molecule, because of the
difference in electrone gativities of the two atoms, one atom
acquires a small positive charge and the other a small
negative charge. The molecule is then said to have a dipole
moment whose magnitude is the product of the charge and
the distance between the charges. With pclyatomic
molecuies the net dipole moment is the vector sum of the
dipole moments of the individual bonds within the
molecule.

The process whereby a molecule is sgplit into smaller
fragments, atoms, free radicals or ions. The extent of

disscciation is measured hy the dissociation constant, K.

twc consecutive sulphur atoms: -S-S

the amount delivered over time to a specific zrea or volume.
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Ellman’s reagent

ELISA

Enteropathogenic

Enzyme

Ecichrome Black T

Fermentation

Fluoresccin

Fluorescence

Glacial acetic acid

Hardness of water

5,5’:dithiobis(z-nitrobenzoic acid); a reagent for the
detzrmination of sulph-kydryl groups in proteins

Enzyme-linked immunosorbent assay. Usually has a
protein-based standard that is compared to an unknown
protein sample. The standard may be one of many
well-described systems, such as bovine serum albumin or
cysteine. The assay can be combined with anindicator dye,
a clear (opticaliy) microtiter plate (with many wells), ard
an optical easity reader of some sort.

pathogenic for the intestine (Le., live cholera toxin, which
acts on the intestinal mucosa).

Proteins which catalyse reactdons with a high degrce of
specificity and eificiency. Enzymes are presentin all living
organisms and are responsible for catalysing most of the
reactions which take place in a cell. One outstanding
feature of enzymes is that many of them are highly specific.
Urease is an enzyme which approaches absolute efficiency.

A useful complexometric reagent for Ca® and Mg (used
for determining water hardress). Ii lias three acid sites, two
of which are involved in colour changes.

any of a wide range of processes carried out by
microorganizms, regardless of the type of metabolism
conducted,

an indicator dye: in alkaline solution it shows intense green
flucrescence.

The process of energy emission following absorption of
electromagendc radiation. Partof the energy thus absorbed
is re-emitted as radiation of longer wavelength.

Pure acetic acid (17.4 M).

The property conferred on water by the presence of aikaline
earth salts which prevent formation of a iather with snaps.
Oiten mainly a measure of calcium and magnesium
concentration: calcium and magresium hydrogen
carbonates are temporary, calcium and magnesium salts are
more permaneit.
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Homologous

Hydrolysis

Hydroxyl

Indicator

In vivo

Ioniz

Isothiocyanates

Labile complex

Luciferins

Mercapton

Methylene blue

Miscibility

Moiety

derived from or wssociated with the same species as that
being referred to (i.e., antibody elicited by a given
antigen).

splitting of a bond with water (e.g.,a hydroxy! ion becomes
attachked to a metal ion).

the univalent radical or group, OH.

any of various substances that indicate a presence, absence
or concentration of a substance by means of a characteristic
change (usually colour).

processes carried out in the living organism.

a substance that is electrically charged by the local ioss of
one or more electrons (see polar).

derivaiives of the type R-NCS.

A complex which participates in very fast reactions,
particularly ligand exchange reactions, generally within the
time of mixing.

Substances responsible for bioluminescence.

An orginic compound with following suructure:

—-cl—-s—ﬁ

Basic Blue 4. An important dyestuff of considerable value
as a staining agent in bacteriological work and microscopy.

The degree to which twe liquids combine to form one liquid
phase. If, for example, toluene and beiazene are combined,
the mixture appears as one liquid phase: the two liquids are
considered completeiv miscible. Immiscible liquids form
compleiely separable liquid phases. Partially miscible
liquids are between the two extremes: some dissolution is
possible, but beyond this point immiscible tayers are again
formed.

one of two parts (usually describing a molecule).
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Nicotinamide adenide
dinucleotide ((NAD)

Organic compound
Organochloride
Organofunctional

Phenol

Photochemistry

Polar

an extremely important and widespread coenzyme, which
functions as a h ydrogen transfer agent; the reduces form of
the coenzyme is often represented as NALH.

chemical compound formed from carbon.
an organic compound that contains one or more chlorines.

carhon-based groups -which participate in
compound-forming macro-molecular reactions (i.e.,
linking polymers).

any of a class of organic compounds whose molecules
contain one or more hydroxyl groups bound directly to a
carbon atom in an aromatic ring.

the investigation of biochemical reactions brought about by
the action of light. Only light which is absorbed by the
system will produce chemical effects. Absorption of the
light is a quantum process. The primary step in a
photochemical reaction is therefors the absorption of 2
quantum of light energy by a particular atcm, molecule or
ion which is thercby raised to an excited state containing
an excess quantum of energy equal to n v (where h is
Planck’s constant and v is the frequency of light absorbed).
Only electronic excitation can bring about chemicai
reaction; energy in or above the far infra red is ineffective.
An excited molecule may retum to its ground state within
about 10° seconds while emitting its abscrbed energy as
fluorescence; in this case ro photochewmical reaction is
produced. The quantum yieid, i.e. the number of molecules
which are caused to react for a single quantum of light
absorbed, is only exceptionally equal to exactly unity.

K represents the dissociaton rate of a given substance; i.e..
acetic acid molecules and acetate ions:

(HLC, H, 0]] [HC,H,0,]

K=pH =pK - log ———= ltis
(HC, H, 0] PREPE T o))

this last term that can cause the pH reading to be naccurate
if the concentration of an ion other than hydroxyl is
measured.

(a molecule) having an unevendisiribution of electrons and
thus a permanent dipole moment.



Proteins

Reagent

Sandwich assay

Schif’s base

Sephadex

Silanisation/silylation

Soi-gel

Solution

The proteins are the chief nitrogenous constituents of living
organisms. They contain about 50% carbon, about 25%
oxygen, cbout 15% nitrogen, about 7% nydrogen, and some
sulphur. They give certain colour reactions which are
caused by the presence of specific amino acids in the
molecule. There are many different protein classes (which
are not mutually exclusive). Proteins in general may
contain more than one peptide chain. The
three-dimensional arrangement of peptides is very
important in detsrmining the properties of the protein.
Proteins typically have large molecular weights, ranging
from 5000 to 6 000 000.

any substance used in a chemical reaction to detect or
measure other substances.

an indirect immunofluorescence technique: the antigen
being sought is placed in contact with a surface of
immohilised antibodies; the system is reacted and then
unbound antigen is rinsed. Another solution of
fluorescently labelied antibedy is added, which will only
bind if the antigen is present. The antigen is ’sandwiched’
between labelled and unlabelled antibody.

a base or reagent that attaches to {and ofien colours)
aldehyde-containing compounds.

A gel produced by cross-linking dextran {ractions with
epichiorhydrin and marketed in bead form. Various types
are available differing in pore size and other characteristic:
if the matrix is a minor compenent, fractionalisation of high
nolecular veight substances occurs; if denser gels are used,
then the low-molecular weight compounds are separated.

Silanising involves converting a silanol group SiH,-OH to
a less polar silyl ether, SiH;-OR; silylation involves
introducing a trimethylsilyl group, Si(CH,), into ar organic
compaound.

a chemical process in which a single or multi-component
solution urdergoes geiation (colloid of a more solid form)
to form a coherent rigid network of the oxides present.

The qualitative characteristics of a solution are
homogeneity, and the absence of any tendency fer the




o o,

Solvent

Spectrophotometer

Substrate

Thymol blue

Titration

Titer

dissolved substance to settle out again. A solution is better
defined as a homogeneous mixture of substances which is
separable into its components by altering the state of one
of them and whose properties vary continuously with the
proportions of the components between certain limits. The
amount of a substance dissolved in a given amount of
another substance is described as the concentration of the
solution, and may be expressed in grams per liter, oras mole
fraction (i.e., molarity). A solution containing only a small
proportion of the dissolved substance is termed dilute; one
containing a high proportion is called concentrated.

a substance capable of dissolving another subsiance. This
is the substance that makes up the buik of the solution. The
substance dissolved in the solvent is termed the solute.

An instrument that measures the relation bstween
absorption cf electruinagnetic radiation and frequency (or
wavelength) of that radiation.

the compourd whose rcaction an enzyme catalyses (i.e.,
peptidase is a general enzyme for some reaction of a

peptide).

Thymoisulnhonphthalein. One of the sulphonphthalein
group of indicaters, which two useful pH ranges.

the process of cetermining the concentration of a substance
in solution by adding to it a standard reagent of known
concentration in carefully measured amounts until 2
reaction of definite and known proportios is completed and
then calculating the unknown concentration.

In blcod analysis, a titration procedure is used to determine
the strength of ar antibody. Doubling dilutions (i.e. 1:50,
1:100, 1:200, and sc on) are made in a suitable medium
(viral transport medium, alkaline buiter, etc.) in a series of
tubes. The aprropriate antigen is added. and the reactions
are read though agglatinaticn, ELISA, or other means and
scored for the degree of positivity. The actual titer
(concentration) of the antibody is given by the dilution at
which some degree of agglutination (or determining
reaction), however weak, can stili be seen (extracted from

- the noise level



Town gas

Van der Waals forces
(and ~quation)

Vicinal diol

Viscosity

Volatile

Xanthene dye

the general name for manufactured gas with a specific
calorific value, typically used 4s a gaseous fuel. In many
parts of the world natural gas is used, which has in general
more than 50% hydrogen, 10-30% methane, as well as CO,
higher hydrocarbons, CO, and N,

Weak forces of inter- and intra-molecular attraction (and
repulsion). If these are considered in the equation of state
for gases (pressure, volume, and temperature
considerations), the volume occupied by the molecules and
the attractive forces between the molecules are accounted
for. Van der Waal’ forces are stronger in liquids than in
gases. The equation of staie, for gases, is

(P+%}V-—b)=RT

(2)

a = attractive forces between molecules
b = effective volume in one mole of gas

R = universal gas constant

vicinal refers to two substituents on adjacent carben atoms
(neighbouring positions of radicals, i.e., 1, 2, 3 positions of
benzene ring; diol indicates hydroxyl (-OH) groups.

A liquid’s resistance to chenge of form; a type of internal
friction.

evaporating rapidly; ¢.g. some volatile, poisonous
substances that form vapcurs, such as chloral, chleroform,
ether, elc.

any various brilliant fluorcscent yellow to pink to bluish
red dyes characterised by the heterocyclic compound
C, H 0.
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Appendix ITI

Details of chemical protocols

A. Initial penicillinase preparation

1. 10 mg dry penicillinase {Type 1: from Bacillus cereus; Sigma Chemical Company,
product number P 0389] is dissolved in 1.5 m! nanopure water (stirred in vortex mixer)
and then desalted with 0.2 M sodium phosphate buffer pH=8.2 (discard cluate). The 0.2 M
phosphate buffer is prepared by mixing thorougnly 48 mls 0.2M Na, HFO, and 2 mls 0.2M
NaH, PO, ®“".

(Sigma recommends the optimal binding pH range for FTITC (fluorescein isothiocyanate) onto peniciilinase
as 8.5 <pH < 9.0 1744001

Penicillinase is sold in units (defined as the amount it takes to interact with 1 micromole of penicillin);

25000 units equates to approximately i0 mg of benzylpenicillinase [assay not performed by Sigmal.
Benzylpenicillin (or Penicillin-G) is produced naturaily.

2. A two-way adjustable valve burette dropper is added to the bottom [thereby allowing
control of flow of sample] of a disposable Sephadex G-25M column (PD-10 from

Pharmacia)
Remove cap of column
Discard excess liquid {be sure to leave enough fluid to keep bed moist and undisturbed]
Secure in burette holder
Cut off bottom Up of column

Equilibrate column with 0.2 M sodiun phosphate buffer pH=8.2 and discard the eluate

3. Add penicillinase eluent (2.5 ml) and collect the eluate in 0.5 ml increments in labeled

Eppendorf tubes. Once the penicillinase solution has entered the column, 3.5 mls 0.2M

phesphate buffer pH=8.2 is added.

4, Store collected samples in refrigerator at 4° C.




B. Eluate total protein quantification

1. Prepare 15 standard serial dilutions of two of BSA (bovine serum albumin), starting at
2.5 mg/ml, to which a corresponding optica! density can be determined. See Figure 1.

1604l of each standard solution is placed in triplicate in a 96-well microtiter plate

2. For evaluation of the unknown protein, place 160p1 of 0.2 M phosphate buffer pH=8.2
in three wells (control), 150ul of 0.2 M phosphate buffer pH=8.2 in 15 sets of triplicates
with 10 pl of eluted samples, and lastly 160ul of 0.2 M phosphate buffer in last three wells

of the microtiter plate (control). Add 40ul of Bio-Rad protein assay dye reagent

concentrate to all wells.

3. The Bio-Rad Protein assay is based on the observation that the absorption maximum for
an acidic solution of Coomassie Brilliant Blue G-250 shifts from 465nm to 595nm when
binding to protein occurs. A maximum signal appears where the maximum amount of
protein is found. By using a grid such as the 96 well microtiter plate, the levels
determined through the assay can be correiated to original sample vials, and thereby the

highest levels of protein pinpointed.

4. The painstakingly filled microtiwr plate should be read at 595nm for the Bio-Rad
Protein assay, but the Titertex Multiscan has 620nm as the closest available wavelength. (Ii
is also wise to avoid being near the excitation wavelength of the fluorescent label)

Turn machine on (switch o right side)

Enter date: DDMMYY

Erter mode: 1 (for absorption at 1 line)

Enter filter; 7 (for 6Z0nm line)

Next comcs a query regarding the location of a cell for'blanking® (baselining); simply press 'Enter’

The machine will display ’In”

Place an EMPTY microtiter plate in th2 tray of the machine

Press "Step”

The machine will pull the tray in and read it.




It will prompt you with *Blank’.

Press 'Blank’.

Wait: th2 machine will then prompt you with 'Blank OK’.

Press "Stop’.

The empt:’ tray cjects; replace it very carefully with your painstakingly filled sample tray.
Press *Start’.

The machine will pull the tray in and read it; the machine will at last output the readings in columnar fashior
on its ticker tape.

Press "Stop’: your sample tray ejects.

Remove tickur tape; turn off machine; average values for triplicate readings. [gnore obviously spurious
results caused no doubt by less than painstaking effort.

C. Covalent binding of FITC to penicillinase

1. 0.7788 mg FITC (Isomer 1, Sigma Chemical Co, F 7250) is added to 1.5 mls of 0.2M
phosphate buffer pH=8.2, combinzd with pooled protein samples and then mixed
thoroughly. The MW (approximate) of peniciilinase is 50.000. We have 10 mg of it or
1.2x 10" molecules. We expect at least 4-5 FITC molecules to bind to each penicillinase:
this reaction is not expected to be completely efficient (so as a wag, we double this
requirement) and thus want 10 FITC molecules per that of peniciilinase. This mezns> we

want 1.2x10"® molecules of FITC. The MW of FITC is 389.4, which translates finaily intc
0.7788mg of material.

2. let the FITC/penicillinase solution react at 4°C overnight.

D. Separation of unbcurd FITC

1. A scdium phosphate buifer pH=5.9 is prepared by thoroughly mixing 61.5 mls 0.2M
Na HPO, and 433.5 mis 0.2M NaH, PO

2. Equilibrate the gel bed with 23 mls of 0.2 M phosphaie buifer pH 5.9 , discarding the

eluate.

Akl 8l PO SR, ;



3. Run penicillinase/FITC saniple through the Sephadex G-25M column. The higher
molecular weight (and larger) peniciltinas</FITC will ccme out first from the column. We
switch to the pH=6.0 phosphate buffer because this is now the regime ai which we expect
maximum activity from the penicillinase'*; the binding has already been accomplished.

The actual pH of our buffer, measured on a pH meter, tumed out to be 5.9.

4. Collect pericillinase/FITC in 0.5 ml sampics in labeled Eppendorf tubes. Colour
change of FITCT in bound vs. unbound state indicates visually where the bound FITC is;
further the molecular weight difference and the size difference allow a great separation
between the two samples, making the samples very scparable as they pass throuch the

column.

5. Store samples of FITC/penicillinase at 4° C.

E. Quaatification of conjugated FITC fluorescziice activity

1. 0.1 mg/ml standard FITC in 0.2M phosphate buffer pH=5.9 and six further standards by
fivefold dilutions are prepared. Add 3 mls of each FITC/buffer solution to flucrimeter
cuvettes (Hughes and Hughes, Ltd) (solutiens are 0.1, 0.02, 0.004, 0.0008, 0.00016,
0.000032, 0.00000€4 mg/ml).

2. Select penicillinase/FITC solutions with visually obvicus high level of FITC; add 100

pl of samole to cuvette and then 2.9 mi of 0.2M phesphate butfer pH=5.9.

3. Measure fluorescence level of each cuvette (samgpies and standards). Standards
detrmin=2 a curve for comparison; the samgles subsequently taken should fall on (or near)

the curve,

Procedure to use flusrimeter for FITC:

Input excitadon wavelength of 454 nm; Sigmsa’s estimste

Inpit emission waveies i w" 512 pm; Sigma's estimate
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Open lid 10 sample area (front of machine) - only open sample bay when left-band-side button is
illuminated); put sample in boider farthest away from you

_Press left-hand-side buttoa

Wait until reading stabilises (a few seconds)
Write down result

Press left-hand-sice button again

Replace cuvette with next one to be measured

Once all the cuvettes have been apalysed, plot known concentrations (standards) vs. recnrded fluorescence
level. Valid levels should range from above 25 to below 969.9

Once graph has been accomplished, use the (hopefully) straight line to extrapolate unknown concentiations
of the bound FITC

F. lodometric assay of FITC-bound peniciiiinase

1. Prepare 1.2 mg/ml standard cf penicillinase by adding (.6 mg of dry pericillinase (1000
units) to 500 pl of 0.2 M pH=5.9 phosphate buffe- and mixing vigourously. These
controls serve as the basis to dztermine concentration of unknown proteins: can

double-check original protein standard curve performed on BSA.

2. Prepare a blue/hlack reageni for iodometric assay of penicillinase: 80 ml of 0.2%
(w/v) starch solution ( 0.2 g hydrolysed potato starch in 100 mls of 0.2M phosphate buffer
pH 5.9 in a stirring flask) is mixed with .55 mis (if less than 80 mls remains of the starch
solution, use less) iodine/potass‘um iodide solution (2.03g of iodine (0.08M), 53.12 g of

potassium iodine (3.2M) with 100 mis deiorised water).

3. Sur the starch while boiling gently - cover the solution lightly to minimise lcss of liquid
- the solution is done when it is translucent and starch does not fall out after rzmoval from
heat (could take upwards of an hour). Cool 10 room temperature and filter. This
blue-black reagent will turn clear in the presence of penicilloic acid, which is released
110297

when penicillin-G and peniciilinase react . Thus as transmission through a cell is

measursd, a given level of penicillinase activity can also be measured.
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4. Prepare standard solutions of Penicillin G to verify activity of penicillinase:

Concentration Penicillin G amount Phosphate buffer pH=5.9

amount

0.4mM 7.128 mg 50 mis

0.2mM 10 mls 0.4mM 10 mis

0.ImM 4 mls 0.4mM 12 mls

0.08mM 8 mis 0.4mM & mis

0.04mM | ml 0.4mM 9 mls

0.02mM I ml 0.4mM 19 mis

5. Prepare two 96-well microtiter plates, as illustrated in Figure 4, for transmission
analysis in accordance with the below tables. This allows us to verify that the
penicillinase/penicillin G/starch-iodide reaction is transpiring as expected. Use 620nm

again as that is sufficiently far away from the excitation wavelength of FITC.

Notes for all tables of microtiter plates:
PB: 02M pH=5.0 phosphate buffer
PG: Peniciilin-G
PG-1: 0.4mM standard solution of Penicillin-G
PG-2: 02mM standard solution of Penicillin-3
PG-3: 0.1mM standard solution of Penicillia-G
PG-4: 0.08mM standard solution of Peniciliin-G
PG-5: 0.04mM standard solution of Peniciilin-G
PG-4 0.02mM standard solution of Penicillin-GG
SU1: starch/iodine solution (Hue-hlack reagent)
Pase: penicillinace standacd (1.2 mp/ml}
Pasz-1: penicillinase sample 1
Pase-2: penicillinase sample 2
Puse-3: peniciilinase samiple 3
Pase-4: penicillinase sample 4
Pasc-5: penicillinase sampie 3
Y: solution inciuded in standard amount (sec rotes for eack table) -: solution absent




Each well in the micrutiter plate will kave 190pul:

If Pase is to be sdded, then add 40 u) of PE and 10 pl of appropriute Pase

If 1 solution in addition to Pase appears, add 140 1 cf it

If 2 solutions in addition to Pase appear, add 70 Wl of each.

It two solutions appear (not Pase), then add 95 ul of each.

1f one solution appears (not Pase), then add 190 ul.

Each culumn in the toble refers to a triplet set of wells in the 9G-wvell microtiter plate.
Notes for Plate 1: Preset machines PRIOR to addition of penicillinase

Add penicillinase LAST

Take three measurements, as guickly as machine wili let you, and nots the time intervals
Annotate the output paper of the inicrotiter reader appropriately

Plate 2: Each Peniciilinuse sample is resd independently: the 10 1l aliguots arz added 1o the two rows of
the microtiter plate, and read by the Titertek machine.

Plate 1:

1 2 3 4 5 ) 7 8 9 [ 10 Il 12
P3| Y - - - - - - - Y - - -
PG| - |PG-1[PG-2,PG-2|PG-41PG-5|PG-6| - - PG-1|PG-2|PG-3
Svi| - - - - - - - Y - Y Y Y
Pase| - - - - - - - - - - - -

13 14 15 16 17 | 18 19 20 21 22 23 24
PB| - - - Y - 4 - - - - - - Y
PC|FG-4|PG-5|PG-6] - |PG-1|PG-2|PG-3,PG-4|PG-5|PC-6] - -
__'S_tl_l_ Y Y Y Y Y Y Y Y Y Y Y -
Pasef - - - i - | Pase| Pase | Pase | Pase | Pase | Pase | Pase Pusj
{ | }
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Plate 2:

PB Y - - - - - - - Y - - -
PG - - | BG-1|PG-2|PG-3| PG-4|PG-5 | PG-6! - - | PG-1[PG-2
Svl| - Y Y Y Y Y Y Y - Y Y Y

Pase |Pasel | Pasel | Pasel {Pasel|Pasel|Pasel | Pusel [ Pasel | Pase2 | Pase2 [ Pase2 | Pase2

13 14 15 16 17 18 19 |1 20 | 21 22 | 23 | 24

PB - - - - Y - - - - - - -
PG | PG-3!PG-4|PG-5,PG-5| - - I PG-1}PG-2|PG-3|PG-4| PG-5| PG-6
ST} Y Y Y Y - Y Y Y Y Y Y Y
Pase PaseZLPaseZ Pase2 | Pase2 | Pase3| Pase3 | Pase3 | Pase3| Pase3 | Pase3 | Pase3 | Pase3
25 26 27 28 29 30 31 32
PB Y - - - - - - -
PG - - PG-1 PG-2 PC-3 PG-4 PG-5 PG-6
SVl - Y | Y Y Y Y Y Y _
Pase Pase4 | Pase4 | Pased | Pased | Pased | Pased 1 Pase4 | Pased »

Plate 3: Can be the baoitom of Plate 1 afier it has been read.

25 26 | 27 28 29 30 31 32
PB Y - - - - - N
PG - - PG-1 PG-2 | PG-3 PG-4 | PG-S PG-6
Sv1 - Y Y Y Y Y Y Y
Pase Pase5 | PaseS | Pase5 | PaseS | PaseS | PaseS | PaseS | Puses

1€




Preparatior: of Cholera Toxin B {or CTP)) tapered fibrz loop

1. Add Cholera Toxin b antigen 100mg in | m! in 0.IM sodium phosphate buffer at pH

7.2 to aldehyde loop for one hour, at room temperature.
2. Rinse loop with buffer.

3. Add excess glycine and 0.1M scdium phosphate buffer at pH=5.0 for one hour at room

temperature
4. Rinse loop with nanopure water .

5.Add cyanoborohydride. 50 mg/ml, in 0.1M sodium phosphate buffer at pH=8.0 for one

hour at room temperature
6.Rinse loon in nanopure water.

7. Add sample: pre or post, of serum fluid at appropriate titer; the diluter is 0.1M sodium
phosphate buffer at phi 7.2; titers are (v/v). Start with pre {luids (sera) the lowest titer is

the first one 0 be sampled. The sample must be incubated at 20 ninuies exactly.

8. Prepare human pre and post cholera infection sera in 1:50, 100, 200, 400, 800, 1600,
3200, 6400, 12800, 25600 titers:

1:50 - 40 ml sera, 19600 mi of 0.1M sodium phosphate bufier at pH 7.2 (this is 2 ml of fluid)

1:100 - ake 1 ml of 1:50 titer, add 1 ml ef 0.1M sodiuvin phosphate buffer at pH 7.2

1:200 - take | mi of 1:100 tter, and add | mi of 0.1M sodium pbosphate bufter at pH 7.2

1:400 - t2ke 1 m! of 1:200 tites, and add 1 ml of 0.1M sodiura phosphate buffer at pH 7.2

1:800 - take 1 mi of 1:400 tter, and add 1 mal of 9.1M sodium phosphate buffer at pH 7.2

1:1600 - take 1 ml of 1:800 titer, and add 1 m:1 of 0.1M scdium phosphate buffer at pH 7.2

1:3200 - t2ke 1 ml of 1:1600 titer, and add | m! of 0.1M sodium phosphate buffer at pH 7.2

1:6400 - take | m! of 1:3200 titer, and add | mi of 0.1M sodium phosphate buffer at pH 7.2

1:12800 - take | m: ot 1:6409 iiter; add | miof 0.1M sodium phosphate buffer a1 oH 7.2
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1:25600 - @ake | mi of 1:12800 titer; add 1 mli of 0.1M scdium phosphate buffer at pH 7.2
8.Rinse loop with 0.1M sodium phosphate at pH=8.0 buffer

9.Add anti-IgA with Rhodamine isothiocyanaie label (0.5 ml); anti-IgG with FITC label
(0.5 ml). Incubate for 2 minutes exactly.

10. When not in use, all solutions must be at 4° C. Samples of serum (in liquid state) wiil

only last fcr a few days.




Radiosurface assay: iodination of peptides silanised to fibres

1. Dissolve Arg-Lys-Asp-Val-Tyr Acetate solt in naropure water at room temperature.
2. Use amino-silane to prepare fibre; expose each fibre (10 trial fibres) to peptide;

incubate for 1 hour at room temperature.

‘>

. Rinse exhaustively with nanopure water.

4. Place in empty reaction vial.

Lh

. Prepare 10 unsilanised (no peptide) tibres in reactive vials.

6. In the radioactive materials room (basement, Institute of Biotzchnology), prepare

Iodo-beads (Pierce 28665): wash with 0.05M disedium hydrogen phosphate buifer at pH
7.4 (2 beads).

7. Add 2 beads to 10ul ST solution (IMS 30, Amersham) in reaction vial. Let stand

Sminutes at room temperature.

8. Use 100 pl of "1 solution for each reaction vial with fibre; let reaction proceed for 15

minutes.

9. Putall the tubes: buffer (no radioactive material). fibres with peptide (and radicactive
material), fibres with no peptide (exposed to radicactive matenal) in Iso-Data tray for ICN

garnma counter.

10. Repeat ccunts three times: take average; correlate counts to other reaction vials with

. - 128 .
known concentrations of "I solution.
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