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PREFACE

Chemical sensing using optics is under extensive research all over the
world and many optical chemical sensors are finding increasing application
in industry, environmental monitoring, medicine, biomedicine and chemical
analysis. This is evidenced by an annual growth in the number of
international scientific conferences in which advances in the field of optical
chemical sensors are reported. These conferences, are, however, focused on
disseminating the latest scientific results rather than providing in-depth
education in the field of optical chemical sensors. In addition, the topic of
optical chemical sensors is only just beginning to find its way into the
curricula of universities and colleges in Europe and in the US. Due to the
prominence that optical sensors are assuming, it has become more and more
important to establish a framework for discussion and interchange, in
addition to traditional conferences, to aid research and education in this
important field.

In the summer of 2004, the NATO A.S.I. on the subject “Optical
Chemical Sensors” was organised in Erice, Sicily. This NATO A.S.I. was
the 40™ Course of the International School of Quantum Electronics, under
the auspices of the “Ettore Majorana Foundation and Center for Scientific
Culture” and was directed by Dr. J. Homola of the Institute of Radio
Engineering and Electronic (IREE) of the Academy of Sciences in Prague
and by Dr. F.Baldini of the “Nello Carrara Institute of Applied Physics”
(IFAC-CNR). It is also the fourth course in the framework of the ASCOS
(Advanced Study Course on Optical Chemical Sensors) series, founded in
1999 by Prof. Otto Wolfbeis. This book presents the Proceedings of this
advanced course providing a deep overview of both the fundamentals of
optical chemical sensing and the applications of chemical sensors.

The objective of the NATO A.S.I. was to bring together bright young
(future) scientists, coming from all imaginable fields of expertise related to
optical chemical sensors, to learn from selected researchers and from each
other in an appropriate atmosphere. The course covered all the principal
optical chemical sensor technologies and related fields and provided a
platform to exchange ideas and experience. The objective was accomplished
through teaching theory and basics on a level every participant could follow
and then giving the participant an opportunity to apply the gained
knowledge.

The quality of the course was assured by the presence of 27 lecturers, key
specialists for each topic, coming from 13 different countries (12 European
countries plus the USA).

An outstanding presence was assured by Prof. Charles Townes, one of the
inventors of the laser, who was invited in occasion of the forty-year
celebration of the Nobel Prize award in Physics for the discovery of the
laser. His lecture during the ceremony was one of the most exciting moments

ix



X Preface

of the Course; it was focused on an historical re-examination of the invention
of the laser and a discussion of the bases and principles which can guide
additional research activity.

The chapters in these Proceedings follow for the most part the chronology
of the NATO A.S.L.. The first section is devoted to the fundamental aspects
of optical chemical sensing. All the spectroscopic techniques utilised in
chemical sensing are described (absorption, fluorescence, chemil-
uminescence, Raman spectroscopy, surface plasmon resonance) as
well as the main chemical aspects concerning the sensing mechanism and/or
the identification of the proper chemical transducer (enzyme-based reactions,
antibody/antigen interaction,) and its immobilisation on the most suitable
support (polymers, sol-gel, covalent bond). After this first section, attention
is given to sensor applications with chapters focused on the different areas in
which optical sensors find their utilisation (detection of bioterrorist threats,
food safety, invasive applications in medicine, cultural heritage, gas sensing,
the optical nose, DNA protein and sensor arrays, etc.). On this basis we
grouped the chapters in two main topics: fundamentals of optical chemical
sensing and applications of optical chemical sensing.

By way of introduction, these two sections are preceded by the lecture of
Prof. Townes on the birth of laser and maser and by a retrospective vision of
optical chemical sensors of Prof. Wolfbeis.

We greatly acknowledge the invaluable help of Dr. Ambra Giannetti from
IFAC-CNR, scientific secreteriat of the NATO A.S.I.. We also greatly
appreciate the help from Dr. Alessandro Schena for much of the computer
processing work. We acknowledge with gratitude the generous financial
support of the NATO A.S.I. Programme Committee and also the support
received from the Sicilian Regional Parliament, the National Research
Council (CNR), the University of Rome "Tor Vergata" and the Italian
Society for Optics and Photonics (SIOF).

The Editors
S.Martellucci and J.Homola
Directors of the NATO ASI

A.N.Chester
Co-director of the ISQE

F.Baldini
Co-director of the 40™ ISQE Course

July 2005
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EDITORIAL

The present Proceedings mark a milestone in the history of the laser as
well as a milestone in the International School of Quantum Electronics.

2004 marks the 40th anniversary of the award of the 1964 Nobel Prize in
Physics "for fundamental work in the field of quantum electronics, which
has led to the construction of oscillators and amplifiers based on the maser-
laser principle." This award, given to Profs. Charles H. Townes, Nicolay G.
Basov and Alexsandr M. Prokhorov, acknowledged the discovery and early
development of masers and lasers, which have so richly benefited both
scientific research and practical applications.

2004 also commemorates the 40" Course of ISQE, which has presented
workshops and short courses on almost every aspect of lasers from 1971
through the present Course on “Optical Chemical Sensors.” A list of the
courses and workshops is appended to these remarks for reference.

Because of this fortuitous coincidence, we decided early in the planning
of the 2004 Course to set aside time in the program for a ceremony to
commemorate the “birthday” of the laser, with the participation if possible of
those who contributed to its initial discovery and development.
Unfortunately, Profs. Basov and Prokhorov are no longer living; however,
Prof. Andrei Varlamov, on behalf of the Russian Academy of Sciences,
agreed to attend the ceremony and give his recollections of these gentlemen
and their early years of laser research.

Prof. Townes, who is presently with the University of California,
Berkeley, California, kindly consented to not only attend the ceremony, but
also to give the keynote address. His remarks capture the excitement and
energy of the early days of maser and laser research, and also touch on the
breadth of applications today. He also points out that 2004 is also the 50"
year of the operation of the first maser, making this a threefold anniversary.
Prof. Townes’ talk is included in these Proceedings under the title “Birth of
the Maser and Laser”.

The ceremony was held on August 1, 2004, hosted by Prof. Sergio
Martellucci, Co-Director of the International School of Quantum
Electronics. A number of distinguished scientists and national leaders
participated in the ceremony representing the Italian institutions
(Universities, Research and Industry) operating in the field of laser. At the
end of the Ceremony Prof. Townes has been awarded by the Galileo Galilei
medal of the Italian Optics and Photonics Society (S.I.O.F.).

It is especially fitting that this Course on Optical Chemical Sensors
should be the occasion to recollect the early days of the laser and honor
those whose vision and brilliance opened up such a rich and productive area
of science. Laser-based chemical sensors serve as valuable research tools
while at the same time they have found many practical applications — in this
sense, they offer a representative snapshot of the entire field of masers and
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lasers. Moreover, these sensors reach across the boundaries from physics and
engineering to chemistry and biology, and thus they epitomize the inherent
interdisciplinary characteristics of the laser itself.

Directors of the International School of Quantum Electronics:

Arthur N. Chester Sergio Martellucci
Hughes Electronics Corp. & Engineering Faculty
HRL Laboratories (Retired), University of Rome “Tor Vergata”

Malibu, California, USA Rome, Italy
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Chapter 1
BIRTH OF THE MASER AND LASER

Charles H. Townes
University of California
Physics Department
Berkeley, CA 94720-7300
USA

1. THE LECTURE

Thank you. I’'m enormously pleased to be here. I know that this School in
Erice was formed some time ago, but this is my first opportunity to be here.
Erice is a wonderful city. In addition, I think very highly of the Ettore
Majorana Foundation, the Schools, and the Courses here.

You will see from my talk about the laser how important I feel it is for
scientists to interact, to bring people together, to talk with each other, to
exchange ideas, and also for different fields to interact, so that one can pick
up some idea from another field, and so on. That’s a very important part of
the progress of science and the progress of scientists.

I certainly appreciate what Professor Martellucci is doing in this
wonderful School, and I appreciate the opportunity to be here. And I thank
you for the honor that you are bestowing on me.

Now, [ want to talk about the laser. It’s a personal history in part, but also
I think a very important illustration of how new science and new technology
develop. It’s simply one of many examples, but one I happen to know
personally, so that’s the one I will talk about.

First, let’s look at what current lasers and masers do. Lasers vary in size
from single atoms, or submicroscopic size, to lasers as big as tall buildings.
Well, the single atoms in small lasers produce fantastically small amounts of
power — let’s say, 10'° watts. The big ones have produced as much as 10"
watts — that is, ten million billion watts, more than we have from any other
kind of source. Now, that lasts for a short time, because it would be too
expensive to have it on all the time, of course. Nevertheless, it’s very
powerful, and that great power produces an intensity which allows us to
study and to understand new states of matter with very high energy
concentration.

1
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Energy concentration is even more important than power. With a laser,
10" or 10™'® watts can be concentrated in an area about the size of one
wavelength, so we have maybe 10" watts per square centimeter. That’s a
fantastic concentration of power, which produces new kinds of conditions
and opens up some new science.

But in addition to producing very high temperatures and fantastic power,
the laser also has produced the coldest things we have ever known. It has
produced new forms of matter that have temperatures below one millionth of
one degree Absolute. And new forms of matter produce new effects and new
applications. So the laser gives us these new areas of science: very high
energy intensity, very low energy intensity, and new forms of matter.

Also, the laser or maser measures time very precisely. The hydrogen
maser, for example, can measure times with a precision of about 10™. It can
also measure short times — as short as 10" seconds. So we can see atomic
and molecular phenomena occurring on very short time scales.

Lasers also measure length very accurately. In fact, the standard of length
has been changed — it’s no longer the standard meter in Paris, but it’s the
wavelength of a particular form of light. We can send a laser beam to the
moon and measure the time that it takes for its reflection to return, and we
can determine the distance to the moon to one or two centimeters. So the
laser enables all kinds of high precision measurements, in time, in space, in
size, and so on.

Amplifiers. The maser produced a new kind of amplifier, which was
about a hundred times more sensitive than the amplifiers we had at the time.
The maser had a so-called “noise temperature” of about one degree Absolute
— you can get down to about that amount of noise. However, other amplifiers
at that time were a hundred times more noisy. Thus the maser allowed us to
measure more sensitively.

Well, those are some of the kinds of things that masers and lasers have
made possible.

The maser and the laser, I'm delighted to say, have been very useful
scientific tools. And that was my primary interest, to get a good scientific
tool to do new things. Since the Nobel Prize in 1954 there have been twelve
other Nobel Prizes that used masers or lasers as tools. That doesn’t mean that
the masers and lasers produced the Nobel Prize, but the person who did the
Nobel Prize work was able to do things that he couldn’t do otherwise, using
masers and lasers as tools.

Now let me mention some of the commercial applications, because of
course it has had an enormous commercial impact. When the laser first came
along, and we were talking about it, some of my friends said, “Well, that’s a
nice idea, but what good is it? What can it do?” Today, it’s fantastic to think
that anybody would even ask that question. Look at all the uses! Well, I
could foresee some of the uses, certainly in communications and so on, and
in heat. The laser marries optics and electronics, and those two touch on
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many different fields. Initially, we couldn’t even imagine all of the uses that
it would have, and in fact those uses have appeared and been developed with
the contributions of many different scientists and engineers.

But communications is one of the most important commercial
applications, because a beam of light gives us an enormously wide
bandwidth. Bandwidths have been produced up to about 100 gigabytes, in
other words, a hundred billion pieces of information per second, in one light
beam. Now actually, in principle, the bandwidth could be one hundred times
more than that. As we develop the technology, we can transfer a million
billion pieces of information per second, and that will be more than all of the
radio, TV and telephones all over the world, put on one light beam. So the
laser has an enormous potential for communications, and it’s already being
used in this way.

But there are other applications as well, such as recording and reading
information. We see this at a grocery store, scanning bar codes on products.
You also see laser pointers, which are used here in some of the lectures. All
kinds of very simple things as well as very complex things.

One of the first applications I pointed out was that you can produce a
straight line — a surveyor can use a laser beam to define a straight line, and
by getting the reflection back he can also measure the exact distance to
within a millimeter. Just simple surveying, producing a straight line. Now
the GPI, Global Positioning Indicator, this uses a maser clock, that’s another
application.

Cutting and welding, and heavy manufacturing. Lasers are now being
used in making automobiles. Lasers can burn and cut very fast, and they can
also make very precise cuts. They can also cut things without heating up the
rest of the material. Or, they can evaporate and clean a surface by a spurt of
energy without overheating the underlying material. There are already many
laser applications in manufacturing and I’'m sure there will be many more,
particularly in nanotechnology — because although lasers can be enormously
powerful, they can also be weak and precise. With laser tweezers we can
pick up an individual molecule or an individual living cell without injuring
it, and move it to another place. In this way, we can construct and
manufacture extremely small things.

I’'m particularly pleased with the use of the laser for medicine. Now, just
as an illustration of the difficulty of predicting the future development of
science and technology, shortly after the laser came along, a medical doctor
came to me and said that he was very interested in possible medical uses of
the lasers. Would I be willing to help him write a paper on medical uses of
lasers? I said, of course, I’d be delighted, and so we wrote an article covering
as many ideas as we could. However, we missed some of the most important
medical applications. Perhaps the first very important medical use for the
laser was re-attaching detached retinas. If the retina comes loose, you can
use a very precise burst of light to re-attach it — it’s very simple. And I’'m
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just delighted that lasers have saved the eyes of some of my friends.
Emotionally, that affects me more than almost any other application. But at
the time the doctor asked me to write about medical uses, I’d never heard of
detached retinas, and he didn’t mention it, and so we missed this application.
But nevertheless, that was one of the first very important medical uses of the
laser. And of course, since then the laser has been used for many other kinds
of operations as well.

Now, what more? I would say at present that lasers are still in a
preliminary stage of development — perhaps what I would call late
adolescence in a human. When a child grows up, by the time they get into
adolescence we can sort of see their potentiality, we can see how smart they
are, or what they might do, and how much energy they have. Similarly,
today we can visualize how important the field of lasers is, and we can see
how active it is, and what it’s likely to do, but we can’t predict everything
that it is going to do in the future. And so I would say the field of lasers is in
its adolescence. We can see pretty well that it’s got lots of potential, but we
can’t predict its entire future, and we expect other scientists and engineers to
still find many more applications.

Now, I like to make an analogy to describe this situation. The analogy is
with a beaver. As you know, a beaver builds a dam in a stream by bringing
little branches and putting them together. Well, my story is about the beaver
and his friend the rabbit. They are both looking up at Hoover Dam in the
United States, which is a wonderful big concrete dam in an enormous
canyon, one of the most beautiful and biggest dams we have. And the beaver
looks up at this dam and says to his friend the rabbit, “No, I didn’t really
build that dam, but it’s based on an idea of mine!” My point is that it’s very
important to recognize that science grows as a result of a community, a
community of scientists and engineers who add further ideas. Science grows
like a tree, as people keep adding on more and more new things. So the
success of the laser has arisen because of the scientific community, with
contributions from many different people. Not only the scientific work, but
also the commercial applications of lasers have depended upon the
contributions of such a community.

The question has already been asked, well, why wasn’t the laser
discovered earlier? In fact, there’s no single idea involved in the maser or the
laser that somebody didn’t already know — but no one put them all together.
For example, Einstein pointed out that stimulated emission occurs when light
passes near an excited atom or molecule. The light can induce the excited
atom or molecule to give up its energy to the light, and that’s a very critical
part of masers and lasers. Now, did Einstein think about amplification? No.
Did he say anything about the coherence of this induced emission? No, he
didn’t say that.

However, in 1924, [Richard C.] Tolman, a theoretical physicist who
studied thermodynamics and light interacting with molecules, described how
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light gets absorbed by molecules and how some molecules in a lower state
will absorb, and some in an upper state will emit. And he said, well, of
course, if there were more molecules in the upper state than in the lower
state, you’d have negative absorption, that is, amplification. But he said, it
would probably be very weak. That’s all he said about it, and nobody paid
any attention to it.

Tolman also said that no one has proved that the light induced this way,
the light produced by the molecule, is the exact same frequency and phase as
the inducing light, but it probably is. However, nobody had proved it
mathematically. As a matter of fact, in some of my early work on the maser,
people challenged me on this point, and I went back to the notes I had taken
in quantum mechanics courses I had taken back in 1937 — I pulled out these
notes, I could see the equations there, and I could see that the emitted light
has to be coherent. But not everybody recognized that, although certainly
some people knew it.

So, you see the field is in fact a very old one, and so why wasn’t it put
together? Well, this is another example of how science and technology
advance. Different scientific fields have to interact — people have to be
interested enough to do some new work, and talk to each other, and new
ideas grow out of fields which had seemed not to be relevant at all. The
laser, an intense light, came out of the study of the microwave spectra of
molecules. The microwave spectra of molecules — now, what would motivate
someone to say, [ want a very bright light, so I will hire somebody to study
the microwave spectra of molecules? He wouldn’t do that, he couldn’t
possibly think of that. No, he would go to some company that’s making
bright lights now, and ask them to make it a little bit brighter. They might
double the intensity. But microwave spectra of molecules produced lasers
with billions of times more intensity.

Now, how can I say that masers and lasers grew out of the field of
microwave spectroscopy? Well, of course, that was my own field, from
which I got my ideas. It was also the field of [Nicolay G.] Basov and
[Aleksandr M.] Prokhorov — they were working in microwave spectra of
molecules, and there was a third separate idea, from [Joseph] Weber at the
University of Maryland — he had some ideas on masers, and talked about
them. He didn’t have a very practical system, and never tried to make a
maser, but he recognized this possibility, and he was also in the field of
microwave spectroscopy. So there were three separate ideas which came out
of that field. And this happened because that field married engineering and
quantum mechanics, in just the right way. Now at that time, most physicists
didn’t know much about engineering, and most engineers didn’t know much
about quantum mechanics, and bringing those concepts together was not so
obvious.

Microwave spectroscopy grew out of the radar of World War II. Working
with those radars taught many physicists a good deal about engineering. And
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it taught me. I worked on radar during World War II. After World War II, 1
recognized, as did some other physicists, “Hey, this new radar and the
technology we have can do spectroscopy of a new kind.” In fact, some radars
had unexpectedly run into trouble — they didn’t work very well, because of
the absorption of a particular wavelength by water in the atmosphere. And
since I was in that field, I knew that we could do a new kind of spectroscopy.

And now, I’ll be talking about the interaction between basic science and
applied science, or, you might say, university science and industrial science.

I was working at Bell Telephone Laboratories at that time. Much of the
radar development came out of applied work in industrial laboratories, and
so did microwave spectroscopy. I persuaded the Bell Laboratories to let me
do microwave spectroscopy, and so it started at Bell Labs, but it also started
at General Electric, where a friend of mine began it. He did a little bit of
work, but then the General Electric people said, no, you must stop, it’s not
going to have any use for us, we have no applications. So this work had to
stop at General Electric. At RCA, another important electrical company, a
friend of mine started it there, and he worked on it for a while, and the
company said, no, that’s of no value to us, we won’t pay you anything for it,
you must stop.

Microwave spectroscopy also started at Westinghouse, again, an
industrial company. It was done by a friend of mine, and he did some nice
microwave spectroscopy, but the company said no, shut it down, we can’t
pay for that.

Bell Telephone Laboratories asked me to stop, because they said, look,
there are some engineering things that we’d like you to do that would be
much more important to us. But [ didn’t want to do that, and I said, look, I
really want to do some physics, and they let me do it. And I continued to do
microwave spectroscopy, and pretty soon microwave spectroscopy was
interesting enough to other physicists that I got a job at Columbia University.
And so I moved to academia because industry wasn’t all that interested in
the field.

Now, we recognized that by using radar technology, klystrons and
magnetrons, we could do this wonderful new spectroscopy at very high
resolution, but we wanted to get to shorter wavelengths. Those electronic
devices could produce radar wavelengths as short as a couple of millimeters,
but not much shorter. However, | wanted to get on into the far infrared,
below a millimeter. And I kept working on this. My students and I tried
several methods, and they worked a little bit, but they didn’t work very well.
At one point the Navy asked me to head a national committee to try to
examine how we could get down to shorter wavelengths — they wanted
shorter wavelengths for radar, to get down into the far infrared. They asked
me to organize a committee and examine the subject, and we traveled all
over Europe and the United States, to many laboratories, trying to see, does
anybody have any ideas? And we discovered nothing. The last meeting was



Birth of the Maser and Laser 7

to be in Washington. I chaired the meeting, and 1 woke up early in the
morning, worrying about, now, why haven’t we been able to find a good way
to get to short wavelengths?

Now, this is one way that new ideas come up. I sat in the park in the early
morning thinking, I haven’t been able to do this, and I went through all the
ideas that I had tried and had looked at. I said, now of course molecules can
make short waves, but thermodynamics says you can’t get more than a
certain amount of energy from them, unless you heat them up very very hot.
And then the molecules would fall apart. I had used that argument before, |
was proud of myself for knowing enough thermodynamics to know that you
can’t get much energy out of the molecules.

But then I said, wait a minute, wait a minute! The molecules don’t have
to be described by a temperature. We could have more molecules in the
upper state than in the lower state, and then thermodynamics doesn’t have to
apply. Aha, wait a minute.

And now, fortunately, here came a particular experience which
contributed in the right way. I had just heard a German physicist, Wolfgang
Paul, speak at a seminar at Columbia about how to get a very intense beam
of molecules using quadrupole focusing magnets, that is, four rods with
electrical fields on them, and sending the molecules through between them,
and this could select molecules in an excited state with a high intensity. I had
just heard his talk about a month earlier and now I thought, well, that’s how
to get a high intensity of selected molecules in the upper state. I was very
familiar with ammonia, I’d been working on ammonia spectroscopy, and I
knew about molecular beams because I was at Columbia where [Isidor Isaac]
Rabi and [Polycarp] Kusch and others had done famous work on molecular
beams. So, I quickly took out a piece of paper and put down the numbers. I
knew enough of the numbers and yes, I could make a cavity, I knew what the
Q of the cavity resonance would be, and how long the radiation would be
sustained by the cavity, and I put down the numbers, and I said, hey, looks
like it will work!

I went on to the committee meeting, and we concluded that we had not
been able to find any good ideas to go to shorter wavelengths. And so we
disbanded the committee. Of course, I had just had what seemed like a new
idea, but it was brand new, and I wasn’t yet sure of it — I thought that I
should think about it some more and did not try to mention it to the
Committee.

So, I went back to Columbia. I got my best graduate student Jim [James
P.] Gordon to work on it as a thesis. I told him, if we can’t make it work, you
can still do some nice research, and get a thesis. So he worked on it for about
two years, along with a post-doc, Herbert Zeiger. Jim Gordon and Herbert
Zeiger both worked on it, and they were very good scientists.

Now, Professor L. H. [Llewellyn Hilleth] Thomas was in the department
— he was a good theorist, known for the Thomas effect in electron precession
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— he would run into me in the hallway and say, “Charlie, that’s not going to
work.” I said, “Why?” But I couldn’t get him to tell me — all he would say
was, “l don’t understand how it’s going to work.” So, I went back to my
notebooks and I checked over everything. Sure, I took him seriously, but as
far as I could see, it was going to work.

Well, we’d been working on this for two years and we hadn’t made a
maser yet; we had to get a cavity with a high enough resonance, and do just
the right things, getting enough excited molecules. At that time, the chairman
of the department was Professor Kusch, who had a Nobel Prize, and
Professor Rabi was the previous chairman, he had a Nobel Prize — [’'m sure
you know who he is, a famous physicist, and Kusch is an excellent physicist.
They came into my office, the chairman and the previous chairman, and they
said, “Charlie, you’ve got to stop. That’s not going to work. We know it’s
not going to work, you know it’s not going to work, you're wasting the
department’s money. You’ve got to stop.”

Now, that’s not so uncommon, for other physicists to disagree with you,
but fortunately, I was a Professor then, and American universities have a
general rule that if you’re a Professor, you can’t be fired unless you do
something morally wrong. That’s what’s called tenure. Well, 1 knew I
couldn’t be fired, and I said, “No, I’'m going to continue, I think it has a
reasonable chance of working.” So they marched out of my office, because
they thought I was wasting money. Well, about two months later, Jim
Gordon dashed into my classroom and said, “It’s working! It’s working!” So
all of us, the whole class, went up to the laboratory to see the maser working,
and sure enough, it was oscillating, and that was just great.

Now, Kusch and Rabi weren’t against me, they just didn’t agree with me,
and Kusch later said, “Well, I guess I should always recognize that you
probably know more about what you’re doing than I do.” And so it was just
a real, genuine difference of opinion.

Now I might mention also that Aage Bohr was at Columbia as a post-doc,
and I knew Aage well. I was visiting Aage Bohr, and I had a chance to talk
with his father Niels Bohr. He and I were walking along the street, and he
asked me what [ was doing, and I told him, well, we had this maser, which
was producing very pure frequencies from molecules. And Niels Bohr
looked at me and said, “Oh no, it can’t do that. You must misunderstand
something. It can’t do that. Oh, no.” I said, “Well, yes it is,” and I explained.
“Well, no, no, that’s not possible.” And finally he said, “Well, maybe you’re
right,” but I’m not sure he really understood.

Around the same time, I was at a cocktail party at Princeton University
with John von Neumann, whom you probably know, a very famous scientist.
John von Neumann and I were talking, and he said, “What are you doing,”
and I said, “Well, we’ve got this maser, with very pure frequency.” Von
Neumann says, “Oh, no, no, no, that’s just not possible, you’ve got
something wrong. Something wrong there, you don’t understand. No, it’s not
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possible.” I said, “Yes, it is, and we’re doing it.” “Oh, no, no.” So, he went
off to get another cocktail, and in about fifteen minutes he came back, and
said, “You’re right! You’re right! Have you tried, could you do this with a
semiconductor?” I said, “Well, yes, you might do it with a semiconductor,
I’d like to do that, but I don’t know any good semiconductor to try.”

Later, after von Neumann died, I saw his memoirs, and he had written a
long series of discussions about putting a semiconductor near an atomic pile,
producing neutrons which would excite the electrons in the semiconductor.
He hoped to get very intense light out of the excited electrons, and he talked
about stimulated emission. Apparently, he had sent this proposal to Edward
Teller saying, “Don’t you think we should try this?” Edward Teller never
bothered to answer. And so von Neumann dropped it. But he did not mention
a resonant cavity for feedback, and he didn’t mention coherence. He was just
getting an intense light.

One of the problems that all these scientists had at the time was
understanding how one can get a very sharp frequency, a very narrow
frequency. You see, in using a beam of excited molecules the molecules pass
through a cavity, but they’re only in the cavity for a short time. With a short
time duration, you can’t define frequency very precisely. Scientists just
weren’t accustomed to feedback. However, if you ask an electrical engineer
about feedback in a cavity, he would say, of course, any time you can get
feedback, you’ll get a very pure frequency. The molecules pass through the
cavity in a short time, so frequency can’t be defined in that way, but people
didn’t consider the fact that the cavity maintains the frequency and phase as
many molecules continue to pass through. So, you see, we all get fixed in
our ideas, because we spend our time looking in a particular direction, and
because of this we can overlook a lot of other important things.

Now, shortly after the first maser was working, I went to a conference on
spectroscopy in Cambridge, England and I gave a talk. I told them I might
talk about this new maser we had, but they wanted a talk about spectral
measurements, and so I gave them that kind of a talk instead.

Basov and Prokhorov came over, and it was not common in those days to
be able to meet with Russian scientists. They came over, to this Cambridge
meeting. And they didn’t announce what they were going to talk about. But
what did they talk about? They talked about a possible maser. They were
using a beam of excited molecules — ammonia molecules, also — passing
through a cavity. They hadn’t made a maser work yet, but they had the ideas,
and we walked along the streets of Cambridge and talking, and oh, it was a
great pleasure for me to talk with them. Now, I told them about the maser
that we had working, and that we used quadrupole focusing, so then they
went back and used quadrupole focusing and made it work. But in addition
to that, they improved it by using an octupole system. Now I hadn’t thought
about that, but the octupoles — eight poles — are still better. So, we had an
exchange of ideas, and they made a further improvement.
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Well, the maser became very exciting to everybody. Before that, many
people had come and visited my laboratory. I told them what we were doing,
and they were polite, but nobody was really interested. Nobody except
Basov and Prokhorov. Nobody thought it was worthwhile — well, OK, well,
that’s an idea, but why would you do it? But once the maser was going, then
everybody was excited. There was a lot of competition, a lot of people
wanted to work on it.

Now, I went on sabbatical shortly after that. I went to Paris, and there I
ran into a former student of mine, who was at the Ecole Normale Supérieure,
Arnold Honig. He had been working with a French person, [Jean]
Combrisson, and they had studied electron spins in a solid. The electron spin
could be pointed up in a magnetic field and it stayed there for a many
seconds before it would decay. I said, that’s what we want for a tunable
maser — if we vary the magnetic field, it changes the energy levels, and if we
can get electron spins that will stay up there a long time, we can make a
tunable maser. Now, can we really do this? I was there for about three
months and we almost made one work, we got a little bit of amplification,
but not much, using electron spins.

Now, back at Cambridge, Massachusetts, Woody Strandberg had thought
about using electron spins for a maser. He hadn’t made them work, but he
gave a talk about it. And in the back of the room was Nico [Nicolaas]
Bloembergen from Harvard, who heard him talking about using electron
spins to make masers, and Nico asked, “Why would you want to do that?”
And Woody said, “Oh, it will make the most sensitive amplifier we’ve ever
had.” “Oh,” said Nico, “Aha!” Now, Nico had been working on electron
spins in crystals, with three energy levels not equally spaced. I wasn’t
accustomed to that, I hadn’t worked with electron spins much. With a three
level system, you can excite the electrons from the bottom energy state to the
top state, and then they can fall back to the middle state, and that allows
amplification. So the idea of the three level maser, that came from
Bloembergen. This shows once again how ideas can get traded back and
forth.

After three months in Paris I went to Tokyo, and there I ran into a former
post-doc, [K.] Shimoda, who had worked with me as a post-doc at Columbia
University, and we talked some about masers. But perhaps most importantly,
on the street [ met a biologist that I knew, an American biologist, who was
on leave then, and I said, “What are you doing?” He said, “Oh, I’'m reading a
very interesting paper written by an English chemist on the fluctuations in
microbial numbers.” A microbe can die or it can divide and make two
microbes, and this man had worked out the equations describing the statistics
of how the microbe colony grows when some are dying, and some are
splitting and multiplying. I said, “Hey, wait a minute, that’s just what we
need, to understand the noise fluctuations in a maser.”
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We only had to add one more term — spontaneous emission — to the
equation. Well, we did that, and then I had a hard time solving the equation,
but a mathematician, Dr. [G.] Takahashi solved it. So Takahashi, Shimoda
and I then wrote a paper on the maser amplifier, what the noise had to be, the
theory of the noise fluctuations, and so on. Again, just trading ideas back and
forth.

Well, now, the maser became very very popular, there were lots of people
working on it. It was so popular, and so many papers were submitted to
Physical Review Letters that the editor of that journal said, I’'m not going to
take any more papers on masers, we’ve got too many, we’ve got to have
some space for other things. And so the Physical Review Letters has no
papers on masers.

In addition, many people said, “Oh, yeah, that’s a good idea, I had that
idea, I thought about it, my professor mentioned something like that, oh,
yes.” Well, very little was written down, but in fact a number of other people
had kind of thought about it. But they didn’t think of using it, and making it
really work.

This reminds me, that I recently saw an article by Arthur Clarke who
talked about how changes occur. Arthur Clarke said, “People go through
four states before any revolutionary development. First they say, ‘It’s
nonsense, don’t waste my time.” Secondly, ‘Well, it’s interesting, but not
important.” Third, ‘I always said, this is a very good idea.” Fourth, ‘I thought
of it first.”” Well, that’s not too far wrong, and something we must think
about.

Well, at that time, my primary purpose was to try to get to shorter
wavelengths. | built the maser first in the microwave region, because I
wanted to try the idea, and that was the easiest way to make it work. But I
wanted to get into the far infrared. The maser had first operated in 1954 —
and so, by the way, this is the fiftieth anniversary of the maser, as well as the
fortieth anniversary of the Nobel Prize. Well, three years later, in 1957, I just
wanted to get to shorter wavelengths. I said, well, I haven’t had any good
ideas, I’m just going to sit down and work out what I think is the best way of
trying do it. And I wrote down the equations about what was needed, and I
said, it looks like it would be very practical to get right on down to optical
wavelengths.

I talked with one or two of my students about it. Also, I was consulting at
that time with Bell Laboratories, and I had a very good, very happy
consulting job. Bell Labs said, just come here one day every two weeks and
talk with people here, you know, talk with them about what they’re doing.
We just want you to interact. That was a good idea from Bell Labs’ point of
view, I guess, and it was a happy idea for me. So my brother-in-law Arthur
Schawlow was there at the time and I went around and talked with him, of
course — I got paid for talking with my brother-in-law about science — wow!
And I told him about this optical maser idea that I’d had. He said, well, you
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know, I think it’s a good idea too, and I said, why don’t we work on this
together. So now Arthur Schawlow came up with the idea of having two
mirrors as a resonator for optical waves. I had been using a resonator, but it
was a big microwave cavity with some holes in it. I couldn’t build an optical
oscillator right away, because lots of people would know I was making it,
and I would have lots of competition. So we decided that we probably ought
to write a theoretical paper first, just showing that this might be done. But we
shouldn’t write the paper until the patent was filed.

So, as it turned out, we’d have to wait nine months, keeping it somewhat
secret. We wrote the paper, but we showed it only to Bell Labs people until
the patent was filed, about nine months later. Now again, it’s interesting, you
see, the preconceived ideas that people have — no one wrote anything during
that nine months about the possibility of making shorter waves. They were
interested in masers, they were working on masers, but no one thought short
waves were possible. Most physicists said, oh, well, you can’t do short
waves with this, it’s a nice idea, but you can’t get short waves. I had thought
it was pretty hard, too, until I wrote down the equations and recognized it
would not be difficult to get down to the short wavelengths of optical light.

And so during that nine months, nothing was written, excepting by one
student, Gordon Gould, whom I had talked with. In fact, I talked with him
about a month after I had written down the possibilities, and he then wrote
some things in his own notebook — he didn’t publish it, but just wrote some
things in his notebook. That was the only written thing about it, until we
published the paper. Now, once the paper was released, it began to be
distributed, and by then, everybody got interested and they were all trying to
build a laser. I was trying to build a laser, but I had to work in Washington at
that time, so I didn’t have lots of time. My students were trying. With what
time I had I tried with them, but it wasn’t much.

At this time, the Navy asked me, would I organize a meeting so we can
discuss this field, and what might be its potential. And they could pay for it.
So I consulted a lot of different people, in different associated fields, and we
talked about whom to invite. We also talked over what to call this new field,
and that’s how we invented the name quantum electronics.

We had this meeting in 1959. Basov and Prokhorov were invited, of
course, and they came over. We were just delighted, this was the first time
they had come over — getting Russians to come to America was very rare at
that time. So they came over. I had a chance to have them in my home, and
they were able to visit my laboratory. They talked about their ideas, and
what they were doing. A number of people talked about making an optical
system, but it hadn’t yet been done.

But the next year, in 1960, Ted Maiman built the first laser, the ruby
laser. He did that work at Hughes, and I’'ll ask you to note, now, as we
moved from the ideas to its being a hot field with everybody interested, that
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it was in Industry that got it done. Ted Maiman was in industry at Hughes.
He had been a student of Willis Lamb doing radio spectroscopy. Hughes had
hired him, and he built the first laser.

The second kind of laser was built by one of my former students, Mirek
Stevenson, and one of Bloembergen’s former students, [Peter] Sorokin, at
General Electric. The third kind of laser was built at Bell Laboratories by
one of my students in microwave spectroscopy, Ali Javan. He worked with
Bill Bennett [William R. Bennett, Jr.], one of Kusch’s students, who had
been working in microwave spectroscopy at Columbia. This new laser was
the helium-neon gas laser, built by Javan, Bennett and [Donald R.] Herriott,
who was an optical guy. The next type was a semiconductor laser, which
was built at General Electric by [Robert N.] Hall.

So all the new lasers were coming from industry. They had originated
from basic research in universities, but once industry got really interested,
they could work faster and harder than we could in the universities. So once
industry got interested, they were the ones who were the most productive
and generated all the first lasers. My own students didn’t work fast enough, I
guess. But as soon as Ted Maiman’s laser came out, I said to my students,
let’s now use it, let’s not worry about building new kinds of lasers, but let’s
use them to do new kinds of physics. So the students began to do a lot of
new kinds of physics, including nonlinear optics, another new physics field,
one field that I haven’t mentioned before.

Nonlinear optics. Well, again, why wasn’t this already discovered? Well,
you see, we have particular paths of thought which are very important to us,
but they can keep us from considering other paths. In addition, engineering
and science had to come together so that ideas such as frequency
multiplication and mixing seemed natural.

Now in addition to this research, I went out to the University of
California a little later, wanting to do astrophysics. I thought that there might
be molecules in interstellar space, but the very famous theoretical
astrophysicist George Field told me, absolutely not, there won’t be
molecules. Molecules will get torn apart by the ultraviolet light, I can prove
that, he said, You can’t have any complex molecules there. And I said, well,
no, I think there are some dark areas where people don’t see anything except
dust, and there might be something there. No, oh no, that’s crazy, you’re
wasting your time.

However, one of the electrical engineers at the University of California,
Jack Welch, was willing to work with me, and I could use his radio antenna.
So I had a student, Albert Cheung, take a look, and he looked at these dark
clouds in space, and sure enough, there was ammonia. Well, since we found
ammonia, we thought, we ought to look for water too, just to try this out. So
the student looked, and there was water radiation. In fact it was very intense
— hey, it had to be a maser, maser amplification in interstellar space! And
OH had already seemed to indicate something similar.
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Now today, we have found about a hundred different masers in space and
some lasers. The difference between a maser and a laser is of course only in
the wavelength. But there are some astronomical systems where infrared is
getting amplified. Now as has been pointed out, amplification in interstellar
space doesn’t involve resonances, but it does involve stimulated emission.
You know, somebody could have seen these interstellar masers in the radio
regions of the spectrum many years ago. Anybody who used the radio
technology of 1936, and looked up into the sky, could have detected this
water frequency. They didn’t bother to look, but it was there all the time. So
now we know, lasers have been there for billions of years. Masers have been
there billions of years. So that’s another way we might have discovered
them, but we didn’t. Now I emphasize this to indicate that we need to search,
we mustn’t be too confined by what we think is going to work, we’ve got to
explore.

I’m going to conclude now with just a few summary observations.

Scientific work should not be supported simply for the technological
contributions which can be envisioned, but rather as exploration which has
the possibility of making completely unexpected contributions. We don’t
know what applied fields might be developed from a given research project.
Here again, if you consider microwave spectroscopy of molecules, why
would that have produced intense light? That was quite unpredictable, and
that’s not atypical for basic science. If you explore new ideas, you get new
thoughts and new results, and out of those come applications.

Now, second, interdisciplinary interaction can be very fruitful in
generating innovative ideas and discoveries. I might say interdisciplinary
interaction also reminds me of Erice, this very important place where you
bring people together, and I think we have to be very thankful for what
Professor Martellucci is doing in running this place, in organizing it, in
bringing people together in different fields, getting scientists from many
different countries together. You can see from my illustrations how
important that is, in fact.

Third, we must be open to viewpoints, ideas and experiments which do
not fit accepted scientific thinking and trends. Perhaps, we even need to
encourage challenges to standard paradigms. In particular, I think that we’ve
got to be very careful about overusing committees, which we frequently do.
We appoint a committee of important scientists to decide whether certain
kinds of science should be pursued, or certain kinds of experiments should
be supported. We have these committees, generally composed of senior
scientists, and they’re very knowledgeable, excellent people, but maybe
somewhat fixed in their ideas. We have to listen to them, but I think we’ve
got to be careful not to let senior people completely control the plans for
research — we’ve got to try new and different things.

Finally, there are discussions and interactions between scientists, within
the community of scientists, and of applied scientists. These interactions are
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very critical in the development of a new field, and of course that’s what
allowed lasers to grow so rapidly. The development of any new field needs a
community — a community of scientists, talking, interacting, each adding

their own ideas to it. It’s this exciting and productive interaction that we can
be thankful for today.

Thank you.
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1. INTRODUCTION

The past 30 years have seen enormous progress in opto-electronics,
information technology and biotechnology, and fiber optic chemical sensors
(FOCS) as well as fiber optic biosensors (FOBS) are one of the outcomes.
Chemical sensors have been defined as follows': Chemical sensors are
miniaturized analytical devices that can deliver real-time and on-line
information on the presence of specific compounds or ions in complex
samples. In the easiest and simplest case, a sensor probe is inserted into the
sample of interest to obtain an analytical signal that can be converted into a
concentration unit. Chemical sensors ideally act fully reversibly, as do
physical sensors for temperature, pressure, and the like. This has been
achieved in few cases of FOCS only, and hardly in FOBS (except for some
enzyme-based systems). However, despite the fact that most biosensors
respond irreversibly or need to be regenerated, clinicians often refer to such
single-shot detection elements as biosensors, provided a "reagent" or a
"biology" is immobilized on a solid support. True sensors are expected to be
small and to work even in complex samples, ideally without sample
treatment.

Both FOCS and FOBS rely on optical fiber waveguides which have
become available in adequate quality in the late 1970s. In fact, they are so
good now that sensing without intermittent amplification has become
posssible over distances as large as 10 km. Clearly, this was only possible
once the respective laser sources have become available.
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2. THE EARLY HISTORY (UP TO ~1980)

Most probably, the first — but non-fiberoptic — sensors for continuous use
where those for pH and for oxygen. It has been known for decades that
cellulosic paper can be soaked with pH indicator dyes to give pH indicator
strips which, however, leached and thus were of the "single-use" type. The
respective research and development is not easily traced back since it is not
well documented in the public literature. However, in the 1970s, indicator
strips became available where they pH indicator dye was covalently linked
to the cellulose matrix, usually via vinylsulfonyl groups. These "non-
bleeding" test strips allowed a distinctly improved and continuous pH
measurement, initially by visual inspection. In the late 1980's instruments
were made available that enabled the color (more precisely the reflectance)
of such sensor strips to be quantified and related to pH. Respective
instruments are based on the use of LEDs and are small enough to be useful
for field tests in that they can be even hand-held. This simple and low cost
detection system is still superior to many of the complicated, if not
expensive optical pH sensors that have been described in the past 20 years.

In 1975, the immobilization of pH indicator dyes on glass was reported
by Harper’. Azo dyes were linked to the surface of silicate glass (said to be
more stable than cellulosic supports) that was rendered reactive by treatment
with the reagent aminopropyl-triethoxysilane. In the early 1980s, Hirschfeld
started to use pH-sensitive dyes to monitor pH via fiber optics®”. His early
work is difficult to trace back since it is partially hidden in hardly accessible
conference proceedings. Fiber optic light guides also were used in order to
monitor (by either absorbance or fluorescence) the concentration of chemical
species such as uranium ion which in phosphoric acid solution displays
intense fluorescence if excited by the 488-nm line of the argon laser. The
method was mainly applied to nuclear power stations and research stations,
and to monitor groundwater contaminants*®.

Other very early work includes that of Boisdé at the CEA” . A scheme
of the experimental set-up used by his group is given in Fig. 1. The fiber
optic pH sensor described by Peterson et al.'' in 1980 was another milestone.
A 2-volume book that appeared in 1991 gives an account of the early work
on fiber optic chemical sensors and biosensors'? up to about 1989. Earlier
reviews include those of Kirkbright et al."”, Borman'®, and Hirschfeld et al."”.

Optical sensing of oxygen started with the work of Kautsky and Hirsch in
the 1930's. They reported'® that the easily visible room-temperature
phosphorescence of certain dyes adsorbed on silica gel supports is strong
only in the complete absence of oxygen. Traces of oxygen were found to
quench the phosphorescence of such dyes. Specifically, silica beads were
soaked with a solution of a dye such as trypaflavine or fluorescein, dried,
and placed in a flow-through cell schematically shown in Fig. 2. The room
temperature phosphorescence was monitored using a fluorometer. It was
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Figure 1. Fiber optic system comprising a light source (1), optical filters (2, 3) for
measurement of the concentration of a reagent solution. The fiber bundle (4), after passing the
solution (16), is divided into three bundles (6-8) and light intensity is measured at three
wavelengths in order to enable spectral correlation at different wavelengths.

found that even ppm quantities of oxygen gas (equivalent to a pO, of 0.5:107
torr) were capable of quenching phosphorescence. The effect is fully
reversible within 1 — 2 s. The device assisted in the discovery of the Kautsky
effect, i. e. the delay in the production of oxygen following illumination of a
leaf.

In 1974, Hesse'’ described a fiber optic chemical sensor for oxygen and
this appears to have been the first FOCS at all. An oxygen-sensitive
chemistry was placed in front of a fiber optic light guide through which
exciting light was guided. The fluorescence emitted is guided back through
either the same fiber, or through the other fibers of a bundle. The system is
based on measurement of either fluorescence intensity or fluorescence decay
time, both of which are affected by oxygen. A schematic of the design is
shown in Fig. 3.

We believe that the paper on optical affinity sensors for individual
metabolites by Schultz & Sims'® was a milestone paper in optical waveguide

H; Ho

Figure 2. Configuration of Kautsky’s flow cell. S, gas sample, containing traces of oxygen;
H; and H,, valves; the sensor material is contained in the cavity on the bottom.
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biosensing in that the fundamental principles of affinity sensors were
outlined for the first time and in that optical affinity sensing was recognized
as a viable alternative to radioisotope techniques. The determination of
glucose via concanavalin served as an example.
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Figure 3. First fiber optic chemical sensor (from ref. [17]; used for sensing oxygen). Alos
shown is a cross-sedction of the fiber bundle used. 6: light source; 9: photodectectors; 16:
chemically sensitive layer.

3. DIRECT (PLAIN) FIBER SENSORS

In these sensors, the intrinsic absorption of the analyte is measured
directly. No indicator chemistry is involved. Thus, it is more a kind of
remote spectroscopy, except that "the instrument comes to the sample”
(rather than the sample to the instrument or cuvette). Numerous geometries
have been designed for plain fiber chemical sensors, all kinds of
spectroscopies (from IR to mid-IR and visible to the UV; from Raman to
light scatter, and from fluorescence and phosphorescence intensity to the
respective decay times) have been exploited, and more sophisticated
methods including evanescent wave spectroscopy and surface plasmon
resonance have been applied.

In the late 1980s, as sensing method known as distributed sensing became
known'” ?°. This enabled chemical analyses to be performed along the
distance of an optical fiber and has meanwhile been applied to monitor the
quality of river water along a fiber cable and to detect gas and oil leakage
along oil and gas pipelines, to mention only two examples.

3.1 Direct Sensors Based on Absorption or Fluorescence

Fiber optics have been used mainly to remotely sense chemical species
via their intrinsic absorption or fluorescence. Methane and other
hydrocarbons were a target analyte from the beginning. They can detected
by infrared spectroscopy in the gas phase, as impressively shown by the
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group of Inaba, for the first time®' in 1983 using low-loss optical fibers and a
light-emitting diode operated at 1.33-um. Low-level methane was monitored
over 2 km using a low-loss silica fiber link and a compact absorption cell ( a
so-called White cell). The detection limit was 2000 ppm, which is 4 % of the
lower explosion limit of methane, thereby demonstrating that fully remote
sensing is possible and can be used for the surveillance of flammable and
explosive gases in industrial and mining complexes as well as in residential
areas. In subsequent work, differential absorption spectroscopy was
applied”. This 2-wavelength approach enables direct detection of
differential absorption signals of specific overtone bands of methane.

Later on, a 10-km long fiber cable was described that permits remote
sensing of methane gas by near infrared absorption®. An ultralow-loss silica
optical fiber and a compact absorption cell in conjunction with highly radiant
light emitting diodes in the near IR region. The bands at around 1.33 and
1.66 um were analyzed. Finally, an all-optical remote gas sensor system was
reported for methane and propane that works over a 20-km range**.

In context with methane detection during offshore oil drilling, another
infrared fiber optic methane sensor was reported”. The detector comprises 3
main units: a microcomputer-based signal processing and control unit, a non-
conducting fiber optic gas sensor, and an optical fiber cable module. The
system operates at an absorption line of methane where silica fibers have
very low losses.

Unlike methane and the other alkanes, aromatic hydrocarbons have
absorptions in the UV part of the spectrum, and thus may be detected
through UV spectrometry using silica fibers. This scheme is useful for
"aromatic" water pollutants such as toluenes and xylenes with their
absorption bands between 250 and 300 nm. Similarly, nitrate anion can be
monitored (albeit with low sensitivity) in water via its UV absorption at 250
nm.

In principle, any chemical species that absorbs UV-Vis light can be
"sensed" by fiber optic (“remote”) absorption spectrometry which is
interfered by any other species that absorbs at the same wavelength. A fiber
optic absorption cell was described for remote determination of the blue
copper ion in industrial electroplating baths®®. The sensor consist of an
absorption cell which resides in the plating bath, and utilizes fiber optics to
direct light into and out of the cell. The sensor can be placed in strong
sulfuric acid for weeks to years. The light source and detection electronics
can be maintained in a controlled environment and can be multiplexed to
several sensors of similar design, if desired. The sensor operates by
measuring the blue-green absorbance of Cu®’ ion with a near-IR light-
emitting diode (820 nm) as the light source. The device is capable of
measuring copper(Il) ion concentrations from 50 mM to 500 mM with
relative standard deviations of less than 1%.
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The feasibility of an optical fiber system was demonstrated for the
differential absorption analysis of the car pollutant nitrogen dioxide. It
absorbs in the visible and can be "sensed" using an Ar-ion laser’’. The
yellow metabolite bilirubin has been monitored in blood via fiber optic
spectrometry in serum®. The tip of a fiber optic cable was inserted into a
injection needle so to reach the blood sample, and absorbance (and later
fluorescence) was acquired of a sample contained in the cavity at the tip of
the fiber or needle.

Another milestone paper was the one by Newby et al. on remote
spectroscopic sensing of chemical adsorption via evanescent wave
spectroscopy using a single multimode optical fiber”. Declad single fibers
were developed for collecting evanescently excited fluorescent signals from
solutions. It was shown that the sensor is particularly useful for studying
species adsorbed onto the sensor surface, for example dye-labeled proteins.
Also, Raman data from benzene were collected to indicate its sensitivity in
the bulk mode.

3.2 Early Refractometric Sensors

Refractometry is as unspecific as is absorption spectrometry, but has its
merits if applied under well-characterized conditions. In 1984,
Haubenreisser et al.” reported on (a) the relation between transmission and
refractive index characteristics, (b) the sensitivity, and (c) the working range
of a fiber optic refractometer of mixtures of fluids. The U-shaped fiber
refractometer was shown to be useful for various physical quantities that
vary with refractive index.

Another early fiber optic refractive "sensor" was the one for measurement
of temperature and salinity variations of sea water’'. The sensing region
consisted of a partly uncovered light guide. It detects salinity variations in
water of known temperature, and temperature variations in water of known
salinity with an accuracy of +/- 2 g/LL and 1 °C, respectively, at NaCl
concentrations of 300 g/L.

Resonant photoacoustic gas spectrometry was adapted to fiber optic
sensor technology™” as early as in 1984. A Mach-Zehnder arrangement was
combined with a resonant photoacoustic cell for gap analysis. The pollutant
gas NO, was detectable in a concentration of 0.5 ppm. In a smart optical
fiber hydrogen sensor, the fiber is coated with palladium metal which
expands on exposure to hydrogen. This changes the effective optical path
length of the fiber, which is detected by interferometry™.
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4. INDIRECT FIBER OPTIC CHEMICAL SENSORS

This section covers early indirect fiber optic chemical sensors (FOCS) for
species that cannot be sensed directly but require the use of indicators,
probes, labeled biomolecules, or color-forming reactions.

4.1 Sensors for (Dissolved) Gases, Vapors and Humidity
4.1.1 Sensors for Oxygen

A sterilizable oxygen sensor for use in bioreactors and using a rod-like
fiber waveguide® was reported in 1983. Microsensors (with diameters of
0.2-1.0 mm) for oxygen, pH and CO, were described first’ *® in 1984. True
microsensors, with diameters of <50 pm were first reported’”*® in 1995 and
enabled sub-millimeter resolution studies in marine microbiology. Optical
fiber oxygen sensor are commercially available now and have found
widespread application in biological and marine research. A fiber optic
moisture sensor reported in 1985 relies on the long-known color change of
cobalt chloride (from pink to blue) if exposed to a humid atmosphere®. The
salt (in gelatin) was cast on the surface of 600-um optical fibers. The
absorption at 680 nm is measured through the fiber by internal reflection
spectroscopy to detect the relative humidity of air between 40 % and 80 %.

Oxygen sensing has very much attracted researchers. The method of
Kautsky and Hirsch was modified (in non-fiber-optic systems) by
Pringsheim et al.* and Zakharov et al.*'. Complete optical sensor systems
and devices were reported by Bergman> and Stevens”. Hendricks*
described a method for detection of oxygen by contacting a film comprising
poly(ethylene naphthalenedicarboxylate) with oxygen and exposing this film
to ultraviolet light. On subsequent heating, the presence of oxygen is
indicated by thermoluminescence.

In 1975 and 1976 Liibbers & Opitz described instruments capable of
online monitoring of oxygen and carbon dioxide, respectively”™’. Oxygen
may also be monitored via the chemiluminescence produced by oxygen on
reaction with an amino-ethylene®. Marsoner*’ dissolved pyrenebutyric acid
in poly(vinyl chloride) containing a plasticizer. In 1984, Wolfbeis covalently
immobilized pyrene-butyric acid on porous glass to obtain a breath gas
sensor™". In order to eliminate ambient light, the sensor layer was covered
with a solution of particles of ferric oxide in silicone. This layer was refered
to as an optical isolation that also can prevent interferences by the intrinsic
fluorescence of fluid samples. Cox and Dunn in 1985 used a fluorophore-
polymer composite matrix consisting of poly(dimethylsiloxane) coupled to
9,10-diphenyl anthracene and deposited on an optical fiber’'.

Peterson et al.>* were the first to demonstrate sensing of oxygen in-vivo.
The FOCS for measuring pO, consisted of two 250-um strands of plastic
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optical fiber ending in a section of porous polymer tubing (3 mm long and
0.6 mm in diameter). The tubing was packed with dye on an adsorptive
support. The general construction is similar to the pH probe reported
carlier'’. The development required the solution of 3 problems not
encountered before in application of this principle: (1) a dye was needed
with the combined properties of suitable sensitivity to oxygen, excitation
by visible light, and resistance to fading; perylene dibutyrate (solvent
green 5, CI 59075) was selected; (2) a hydrophobic, oxygen-permeable
polypropylene envelope was necessary; and (3) an adsorptive support
(Amberlite XAD 4) was required which activated the dye without sensitivity
to humidity. This design provided a small-size, low-cost probe suitable for
tissue and blood vessel implantation.

In 1988, the first dual sensor material was described. It responds to both,
oxygen and carbon dioxide by giving two spectrally independent signals™.
Two materials were placed into one sensor layer. The first consisted of an
oxygen-sensitive fluorescent probes (a ruthenium dye) that gives a red
fluorescence with a peak at 620 nm. The second consists of a material
sensitive to CO, (the dye HPTS in bicarbonate buffer and this solution
soaked into a polyacrylamide layer) that gives a green fluorescence peaking
at 520 nm. This, 2 signals are obtained from one sensor. Fluorescence energy
transfer is not observed because the dyes are spatially separated.

The utility of phosphorescent ruthenium ligand complexes for use in
optical oxygen sensing was recognized’* in 1986. Ruthenium tris(bipyridyl)
was adsorbed onto silica gel and placed in a silicone membrane. The
material can be excited with a blue LED and displays a red emission that is
strongly quenched by oxygen. Better quenchable ruthenium dyes were
reported by Demas™ and coworkers in 1987. Since the ruthenium
polypyridyl complexes have decay times in the order of a few microseconds,
they are ideally suited for sensing based on measurement of decay time. The
first article on luminescence decay time-based sensors™® using appeared in
1988.

Following the discovery that the fluorescence of metalloporphyrins is
strongly quenched by oxygen®’, optical sensor membranes were developed
that are suitable for phosphorescent sensing of oxygen™. Table 1
summarizes fundamental articles on optical sensors for oxygen until the year
2000.

4.1.2 Sensors for Carbon Dioxide

Carbon dioxide is another clinically important analyte, but also of highest
interest in marine sciences and in context with the greenhouse effect. While
“sensable”, in principle, by IR absorptiometry, this is difficult in case of
fluid samples. An indicator-based fiber optic device for CO, was described
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Table 1. Fundamental Contributions to Optical Oxygen Sensor Technology up to the Year
2000 (only main author/s given).

Author Year  Remarks

Kautsky 1931 first oxygen sensor (non-fiber optic); based on dynamic
quenching of the phosphorescence of adsorbed dyes

Hesse 1974 first fiber optic sensor; also measures decay time

Liibbers / Opitz 1975 quenching of pyrenebutyric acid in teflon-covered solution;
applied to blood gas sensing

Liubbers / Opitz 1981 glucose biosensor (via GOx)

Kroneis / Marsoner 1983  sterilizable fiber optic oxygen probe for bioreactors (1 cm i.d.)

Wolfbeis 1984  glass-immobilized oxygen probes (breath gas sensor)

Peterson / Goldstein 1984  fiber optic oxygen in vivo sensor (1 mm i.d.)

Wolfbeis / Leiner 1986 ruthenium dyes in fiber optic oxygen sensors

Demas / Bacon 1987 ruthenium dyes in oxygen sensors

Lippitsch / Woltbeis 1987  decay time based sensor (Ru)

Wolfbeis 1988 first dual sensor using one matrix (oxygen and CO,)

Okazaki 1988 frequency doubled diode laser (390 nm) used to excite the

oxygen probe benzoperylene
Trettnak / Wolfbeis 1988  dual glucose sensor with compensation for oxygen supply

Nyberg 1988 metal oxide sensor layer whose reflectivity reversibly changes
with pO,

Butler 1989  oxygen sensing via reflectivity of nickel film

Moreno-Bondi 1990 fiber optic glucose biosensor (via oxygen)

MacCraith 1992  evanescent wave sensing using sol-gel

Baldini / Scheggi 1992  absorption-based fiber sensor (cobalt dye)

Charlesworth 1993  oxygen via RTP phosphorescence of camphorquinone
Sanz-Medel / 1994  oxygen via RTP phosphorescence quenching of ferrone
chelates

Diaz-Garcia
Preininger/Wolfbeis 1994  bacterial sensor (for BOD)
Klimant 1995 microsensors (20 um tips)

by Vurek et al.”’ in 1982. The sensing scheme is derived from previously
developed pH schemes and functions like the Severinghouse-type CO,
electrodes in that CO, diffuses into a small cavity where it changes the pH
according to the chemical reaction CO, + OH <==> HCO; by consuming
the hydroxide anion. The resulting decrease in pH is indicated by a pH
indicator and measured by reflectometry.

Zhang and Seitz somewhat later described a sensor for carbon dioxide
that is based on measurement of fluorescence®. It was prepared by covering
a pH sensor based on fluorescence with a CO,-permeable membrane and
contacting the pH-sensitive membrane with a reservoir of hydrogen
carbonate. As CO, diffuses across the membrane it causes a change in pH
which is measured via the change in fluorescence from the base form of the
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pH-sensitive fluorescent dye. The usable range of response depends on the
concentration of hydrogen carbonate in contact with the membrane. The
sensor also responds to sulfide and sulfite. Munkholm et al. also used a fiber
optic system with covalently immobilized pH probes®.

The "plastic type" CO,-sensor is different from the above Severinghouse-
type sensor in that it does not require the presence of a carbonate buffer.
Kawabata et al. described the first type of such a sensor®. Raemer and
coworkers, in a patent™, described a similar system, this time based on an
ion pair and the addition of a lipophilic base, both contained in a plastic
matrix. This scheme was later widely extended by Mills et al.**. The first
"capillary" waveguide sensor®® was published in 1994. Carbon dioxide was
sensed by using a capillary (that also may serves as a sampling device)
whose inner surface was covered with a CO,-sensitive layer. The
fluorescence of the layer was excited through the capillary waveguide, and
fluorescence was collected at the distal end of the capillary.

4.1.3 Sensors for Other Gases

Numerous other chemistries for specific gases have been described.
Butler’” designed a hydrogen sensor based on the capability of palladium
metal (Pd) to absorb hydrogen gas, thereby undergoing an expansion. If the
Pd forms the coating of an optical fiber, the effect changes — through
bending — the effective path length of the fiber, and this is detected by
interferometry. Later, the Pd/WO; chemistry for hydrogen gas was applied
to hydrogen sensing®®. Exposure of this material (a Pd film on MoOs) to
hydrogen results in the appearance of the deep blue color (possibly the Mo’
ion) that can be monitored at 780 nm via waveguide optics. The same effect
is shown by MoO; sputtered onto glass supports and covered with a thin
layer of Pd.

The poorly reproducible Fujiwara reaction may be used for quasi-
continuous monitoring of chlorinated hydrocarbons as they can occur in
drinking water®”. Following Hirschfeld's reservoir sensor for uranium (using
phosphoric acid reagent) this appears to have been the second reservoir type
of sensor. A fiber optic fluorosensor for determination of both halothane
and/or oxygen appears to have been the first dual sensor based on a single
sensor matrix®. Its chemistry consists of a highly halothane-sensitive
indicator layer exposed to the sample. Interferences by oxygen are taken into
account by a second, poly(tetrafluoroethylene)-covered fluorescent indicator
layer highly sensitive toward oxygen. Halothane concentrations can be
calculated with the help of an extended Stern-Volmer relation.

Like carbon dioxide, (dissolved) ammonia can be sensed via the pH
changes it induces when diffusing into a small cavity containing an internal
buffer® 7. The same is true for sulfur dioxide’'. Selectivity for one of these
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gases can be governed to some extent by proper choice of internal buffer.
Gaseous sulfur dioxide may also been sensed via the quenching effect it
exerts on certain fluorophores’”.

Kopelman et al.”* have prepared fiber optic sensors that are selective for
nitric oxide and do not respond to most potential interferents. Both micro-
and nanosensors have been prepared, and their response is fast (<1 s),
reversible, and linear up to 1 mM concentrations of nitric oxide. The
respective "chemistry" at the fiber tip was contacted with the sample, light
was guided to the sample through the microfiber, and emitted light was
collected by a microscope (without the use of fibers, however).

4.2 pH Sensors

As stated above, the beginning of optical pH sensor technology remains
hidden. What is nowadays refered to as a sensor layer was formerly mostly
refered to as a test strip, a dry reagent chemistry, or an immobilized reagent.

A general logic that is based on the immobilization chemistry of
commercial reflectometric test strips was presented and extended to various
pH ranges’™. Such sensing "chemistries" are easily produced and can been
coupled to fiber optics. This enabled sensing to be performed at formerly
inaccessible sites. Peterson et al. were the first to report on a fiber optic pH
sensor’”. The system comprised plastic fibers, a pH chemistry at their end
(composed of a cellulosic dialysis tubing filled with a mixture of polystyrene
particles and polyacrylamide beads dyed with phenol red), LED light
sources, and photodiodes. The system is operated at two wavelengths. Fig. 4
gives a schematic of the fiber tip.

As the potential of optical fiber probes for pH measurements was rapidly
recognized, several other articles appeared within a few years™™*’. Most were
reflectance-based, and Seitz reported the first fluorescent pH sensors™ 7*.
The article by Janata® on whether pH optical sensors can really measure pH
is another "must" in the early literature since it points to aspects hardly
addressed in pH sensor work.

The dependence on ionic strength is an intrinsic limitation of pH sensors
using indicator dyes. Opitz and Liibbers® and Offenbacher et al.*’ have
presented solutions to this by making use of two indicators whose
dependency of their pK, on ionic strength is different, so that two
independent signals are obtained from two dyes or sensors. Given the
advantages of diode lasers operated at wavelengths of above 600 nm,
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Figure 4. First fiber optic pH sensor for in vivo use.
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respective pH probes were used™. Abraham et al.* applied the probe of
Peterson et al. successfully to monitoring intra-arterial pH in dogs even
under extremes of physiological conditions. The difference between fiber
optic and electrode pH gave a maximal difference of 0.12 pH units.
Petersons pH probe also was modified in order to give a miniature fiber
optic sensor potentially suitable for glucose measurements’. Kopelman et
al.”' developed a fiber-optic pH nanosensor for physiological measurements
using a dual-emission sensitive dye. The performance of a pH sensor was
reported””. An unclad fiber was dip-coated with a thin layer of porous
cladding within which a pH-sensitive dye was entrapped. The fundamental

Table 2. Fundamental Work on pH Optical Sensors until the Year 2000.

Author Year Remarks

G.B. Harper 1975 Re-usable glass-bound indicators

JI Peterson et al. 1980 First fiber optic pH probe

S. Goldstein et al. 1980 Miniature fiber optic pH sensor for blood
Tait et al. 1982 fiber optic in vivo pH sensor

L.A. Saari, W.R. Seitz 1982 pH sensor based on immobilized fluorescein
J.S. Suidan et al. 1983 Fiber optic pH sensor for blood monitoring

G.F. Kirkbright et al. 1984 pH indicators on ion exchange polymers (XAD)
Z.Zhujun, W.R. Seitz 1984 First fluorescent pH sensor (HPTS)

Abraham et al. 1985/6  Fiber optic in-vivo pH probe

H. Offenbacher et al. 1984 Optical sensors for pH and ionic strength

D. Walt, F. Milanovich, 1986 Polymer modification of a fluorescent fiber optic pH
S. Klainer sensor

A. Scheggi, F. Baldini 1986 Comparison of absorption, reflection, and fluorescence

J.L. Gehrich et al. 1986 Intravascular blood pH monitoring system

J. Janata 1987 accuracy and precision of optical pH sensors

E. Grattan et al. 1987 2-wavelength optical fiber pH sensor

Y. Kawabata et al. 1987 Fiber optic pH sensor with monolayer indicator

B. Boisdé, J.J. Pérez 1987 Miniature pH sensor (1 mm fibers)

M. Monici et al. 1987 pH sensor for seawater monitoring

J.W. Attridge et al. 1987 pH sensing via refractive index

E.T. Knobbe et al. 1988 Immobilization of pH probes in sol-gels

H.E. Posch et al. 1989 Gastric pH sensor (pH 0 —7)

M.E. Lippitsch et al. 1992 First time domain fluorescent pH sensor

W.Tan et al. 1992 Sub-micrometer intracellular pH sensor

Z.Ge et al. 1993 Fiber optic evancescent wave sensor using polyaniline
K.S. Bronk, D.R. Walt 1994 pH sensor array using fiber bundles

W.C. Michie et al. 1995 Distributed fiber sensors using swellable polymers
Z. Zhang et al. 1995 pH sensor based on reflectance of swelling polymer

M.N. Taib et al. 1996 pH sensor range extended via artificial neural network
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work on optical pH sensors before the year 2000 is summarized in Table 2.
A good review has been presented by Lin®.

4.3 Sensors for Cations

4.3.1 Alkali and Earth Alkali Ions

It appears that Charlton et al.”* ** have discovered the first methods for
reversible and continuous optical measurement of the clinically highly
important alkali and earth alkali ions. In one approach® they use plasticized
poly(vinyl chloride) along with valinomycin as the ion carrier, and a
detection scheme that was later refered to as co-extraction. In their system,
potassium ion is extracted into plasticized PVC, and the same quantity of the
anionic red dye erythrosine is co-extracted into it. The extracted erythrosine
is quantified via absorbance or reflectance.

Charlton also discovered the ion exchange principle”. Again they used a
plasticized PVC film containing valinomycin and - in addition - a
deprotonable dye (MEDPIN; a lipophilic 2,6-dichlorophenol-indophenol).
On extraction of potassium from the sample into the sensor membrane a
proton is released from MEDPIN which then turns blue. The sensor layer
measures potassium over the clinical range with excellent performance’®”®.
This scheme proved to be highly flexible. The dye used in the commercial
system is superior (in terms of stability) to other dyes such as Nile Blue that
later have been applied in the ion exchange detection scheme.

While heavy metals can be easily detected by making use of known
indicator dyes or quenchable probes, the alkali and earth alkaline elements
are not easily recognized by conventional dyes at neutral pH and room
temperature, and without addition of reagent. Therefore the molecular
recognition properties of crown ethers and cyclic peptides have been widely
used. The first studies were made by co-extraction of ions from water into
chlorinated hydrocarbons, but later on the reagents were dissolved in
plasticized PVC®. The amberlite ion exchanger (of the XAD type) is another
widely used matrix for immobilizing indicator probes'®.

Crown ethers have excellent recognition properties and can recognize
numerous ions including alkali ions. Unfortunately, those synthesizing new
crown ethers tend to investigate their properties in organic solutions such as
acetonitrile and then claim that the findings may be useful for sensing alkali
ions, thus ignoring the fact that alkali ions usually are sensed in aqueous
solutions (including blood) where binding constants are very different. An
interesting scheme for an optical sensor for sodium and based on ion-pair
extraction and fluorescence was introduced by the Seitz group'”".

The chromo- and fluoro-ionophores form a particularly interesting class
of probes since they can combine recognition properties with optical
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transduction such as changes in color or fluorescence. Chromo-ionophores
are being used in clinical test strips for K* since 1985 and based on the work
of Voegtle'” and others. The fluorescence of many fluorophores is
particularly sensitive to perturbations of its microenvironment. For example,
the photo-induced electron transfer (PET) can be suppressed on binding
alkali ions. This has been demonstrated in impressive work by the groups of
Valeur'” and DeSilva'”. Most noteworthy, the fluoro-ionophores are
contained in a hydrophilic rather than hydrophobic matrix. The fluoro-
ionophores are used in Roche's and Osmetech’s Opti-1 clinical electrolyte
analyzer'”.

A novel approach for ion sensing is based on the use of potential-
sensitive or polarity-sensitive dyes (PSDs) and was presented first'®® in
1987. PSDs are charge dyes and typically located at the interface between a
lipophilic sensor phase and a hydrophilic sample phase. The transport of an
ion into the lipophilic sensor layer causes the PSD to be displaced from the
hydrophilic/hydrophobic interface into the interior of the respective phase
(or vice versa), thereby undergoing a significant change in its fluorescence
properties'*”""°.

4.3.2 Heavy Metal Ions

It has been known for many years that metal ions can be detected
qualitatively by immobilizing indicator dyes on solid supports such as
cellulose. In fact, this approach forms the basis for the widely used test strips
for heavy metals. Again, Zhujun and Seitz''' appear to have been the first to
exploit this scheme to FOCS. The sensor described responds to A", Mg,
Zn*", and Cd*" and was prepared by immobilizing quinolin-8-ol-5-sulfonate
(QS) on an ion-exchange resin and attaching the resin to the end of a
trifurcated fiber-optic bundle. The weak fluorescence of QS is strongly
enhanced on complexation of metal ions. Detection limits for the metal ions
are all <1 *10° M. Immobilized and dissolved QS behave similarly with
respect to pH and interferences. Other metal ion sensing schemes were
reported by the same group''>.

Numerous other FOCS schemes have been described for heavy metals in
the past 20 years (for reviews, see 113-115). In looking at the more recent
literature one may state, however, that some of the newly described
"chemistries" perform hardly better than the rather old commercial systems
based on the use of dry reagent chemistries, with the additional advantage
that they are compatible with a single instrument for read-out. In fact, some
of the newer systems involve rather extensive chemistry and — worst of all —
seem to strongly differ in terms of spectroscopy and analytical wavelengths
so that they all require their own opto-electronic platform. On the other
hand, there is substantial need for (low-cost) sensors for less common
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species, and those''® for AP’" and certain heavy metals'"

examples.

are typical

4.4 Sensors for Anions

Nitrate has an intrinsic absorption at around 250 nm that may be used for
sensing it in drinking water. However, practically all other matrices have
such a strong background absorption in the UV that sensing of nitrate (and of
any other UV absorbing species) is impossible. Other schemes are therefore
needed. Anions such as chloride, nitrate, but also salicylate and penicillinate
can be detected by the co-extraction method ("anion in — proton in") using
phase transfer agents such as tetralkylammonium salts''”"*. In contrast to
extraction processes on electrodes, those occurring in optical sensor
membranes require complete mass transfer. The scheme can be made pH-
independent'”'. The fact that halides and pseudohalides quench the
fluorescence of certain dyes as reported by Stokes'** in 1869 was used to
optically sense halides'®. It displays selectivity due to the use of an enantio-
selective carrier.

The ion sensing scheme based on the use of potential-sensitive or
polarity-sensitive dyes (PSDs) was extended to other anions. Both the
clinically significant chloride ion'** and the environmentally important
nitrate anion'” can be sensed in the desired concentration ranges. Such
sensors have the unique advantage of having a virtually pH-insensitive
response.

5.  BIOSENSORS
5.1 Early Enzyme-Based and Cell-Based Biosensors

The chemical sensors described so far, and also those for ammonium ion,
ammonia, or hydrogen peroxide may be used to monitor enzymatic
reactions. The first (albeit not fiber optic) enzyme-based fiber optic
biosensor (FOBS) was described by the Liibbers group'**'** and made use of
an oxygen transducer and glucose oxidase. In another type of FOBS, the
enzyme alkaline phosphatase was immobilized at the surface of a bifurcated
optical fiber bundle, and p-nitrophenyl phosphate acted as the chromogenic
substrate which gives yellow p-nitrophenoxide as the detectable species'.
Numerous kinds of optical sensor membranes have been designed later on
for monitoring reactions that are accompanied by the production of low
molecular species such as H', CO,, NHy/NH;", NADH, or H,0,, and by the
year 1991 an impressive variety of detections schemes was available for
enzyme substrates'> ** *!. These are summarized in Table 3. Many more
have become known thereafter but are not included in this Table.
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Table 3. Early optical enzyme-based biosensors, and respective transducers (work published
until 1992). Data on work by Schaffar & Wolfbeis from ref. 130. For a recent review see ref.

(131).
Analyte  Enzyme Via Reference
(Substrate)
alcohols LADH NADH Walters et al., 1988
alcohols  alcohol oxidase 0, Volkl et al., 1980; Wolfbeis & Posch, 1988
glucose  glucose NADH Narayanaswamy & Sevilla, 1988
dehydrogenase
glucose glucose oxidase PH Goldfinch & Lowe, 1984; Trettnak et al., 1989;
(GOx) Kulp et al., 1988
glucose GOx 0, VoIkl et al., 1980; Trettnak et al., 1988; Kroneis
et al., 1987; Schaffar & Wolfbeis, 1990;
Moreno-Bondi et al., 1990
glucose  GOx fluorescence Trettnak & Wolfbeis, 1989
of GOx
lactate, lactate NADH Wangsa & Arnold, 1988
pyruvate  dehydrogenase
lactate lactate oxygenase O, Dremel et al., 1989
lactate lactate mono- fluorescence Trettnak & Wolfbeis, 1989
oxygenase of enzyme
lactate lactate mono- 0,, CO, Liibbers et al., 1981; Trettnak & Wolfbeis, 1989
oxygenase
creatinine creatinine NH," Wolfbeis & Li, 1991
iminohydrolase
esters esterases pH Luo & Walt, 1989
urea urease NHy/NH,” Rhines & Arnold,1989; Wolfbeis & Li, 1991
urea urease pH Goldfinch & Lowe, 1984; Luo & Walt, 1989;
Yerian et al., 1986
glutamate glutamate oxidase O, Dremel et al., 1991
(GIOx)
glutamate GIOx CO, Dremel et al., 1991
oxalate oxalate CO, Schaffar & Wolfbeis, 1991
decarboxylase
phenols  phenolase 0, Schaffar & Wolfbeis, 1991
sulfite sulfite oxidase 0, Schaffar & Wolfbeis, 1991
penicillin  penicillinase pH Goldfinch & Lowe, 1984; Kulp et al., 1987
bilirubin  bilirubin oxidase O, Schaffar, 1988; Trettnak, 1989
ascorbate ascorbate oxidase O, Schaffar, 1988
uric acid  uricase 0, Schaffar & Wolfbeis, 1991
xanthine  xanthine oxidase O, Volkl et al., 1980

cholesterol cholesterol oxidase

0,

Trettnak & Wolfbeis, 1990
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Sensors for glucose are most important and have received most attention.
The preferred format still is based on the use of glucose oxidase (GOx).
Other glucose biosensors using immobilized glucose oxidase'**"** or a pH
sensor’ or O, sensor"*> ¥ acting as transducer were reported.

Later, it was discovered"® that the FAD coenzymes of certain oxidases
display large changes in their fluorescence if exposed to their substrates.
Thus, the fluorescence of the FAD unit of lactate mono-oxygenase changes
substantially on loading with lactate, and this can serve as the analytical
information in an optical sensor.

Subsequent work showed"” '* that not only enzyme substrates, but also
enzyme activity may be detected via fiber optics if they contain a
nonfluorescent enzyme substrate at the tip. On exposure to an enzyme, the
nonfluorescent substrate is converted into the fluorescent product, and this is
"seen" by the fiber optic system. Inversely, a chromogenic substrate may be
assayed via immobilized alkaline phosphatase'*'. Finally, the inhibition of
enzymes by pesticides and warfare agents can be detected using fiber
optics'*”. In an extension of this scheme, the biochemical oxygen demand
has been determined by coupling coating an oxygen-sensitive membrane
with a layer of immobilized bacteria'*.

5.2 Fiber Optic Affinity Sensors, Immunosensors and Gene
Sensors

An implantable sensor for glucose and other metabolites was described
by Schultz'** '*. The principle of detection is similar to that used in
radioimmunoassays and is based on the competitive binding of a particular
metabolite and a fluorescein-labeled analog, with receptor sites specific for
the metabolite and the labeled ligand. This concept was directed toward the
development of an affinity sensor for glucose. Concanavalin A, a protein
with specific binding character for glucose, was immobilized on the inside
surface of a hollow dialysis fiber. Fluorescein-labeled (FITC) dextrane was
selected as the competitive labeled ligand. The cutoff of the dialysis fiber is
low enough to completely retain the dextrane within the fiber lumen while
glucose can freely pass through the dialysis membrane. The sensor is
completed by inserting a single optical fiber in the lumen of the dialysis
fiber, thus allowing measurement of the unbound FITC-dextrane.

A novel fiber optic sensor concept using antibody-antigen reactions at a
glass-liquid interface was reported by Dachne'*. The reaction of antibodies
immobilized onto the surface of fused silica fiber optic or planar waveguides
with antigens in solution was detected by interaction with the evanescent
wave. By detecting in-line fluorescence, the measurement of human IgG is
described.

Fiber-optic biosensors based on luminescence and immobilized enzymes
for the detection of NADH and ATP can be found in ref. (147-152).
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6. EARLY REVIEWS

It is appropriate to make reference to early reviews where the state of the
art at the time they were written are summarized. Reviews have appeared on
remote UV-VIS-NIR spectroscopy using fiber optic chemical sensing'*’; on
remote and in-situ analysis'>*; on optical fiber sensors in chemical

. 155 : 156 . :
analysis ; on fluorescent probes for optical sensors™; on biomedical

sensing using optical fibers'”’; on low-cost fiber optic chemical sensors'’®;
on the application of single optical fibers to remote absorption
measurements'’; on spectral filtering optical fiber sensors'®’; on chemical
and Dbiological sensors'®’; on optical fiber sensors for industrial
applications'®*; on in-vivo optical chemical sensors'®; on the feasibility of
using fiber optics for monitoring groundwater contaminants'®*; on
instrumentation for remote sensing over fiber optics'®’; on chemical sensors

based on fiber optics'®’; on optical fiber sensor technology in general

. . . . 1 1 . .
including chemical and biosensors'®” '®*; and on optical fiber sensors in

- - 169 . . e 170
medicine ” and biomedical applications ™.

7. COMMERCIAL INSTRUMENTION

Many of those working on optical sensors have been overoptimistic.
While many chemical sensors and biosensor have found applications in the
laboratory and in research, they are much less often applied than physical
sensors, e.g. those for temperature, pressure, velocity, or strain. This may be
due to several factors, of which the following are considered to be most
significant:

(a) most chemical sensors suffer from poor selectivity; therefore, they can
only be applied to rather specific matrices;

(b) most chemical sensors and biosensors suffer from inadequate stability
(both storage stability and operational stability); in fact, the significance
of material sciences is heavily underestimated in sensor research; in our
opinion, too many researcher focus on sensing schemes, but not enough
on sensor materials;

(c) most sensors are too expensive; this not only is true for the costs for
product development, but also for the instrument itself and the sensor
materials used; the market size for such devices is too small and it is
quite unrealistic to assume that an investment into development of a
commercial sensor for, e.g. copper(ll) ion, may ever produce adequate
return, unless the same instrument can sense several other species as
well.

While several optical chemical sensors and biosensors in use that do not
rely on fiber optics, the commercialization of FOCS technology started
slowly, probably because of the limitations imparted to optical sensing if
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combined with fiber optics. In 1984, CDI (later 3M) introduced their critical
care monitoring system (GasStat 300) for oxygen, pH and CO, for
cardiopulmonary monitoring (see Fig. 5). The sensors employed are based
on the work (papers and patents) of D. W. Liibbers et al., O. S. Wolfbeis et
al., M. Yafuso, W. W. Miller and J. Tusa. The sensor head consists of a
flow-through cell containing sensor spots and fiber optic cables attached to
the cell in order to optically interrogate the sensor spots. The sensor exhibits
excellent performance if properly calibrated.

TO MONITOR

FIBEROPTIC CABLE

OPTIC FIBERS
THERMISTOR

SENSOR PORT

DISPOSABLE SENSOR

PO, SENSOR CO, SENSOR

; pH SENSOR

TEMPERATURE CONTACT

—— i~ -_‘\ ——
BLOOD FOW n&__—_——:—:——-_-_—‘;‘,—_-——_——-—)‘

PERMEABLE
DISPOSABLE MEMBRANES

FLOW-THROUGH

Figure 5. Triple sensor for pH, oxygen and CO, for monitoring the blood status during
cardiopulmonary bypass (CDI Inc., 1986).

Fig. 5 shows the instrumental arrangement of the commercially most
successful optical chemical sensor between 1984 and 2000. It is used in
about 70% of all critical care operations in the US to monitor pH, pCO, and
pO; in the cardiopulmonary bypass operations™. It contains 3 fluorescent
spots, each sensitive for one parameter, in contact with blood. Fluorescence
intensity is measured at two wavelengths and the signals are then submitted
to internal referencing and data processing.

Other medical products based on optical sensor technology include those
of Cardiomed (System 4000), Puritan-Bennett, and one of Radiometer
(Copenhagen) which has been withdrawn meanwhile. Optical (but non-fiber)
sensors for oxygen and for CO, also are widely used for the determination of
bacteria in blood. In 1986, Gehrich et al.*® described an optical fluorescence
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sensing system for intravascular blood gas monitoring, and Miller et al.*’
reported on an in-vivo catheter for blood gas monitoring. While announced,
the systems were never commercialized.

Among the non-medical sensors, those for oil contamination and for
oxygen are predominant. Fig. 6 shows the tip of the fiber optic oxygen
microsensor of Presens.

Figure 6. Tip of the 20-um tip of a fiber optic oxygen microsensor. The tip is coated with a
ormosil-type of sol-gel doped with a ruthenium indicator for oxygen that display red
luminescence. The sensor measures its decay time as a function of oxygen partial pressure.

A smart sensor chip was presented by Texas Instruments'’". It includes an
LED light source, a photodiode, a chemically sensitive waveguide and an
inert reference waveguide. It is schematically shown in Figure 7.

Table 4 below summarizes the commercial fiber optical sensors that have
come to our attention.

In conclusion, it can be said that the past 20 years have seen a
tremendous leap forward in the technologies leading to FOCS and FOBS.

OVERCOATING
(OPTIONAL)

SENSING
CHEMISTRY

IMMOBILIZATION
CHEMISTRY

SUBSTRATE

i

DIODE
DETECTOR

DIODE

DETECTOR P
®

LED

Figure 7. Waveguide chip package of Texas Instruments.
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Sensing schemes have become reliable enough to be of practical utility,
instrumentation has become available at costs that make this sensor
technology competitive to established sensors, and numerous other sensors
schemes have been presented that are of interest, at least from an academic

point of view.

Table 4. Selection of Commercial Fiber Optic Chemical Sensors.

Product  Manufacturer  Analytes Remarks Internet address
GeoSensor GeoCenters pH 3-8 +/- 0.1 units; robust  unknown
PetroSense FiberChem hydrocarbons 1-mm fibers, robust www.decisionlinkinc.com
gasoline

MicrOx Presens 0O, 30 pum tip; via decay www.presens.de
time, autoclavable

FibOx Presens 0, 2-mm fibers, DLR ~ www.presens.de
based, autoclavable

NTH Presens pH 5-9 140 pm tip; DLR www.presens.de

microsensor based

pH Finger Presens pH 5-9 2.8-mm fibers, DLR www.presens.de
based

YSI 8500  Yellow CO, for bioprocess wWww.ysi.com

Springs control; autoclavable

FiberDek  Soundek oil on water reflectance based; 2  http://www.otech.fi/
LEDs, hand-held

TP300 Ocean Optics pH reflectance based, Www.oceanoptics.com

(wide range) fiber bundles

FOXY Ocean Optics O, 1-mm fibers, WWwWw.oceanoptics.com
intensity based

Oxygen SMSI 0O, solid-state transducer www.s4ms.com

Sensor

Oxygen Photosense 0, 1-mm fibers, via www.photosense.com

Sensor LLC decay time
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1. INTRODUCTION

Fibre optic sensors and systems are finding increasing number of
applications in industry, environmental monitoring, medicine and chemical
analysis. Optical sensors can measure physical or chemical quantities. Their
development has been stimulated by advances in optoelectronic technology
mainly for applications in telecommunication. Light sources (light emitting
diodes, laser diodes, lamps etc.), photodetectors (photodiodes,
photomultiplier tubes etc.), connectors and optical fibres can easily be
adapted for sensing purposes. However, in some cases special optoelectronic
elements should be used.

The signal conversion, occurring in the fibre optic chemical sensors
(FOCS), proceeds in several steps, which are shown in Figure 1.

Since the number of analytes exhibiting their own spectral changes is
very limited, it is necessary to match an appropriate reagent. The reagent
should recognise the analyte and convert the information on its concentration
into changes of optical properties'” (e.g. absorbance, fluorescence,
reflectance). The reagent is immobilised in the chemooptical interface,
which is in contact with a sample under the test. The principle of operation
and the performances (sensitivity, selectivity etc.) of an optical sensor
depend on the chemooptical interface. This interface can be designed as a

electrooptic

electric
signal

processing
electronics
optoelectronic K
electric
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Figure 1. Signal conversion in fibre optic chemical sensor.
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separate layer - membrane, which contains reagent molecules, held against
the end of a single fibre optic or bundle' (so-called extrinsic sensor). In the
second group of the sensors, the reagent phase is directly incorporated into
the structure of fibre optic e.g. it replaces the removed cladding' (so-called
intrinsic sensors) or it is immobilised in the porous sol-gel cladding. The
exciting beam of light is delivered by the electrooptic interface (there is no
such an interface in the case of a chemiluminescent sensor). Its main part is
an appropriate light source, which is matched to the maximum of absorbance
or excitation of the reagent. After having interacted with the chemooptical
interface, this light is converted into an electrical signal by the optoelectronic
interface, which contains a photodetector (e.g. photodiode) and an amplifier.
Both optoelectronic and electrooptic interfaces can be driven by the
processing electronics. Contemporary measuring systems are based on the
use of microprocessors (microcomputers) and they give a direct read out
after applying a calibration of the sensor and/or additional signal processing.

The aim of this tutorial is to present briefly some of the optoelectronic
elements, which can be used for designing of the interfaces for FOCS. More
details on optoelectronic devices can be found in the references”®. Special
attention is placed on the appropriate spectral matching of these elements in
order to obtain a sensor exhibiting optimal measuring properties such as
dynamic range, sensitivity etc.

2.  OPTICAL FIBRES

The main requirement of the fibre used in a sensor is to guide the light to
and from an optrode. Multimode fibres are the most frequently used in
chemical sensors (according to ref.* around 70 %). Single-mode fibres are
used only in 5% of sensors whereas planar waveguides are applied in 25 %
of constructions. The practical dominance of multimode fibres is due to the
wide range of optoelectronic devices available on the market and their
capability to transmit light over short and medium distances. In chemical
sensors, standard telecommunication fibres can be used, with typical
diameter of 125 um (50 pum core), as well as large size fibres up to 1.5 mm.
Bundles of the multimode fibres are assembled from fibres of diameter
approx. 40-50 um with very thin cladding. The diameters of plastic fibres
vary from 0.25 to 1.5 mm.

The attenuation of an optical fibre results from physical phenomena
either occurring within the fibre or coming from the environment. This is the
sum of light lost by scattering in the fibre, absorption by the fibre materials,
leakage of light out of the core due to environmental factors (e.g.
microbends). Scattering and absorption losses dominate in every fibre.

Standard silica telecommunication fibre exhibits several minima of the
attenuation (so-called transmission windows): 0.8, 1.3 and 1.55 pm. Special
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attention should be paid in the systems utilising UV radiation. Typical silica
fibres exhibit quite a high attenuation at this region and quartz optical fibres
should be used in this case. Plastic fibres have much higher losses comparing
to the silica fibres. Nevertheless, plastic fibres are much more elastic and are
frequently used in the medical sensors. Their high acceptance angle (NA)
allows to couple relatively high optical power. Additional advantage is the
low weight, low cost and flexible choice of refractive index (1.35 — 1.6). Due
to their high attenuation only a short optical links are made, mainly in
visible range. A sensor designed for the application in infrared radiation
should be based on special fibres e.g. fluoride, chalcogenide. Such fibres are
used, for example, in gas sensors.

2.1 Connectors

The attenuation of a light transmitted in a sensor system is caused not
only by the fibre. Very important are also interconnections: component (e.g.
light source) to fibre, fibre to fibre, and fibre to component (e.g.
photodetector). The connectors can be made in various forms depending on
specific requirements. They can be grouped into three main classes:

(a) demountable connectors: fibre to fibre, fibre to light source, fibre to
photodetector;

(b) splices — permanent joints between two fibres;

(c) couplers for distribution of the light between fibres.

The primary requirement for making any connection is to minimise the
optical power that is lost in it. Intrinsic losses result from technological
variations of the fibres to be connected i.e. core area mismatch, numerical
aperture mismatch, and profile mismatch. These obvious errors can only be
omitted by proper matching of connected fibres or additional optical
elements should be used. Contrary to the intrinsic losses, extrinsic ones can
be corrected by a mechanical alignment. Extrinsic losses are caused if ends
of the fibres are in some distance and the light from the input fibre cannot be
collected by the sink fibre. A similar situation with power losses occurs in
lateral displacement and angular misalignment.

In connectors light source to optical fibre, power losses result from
different space characteristics of the light source and the fibre. Each light
source emits a beam in its typical shape whereas a fibre can accept only
these rays within the acceptance cone. Some typical losses are presented in
Figure 2.

The incoming light reflects from the end surface of a fibre, which is
caused by the difference in refractive indexes of a fibre, a light source and a
gap between them. Such losses are usually small as compared with other
losses occurring in the system. The losses caused by different numerical
apertures cannot be avoided. As higher NA of the fibre, as lower losses of
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Reflection losses NA mismatch
source optical fibre source optical fibre
Dimension mismatch Optical fibre bundle
—>
|:—>
source optical fibre

Figure 2. Different sources of optical power losses in source to fibre connectors.

the connection. A serious problem arises from the dimensions of the light
source and the fibre. Usually dimensions of the source are much higher than
the fibre and it becomes necessary to use transforming optics.

When the fibres are assembled into a bundle, another type of losses
occurs. Each fibre consists of the core and the cladding and the latter should
be kept as thin as possible so as much light as possible can be transmitted by
the light-carrying cores. The fraction of the core surface per unit area is
called packing factor and it depends on diameter of core, cladding and gaps
between the fibres.

A fusion splice is a connection in which minimal losses can be obtained.
Such a connection is made in a fibre optic splicer (usually controlled by a
computer). Two fibres are put into an electric arc where they melt and create
a low-loss splice. The splice obtained must be covered with a protective
layer in order to prevent the junction from the damage and from the
influence by the environment.

In fibre optic systems, it is often necessary to divide the light emitted by a
light source or to use some part of the light as a reference channel for
monitoring of possible fluctuations of the source. This can be done by means
of traditional optics such as mirrors, prisms, lenses etc., and precise
micropositioners should be used for adjustment. The alternative solution is
an optical fibre coupler. The primary requirement is to put two or more
fibres close together in order to allow exchange of optical power between the
fibres. There are several ways to fabricate such a device: by polishing the
fibres up to a half and joining them or by etching fibres. The most efficient
method is based on melting of the fibres. The optical fibres, with removed
claddings, are twisted and heated over a gas flame. During this process, the
fibres melt to finally form a common region where optical signal is split into
separate fibres.
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3. LIGHT SOURCES

An integral part of a fibre optic sensor is the light source. Its primary task
is to deliver an appropriate light, which possesses such features as: an optical
power suitable to interact with an analyte or an indicator from the optrode, a
wavelength matched to the spectral properties of the sensors in order to
obtain the highest sensitivity, and, in dependence on the construction of the
sensor, polarisation, short pulse etc. There are many various light sources
utilised in the fibre optic chemical sensors. They differ in spectral properties,
generated optical power and coherence.

Considering the spectral bandwidth of the light sources, they can be
classified into three main groups:

a) monochromatic (lasers, laser diodes);
b) pseudomonochromatic (light emitting diodes);
¢) continuous (incandescent lamps, arc lamps).

The comparison of spectral properties of typical continuous light sources
is presented in Figure 3.

Incandescent and gas discharge lamps are called white light sources
because they emit light in a very broad spectral range. Figure 3 shows three
of them, which are the most frequently used in the chemical sensors. A
xenon arc lamp seems to be the universal light source. It emits radiation
starting from UV up to infrared but it is expensive and the optical power is
not very stable. If a sensor needs to be excited only in the UV range, a
deuterium lamp can give better results. This is a relatively short-lived lamp
(1000-2000 h) and quite expensive. Tungsten halogen lamps are much
cheaper than the previously mentioned types. Powered by a relatively simple
power supply, they emit stable optical signal and have long lifetime.

Xenon arc ’

tungsten halogen

Irradiance

deuterium

200 400 600 800
Wavelength[nm]

Figure 3. Emission spectra of continuous light sources used in sensors.
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One of common disadvantages of these light sources is the necessity of
using a wavelength-selecting device. Absorption filters, interference filters
or monochromators are utilised to match the light to the sensor requirements.
Absorption filters can filter out a wavelength with spectral bandwidth of the
order of 50 nm, whereas interference filters produce much more
monochromatic light (1 nm) but they introduce quite a high attenuation to
the system. The necessity of using filters limits the application of the whole
sensor system. When a sensor with a different analytical wavelength should
be designed, the filter must be replaced. The application of a monochromator
is more flexible. With its use, any wavelength can be selected very smoothly
to match exactly the analytical radiation, but they are quite expensive.

Frequently a modulation of light is introduced to the system in order to
increase the signal to noise ratio. Flash lamps by their construction give
pulses of light with repetition, which can be controlled by the user. Other
lamps cannot be modulated through their driving current because the emitted
radiation would be unstable over time. In this case, the application of an
external modulator, e.g. a mechanical chopper, is the only solution. In both
cases, the frequency of modulation is rather low — up to kilohertz.

Light emitted by an LED is nearly monochromatic (pseudomono-
chromatic). LEDs are robust and their lifetimes are more than 100 000 hours.
Spectral characteristics of exemplary LEDs in comparison with laser diodes
(LD) are shown in Figure 4.

A typical spectral bandwidth of LED is within the range of 20-50 nm (it
varies from type to type and is the lowest for superluminescent diodes - 5
nm). LEDs cover the whole visible range starting from 370 nm up to infra
red radiation. The radiation emitted by an LED depends on the

red LD IRLD

various LEDs

Emission

400 500 600 700 800 900
Wavelength [nm]

Figure 4. Emission spectra of LEDs and laser diodes.



Fundamentals of Optoelectronics 53

semiconductor used for its fabrication. III-V compounds from periodic
system are used in LEDs fabrication. Their band-gap can be changed
depending on the composition of the compound. Various compounds of
gallium, arsenic and phosphorus with zinc, oxygen or nitrogen dopands
produce radiation in the visible range, whereas gallium arsenide doped with
either silicon or zinc gives infrared wavelengths (900-1020 nm). The emitted
optical power can be stabilised or LED can operate in a pulse mode. Their
long lifetime, low cost and small dimensions are additional advantages in
designing the sensor.

Semiconductor laser diodes are widely used in CD players, DVDs,
printers, telecommunication or laser pointers. In the structure, they are
similar to LEDs but they have a resonant cavity where laser amplification
takes place. A Fabry-Perot cavity is established by polishing the end facets
of the junction diode (so that they act as mirrors) and also by roughening the
side edges to prevent leakage of light from the sides of the device. This
structure is known as a homojunction laser and is a very basic one.
Contemporary laser diodes are manufactured as double heterojunction
structures.

The laser radiation produced by an LD can be modulated by the driving
current and allows a very simple instrumentation. The emitted light beam is
coherent and highly monochromatic. Usually, during manufacturing process,
additional optical elements are introduced into a laser diode structure or
case. For example, a grating can be imposed on the laser cavity or used as
the rear mirror to make a wavelength favoured over the others. A photodiode
placed in the case behind the structure gives a feedback signal for optical
power stabilisation.

Monochromatic light can also be obtained from other types of lasers:
solid state, gas, ion, dye. Among them argon ion laser with its many lines is
an especially valuable light source used in many sensors. However, these
types of lasers are expensive, the modulation of the light cannot be done
internally and external modulators (e.g. choppers) should be used.
Wavelengths emitted by some exemplary lasers are presented in Table 1.

Table 1. Various types of lasers.

Laser Emitted wavelength [nm] Comments
solid state ruby 694.3 harmonic generation based on NL materials
Nd:YAG 1064
gas atomic HeNe 633 many lines possible
Ar-ion 275-514 many lines possible

liquid dye Rhodamine 6G  546-640 many lines possible depending on pump
Coumarin 102 453-520 source
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4. PHOTODETECTORS

The primary task of a photodetector in any fibre optic sensor is to convert
the light carrying the information about the measurand into an electrical
signal. The light, having interacted with the analyte or indicator, carries the
information about the presence or concentration of the analyte. In fact, the
process of conversion takes place in an optoelectronic interface as a whole
optoelectronic system, because the photodetector is usually combined with
optical elements (lenses, filters) and amplifiers. The work of optoelectronic
interface can be synchronised by a modulation wave driving the light source.
Key considerations in selecting a detector are the required sensitivity, the
level of noise inherent in the detector (and thus the signal to noise ratio),
spectral sensitivity, linearity, response time etc.

Photomultiplier tube (PMT) being the most sensitive device is capable to
detect single photons. The photon of incident light produces on the
photocathode an electron, which is then accelerated towards first dynode
where secondary electrons are generated. The process of electron generation
and their acceleration continues up to the anode resulting in a huge number
of electrons. In this way, a single photon, generating a single photoelectron
at the first stage, is multiplied by a given factor. One of the major parameters
of PMT is its quantum efficiency (QE). The QE shows the ratio of photons
incident on the PMT to electrons emitted from the photocathode and can be
considered as the intrinsic sensitivity of a PMT to light.

The material used for manufacture of photocathode governs both the
sensitivity and the spectral range of the PMT. The spectral characteristics of
PMTs are presented in Figure 5.
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Figure 5. Spectral characteristics of different PMTs (solid thin lines mark quantum
efficiency).
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Typical PMTs are made in a form of glass tube, which make them
mechanically fragile and relatively bulky (although there are some
miniaturised versions). The linear response range of a typical PMT is up to
about four orders of magnitude.

Quantum photodetectors are based on the use of a semiconductor. Upon
the light interaction, changes in conductivity or changes in generated voltage
are observed. The most popular quantum device is a photodiode. The
incident light generates additional carrier pairs (hole and electron) in the p-n
junction causing the increase of the current, which rises in proportion to the
intensity of the light. The pin photodiode is a compact, monolithic device,
which is many times smaller than the PMT. Although there are some
constructions of photodiodes integrated with an operational amplifier in one
case they are rather suitable for medium to high level light measurements. A
serious limitation of pin photodiodes is their noise base that is typically three
orders of magnitude higher than that of a PMT.

Avalanche photodiode (APD) was a response of the producers in
competition between PMTs and semiconductor devices. It combines the
benefits of both pin photodiodes and PMT, exhibiting the internal gain. A
strong internal electrical field is created inside the APD by connecting it to a
high reverse bias voltage. This field accelerates the electrons through the
diode structure and thus secondary electrons are produced by impact
ionisation. A special avalanching region can cause the increase of the gain
factor up to several hundred.

The spectral properties of a photodiode depend on the material used for
its fabrication. Typical characteristics are presented in Figure 6.

Relative sensitivity
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Figure 6. Spectral characteristics of photodiodes made from various semiconductors.
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Silicon photodiodes exhibit maximum sensitivity at about 800 nm and
they can be used in the whole visible range however their sensitivity drops
by several times at the blue region. Special structures can be made with
enhanced blue sensitivity (so-called blue or UV diodes). Germanium
photodiodes are capable to detect radiation from 600 nm up to 1700 nm. In
telecommunication applications InGaAs elements are widely used.

Charged coupling devices (CCD) made in a form of linear array are
applied in multiwavelength detection or made as a matrix (e.g.1024x1024
pixels) are used in cameras. A single CCD pixel is a metal-oxide-silicon
capacitor. A p-type silicon substrate has an insulating silicon dioxide layer,
on the top of which there is a metal electrode (gate). After connecting a bias
voltage, holes move away from the depletion region and thus a potential
energy well is created. The incident light generates electrons, which are next
accumulated in this well. The charge accumulated is proportional to the light
detected. The single CCDs are connected in an array or matrix and varying
the bias voltage the charge is shifted to the next pixel resulting in a read-out
signal. Such devices are used in miniature fibre optic spectrometers offered
by various manufacturers.

5. SPECTRAL MATCHING OF OPTOELECTRONIC
DEVICES

The first step in the design of the chemical sensor is the chemical
matching of the reagent molecules to the analyte to be measured (or
determination of spectral properties of the analyte in case of a reagent-less
sensor). The following step includes the attachment of the reagent phase to
the optical fibre by producing a chemooptical interface. After having
immobilised the indicator, it is necessary to determine the spectral properties
of the optrode, and to choose the wavelengths, that should be used in the
system. For the sensors based on the absorbance indicators, these are the
analytical and the reference wavelengths i.e. where no absorbance changes
occur, for the fluorescence sensors — the excitation and the emission
wavelengths. These investigations allow to match an appropriate light source
and a photodetector. The choice of an optical fibre is more flexible. The
essential factor in matching the fibre is the attenuation at a given
wavelength.

The whole measuring system is constructed in stages, with strong
feedback between specialists from various science disciplines. The work of a
contemporary system is governed by a personal computer where software is
a very important component. User-friendly software should allow
modifications during the measurements (voltage ranges, sampling frequency
etc.) as well as a calibration process of the sensor. An additional advantage
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of the system will be a computer controlled chemical equipment (e.g. a
burette, a pump, a stirrer, valves etc.) for sample dosing and the sensor
calibration.

5.1 Design Example

The selection of a light source, a photodetector and an optical fibre
should be compatible with spectral properties of the indicator used. A typical
spectrum of a pH indicator is presented in Figure 7-left.

There are several characteristic wavelengths on the graph. At the
wavelengths denoted A; and A; two tautomeric forms of the indicator absorb
the light. The application of A;=522 nm allows to construct a sensor of the
highest sensitivity. If the ;=410 nm would be chosen, the dynamic range of
the sensor would be smaller (compare appropriate calibration curves in
Figure 7-right). Two others wavelengths, A, and A4, can be chosen as
reference ones since no absorbance changes are observed. The first one
results from the isosbetic point of the indicator (approx. 470 nm). However,
the temperature influences on this point and it is safer to choose the
reference wavelength from the infrared region. The indicator presented in
Figure 7 is very compatible with LEDs. To obtain any of the mentioned
wavelengths, an LED can be selected from a variety of commercially
available elements. This will reduce the total cost of the system and will
make it more portable. If another indicator would be used, the situation may
be not so lucky. Then an LED emitting radiation close to the analytical
wavelength has to be used. In such a case, we utilise the fact that LEDs do
not emit strictly monochromatic radiation. As a consequence of the LED-
indicator mismatch, a decrease of dynamic range will be observed.
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Figure 7. Left: absorbance spectra of pH indicator as a function of pH; right: calibration
curves of the sensor obtained at different wavelengths.
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The construction of the optoelectronic interface can be based on a silicon
photodiode since analytical and reference wavelengths are from the visible
and the IR regions, respectively. The signals can be filtered out by optical
filters (then two photodiodes are required) or one photodiode can be
synchronised with modulation waves of the LEDs used. Finally, silica
optical fibres can be used as light waveguides. The choice between single
fibre or bundle is determined by the application of the sensor.

6. CONCLUSIONS

Having constructed the optrode, it is very important to match the
optoelectronic devices with respect to their essential parameters: light source
(wavelength range, optical power, stability), photodetector (spectral
response, sensitivity, noise) and optical fibres (attenuation as a function of
wavelength). All these components and the indicator used should be
compatible spectrally. Sometimes a compromise should be reached e.g.
when there is no commercially available light source emitting the given
analytical wavelength.

Successful development of fibre optic chemical sensors requires the co-
operation of many specialists in various fields of science. Scientists in
analytical chemistry, polymer science, material science, optoelectronics and
electronics etc. can be involved in this multidisciplinary task. Depending on
the application of the sensor biologists, medical doctors or environmentalists
can also be incorporated to the working group. Although, the contribution of
all specialists cannot be classified by the importance, analytical chemistry
and material science seem to be the key to the success.
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1. INTRODUCTION - FIBRE-OPTIC SENSORS

Optical sensors (Figure 1) can be defined as devices for optical
monitoring of physical parameters (pressure', temperature’, etc.) or
(bio)chemical properties of a medium by means of optical elements (planar
optical waveguides or optical fibres). Chemical or biochemical fibre-optic
sensors’ are small devices capable of continuously and reversibly recording
the concentration of a (bio)chemical species constructed be means of optical
fibres.

The capability of remote sensing, high sensitivity in a wide dynamic
range, on-line performance, immunity to electromagnetic interference,
possibility of internal reference’ and potential of fully distributed sensing
along the fibre length as well as the possibility of point or multipoint
detection belong undoubtedly to advantages of fibre-optic chemical sensors.
The geometry and material properties of optical fibres make them

Optical sensing element
IHHH' (planar optical waveguide/optical fibre)
t[°Cl1/ pfPe]
Photo
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Figure 1. Principal arrangement of fibre-optic sensors.
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indispensable tools for sensing in medicine”” (see chapter 20), because they
can be applied in all parts of the human body, for the detection of explosives
or easily flammable substances (like hydrogen, petrol etc.)® as fibre probes
eliminate the risks of overheating or sparking, and for operating in high-
voltage facilities due to their dielectric character. On the other hand, certain
limitations as e.g. contingent photodegradation of samples, limited
performance in harsh (e.g. dusty, suspension) environments, effects of
parasitic signals occurring due to light scattering in the medium, unwanted
background fluorescence etc. should also be mentioned.

Optical information (signal) about the fibre surroundings can be obtained
as intensity changes’ (based on the number of photons transmitted after
absorption or emitted by luminescence, scattering or refractive-index
changes) (see chapters 5, 6 and 9), wavelength changes (based on spectral-
dependent variations of absorption or fluorescence), phase changes (based
on the interference of light waves between separate paths in interferometry)
(see chapter 11), changes of the state of polarisation and changes in the time
domain (lifetime, decay of fluorescence). Despite the diversity of the
mentioned principles, each fibre-optic sensor employs the same fundamental
parts: a source (see chapter 3), an optical sensing element (fibre) and a
photodetector together with recording device (Figure 1). These components
form the “optical hardware” of the sensor. By a proper choice of the optical
hardware, the selectivity, sensitivity and time response of the sensor can be
tailored. In cases when the chemical changes are accompanied by a strong
optical response (e.g. a spectral or refractive-index change), the optical
information can easily be obtained directly. In cases when the optical
responses are too weak, opto-chemical transducers’ can be applied to
enhance the sensor response. The transducers are materials that change
optical properties of the fibre (optical absorption in the case of using
indicators or dyes, emission in the case of using fluorescent dopants) in
dependence on the character of the analyte or its concentration. In this sense
(i.e. the choice of analytical principle or of opto-chemical transducers) we
can speak about the “chemical software” of the sensor. By a proper choice of
the chemical software, the selectivity and sensitivity of the sensor can be
tailored.

The place, where the surroundings (analyte) interacts with the guided
light, is called the detection site. The sensors, in which the detection site is
outside the fibre and the fibre is used only passively to lead the light to and
from the sensing element, are denoted as extrinsic. When the fibre itself acts
as an active sensing element and the detection site is inside the fibre, we
speak about intrinsic sensors. Optical information can be obtained either
from the light transmitted through the fibre (Figure 1) or from the reflected
light (Figure 2).
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Figure 2. Arrangement for reflection sensing.

2. OPTICAL HARDWARE

2.1 Optical Fibres

Optical fibres (Figure 3) are dielectric, in most cases cylindrical
structures, whose diameters are much smaller than their lengths, composed
of an optical core (n;) surrounded by an optical cladding with a refractive
index (n,, n3) lower than that of the core®. The light is guided through the
fibre as a result of total reflections on the core/cladding boundary. The
claddings, having no optical but merely mechanical protective function, are
denoted as jackets (ng).

Important parameters, characterizing fibre properties, are the attenuation
o and numerical aperture NA. The attenuation (Equation 1) represents
optical losses caused by absorption or scattering of the light guided through
the unit fibre length. It is given by:

o = 10/L * log (Po/P) (Eq.1)

where Po, P are the input and output optical powers and L is the fibre length.
The meaning of the numerical aperture (given in Equation 2) can be seen
from Figure 4.

NA = (n,* - n,%) * = sin (B/2) (Eq.2)

Optical fibres were originally studied and developed for the transmission
of information in telecommunications and have been used for building of
long-haul as well as local networks for years. Such kinds of optical fibres
have to be of ultra-low optical losses, standard size, resisting to temperature
changes in a large interval or to chemical influence of their surroundings,
etc. In contrast to these “standard” widely used fibres, the “special” ones are
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Figure 3. Principle of optical fibre.

employed not only for passive transmission of signals but also for the
generation or processing of information, as in the case of fibre—optic sensors.

So the function of special optical fibres for sensing is to produce a
sensitive response to changes in the fibre surroundings. Such requirements
on optical hardware as durability to the analyte, transparency (i.e. minimum
optical losses) in a wide spectral range and common availability should be
pointed out. Related to the these requirements, the choice of the fibre
material as well as of the fibre coating and fibre structure belong to
fundamental tasks in the design of fibre-optic sensors.

Figure 4. lllustration of the fibre numerical aperture.
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2.2 Optical Fibre Technology

Optical fibres can be prepared from different materials in a variety of
structures — circularly symmetric of different diameters, non-circularly
symmetric, with different coatings. Optical fibres can be drawn or extruded
from melts (crucible, double crucible techniques) or drawn from preforms
(rods). The former technique is frequently applied for preparation of plastic
fibres or fibres from soft glasses. The latter one is suitable for the
preparation of silica-based optical fibres as it allows to save structures (e.g.
graded-index profiles) previously tailored in rods-preforms by Chemical
Vapour Deposition (CVD) technologies, e.g. MCVD'. This approach makes
possible to prepare materials of ultra-high purity (as the starting materials are
in the liquid or gaseous state and so they can be effectively purified) and
multilayered structures (as the glass volume is formed via the deposition of a
number of thin layers). In contrast to CVD technologies, melts are prepared
from starting materials mainly in the solid state and so the level of purity of
fibres drawn from them is by several orders worse. To reach suitable
mechanical properties and to prevent effects of ageing, the fibres are
immediately (in-line) coated with a protective polymer coating (section 2.5).

2.3 Optical Fibre Materials

Changes of fibre optical properties and thus changes of the analyte can be
detected in the ultraviolet (UV), visible (VIS), near infrared (NIR) and
middle/far infrared (IR) regions. There are only a few materials sufficiently
transparent in the UV region, and among them, the pure silica is uniquely
suitable for fibre drawing. From Figure 5 it can be seen that the UV
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Figure 5. Spectral transmission of several kinds of materials.
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absorption edge depends on the kind of silica and varies from approximately
170 to 260 nm.

From the spectral attenuation curve of an optical fibre drawn from
Optran-UV (Figure 6) it can be seen that the losses are relatively high, but
still acceptable (of the order of dB/m in the UV) for practical sensing.
Refractive index of silica is 1.457 at 633 nm and falls down with increasing
wavelength.

Most of optical fibres are transparent in the visible and NIR spectral
regions. Among them, silica fibres are of extremely low losses (minimum of
0.2 - 20 dB/km, depending on the wavelength and structure). They are nearly
ideal candidates for sensing as it is possible to prepare a variety of fibre
sensing structures (section 2.4) via CVD technologies of preform
preparation. The comparison of spectral transmission of bulk silica and other
kinds of glasses can be seen from Figure 5. The spectral attenuation of a
simple step-index fibre structure made from such bulk silica can be seen
from Figure 6. The minimum optical losses at 850 nm (~10 dB/km) can be
considered as suitable for sensing. Silica fibres are applicable in a spectral
region up to 2 um. The refractive index of doped silica varies from 1.45 to
1.50 (at 633 nm) depending on the doping. Silica fibres are chemically and
mechanically stable (tensile strength ~ 6 GPa).

Close to silica fibres are silicate fibres drawn from optical glasses.
Silicate fibres are typically applicable in the visible spectral region. Their
optical losses in the visible region usually reach much higher values than
silica fibres - at least 10°dB/km. On the other hand, the refractive index can
be tailored in a large interval (from 1.5 for the BK-class to 1.95 for the
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Figure 6. Spectral attenuation of PCS fibres drawn from silica (Optran UV and Suprasil 300).
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SF-class'") by a proper choice of glass composition. This point is important
for evanescent-wave sensing (see chapter 10) in cases when the refractive
index of the analyte reaches higher values. Fibres from non-silicate oxide-
based glasses such as germanate ones'” are transparent further to mid-IR
region but they are of lower chemical resistance and thermal stability.

Optical fibres composed of plastics are also transparent in the visible
spectral region but optical losses reach 10> - 10° dB/km". Their refractive
index varies from 1.35 to 1.6 depending on the kind of polymer used (e.g.
polymethymethacrylate PMMA ~1.49). The chemical resistance is much
worse than that of silica fibres and thermal stability is incomparable. On the
other hand, low temperature processes of plastic fibre preparation allow us
mix the starting polymer with organic dyes which enables the production of
luminescent fibres suitable e.g. for fluorescence-based sensing'.

Materials suitable for sensing in the IR region are fluoride glasses such as
ZBLAN, ZBG or ZBLA, chalcogenide, or chalco-halide glasses such as pure
glassy Se, As,S;, As,Se;, Ge-Se, Ge-S, Ge-Se-Te, Ge-As-Se systems”’lé. A
number of these materials are transparent up to 20 um and the theoretical
losses of the fibres are even lower than those of silica fibres. But the lowest
losses achieved in practise vary from 0.01 dB/m'” to 4 dB/m"® in dependence
on wavelength. The fibre technology is rather complicated and maybe that
for this reason these fibres are not so widely available as the silica ones. A
certain exception among the glassy fibres represents silver-halide' or
sapphire crystalline fibres that have recently been successfully employed for
IR fibre sensing®. The refractive indices of glassy materials are usually high
(e.g. from 2 to 2.5 for chalcogenides). Excluding fluoride glasses, these
materials are chemically stable enough but their thermal stability is often low
due to low T,.

The availability and prices of sensor components (fibres as well as
sources and photodetectors) can be considered key parameters for the sensor
design. With some simplification it can be stated: the further from the VIS-
NIR spectral region, where the technological basis is anchored in large-scale
production for telecommunications, the higher the prices of all components.
However, valuable results have been obtained in the IR region™ (see
chapter 7).

2.4 Optical Fibre Structures

The simplest case of fibre structure is the step-index one, characterized
by a constant circular refractive index profile in the core and polymer
cladding of lower refractive index (Figure 3). The refractive indexes of the
core and cladding depend on the materials used. The cores of these structures
can be prepared from melts as well as from preforms without radial and
azimutal variations of the refractive index. To obtain suitable mechanical
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properties, the diameter of the fibre core should be 70-80 wm at least. Due to
this large value many modes can be guided through such a fibre and so the
structure is called multimode (MM). The typical diameter of such fibres
varies in a range from 200 to 1000 pum.

Most of fibre-optic sensor applications (around 70% estimated™) are
based on multimode structures, particularly on PCS (polymer-clad-silica)
fibres, suitable for both passive and active applications in the visible and
NIR regions. The PCS fibres consist of a high-quality silica core (produced
e.g. by Heraeus, Corning Glass, Schott or Quartz et Silice etc.) with the
refractive index of 1.457 (at 633 nm) and a thermally curable polysiloxane
cladding with the refractive index of around 1.41 (at 633 nm). The PCS
fibres have been successfully used for a variety of applications because of
their common availability, low cost and good mechanical properties. Their
experimental sensitivity® to the analyte refractive-index changes can be seen
from Figure 7. The sensing principle based on the detection of refractive-
index changes of an analyte can be applied only for the analytes whose
refractive index is below that of silica, otherwise the fibre cannot act as a
waveguide (Figure 3). For the detection of substances of higher values of the
refractive index performed in this way it is necessary to use a step-index
structure drawn from highly doped silica or from soft optical glass (PCG -
polymer-clad-glass) of proper refractive index. In the second case the
applicability of such fibres is limited to the visible spectral region. As an
example, monitoring of the epoxide curing process (refractive index up to
1.58) sensed by a declad step-index fibre (drawn from optical glass SF2 with
a refractive index of 1.62) inserted into the epoxy resin, can be given®’.

From Figure 3 (distribution of the light power) it can also be seen that the
largest part of the light in multimode structures is concentrated inside the
fibre core and only a small part of it is in the region outside the fibre core,
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Figure 7. Experimentally determined sensitivity curves for IGI and reference PCS fibres.
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where it can interact with the analyte. So the sensitivity of MM structures in
the case of evanescent-wave sensing (see chapter 10) cannot be very high.
To increase this sensitivity, novel multimode structures like inverted graded-
index (IGI) fibres?*’ have been designed and tested. The refractive-index
profile of this kind of such structures is inverted with respect to the
conventional ones (Figure 8). The development of the MCVD technology
(section 2.2) has made it possible experimental preparation of such fibres.
Comparison of the sensitivity of a conventional PCS fibre and IGI one
excited under optimum conditions can be seen from the Figure 7. The
concept of IGI fibres can be exploited for sensitive detection of
hydrocarbons dissolved in water in ppm concentrations™.

When the core diameter is inside several microns, only one (or several)
modes can be guided in the fibre core and so these structures are called
single-mode or few-mode ones. Single-mode (SM) silica fibres have a
typical outer diameter of 125 um with a 5-8-um diameter of the core and a

Figure 8. Refractive-index profile of the IGI structure.

refractive index difference between the core and cladding of 0.005-0.010.
Few-mode fibres are of slightly larger core diameter. In single-mode
structures the light power distribution (Figure 3) can significantly extend
beyond the core area, however, mostly into the region with no direct contact
of the light with the analyte (compact glass optical cladding). So, standard
types of these fibres cannot be directly used for sensing purposes.

A possible solution to this problem is based on removing part of the glass
cladding, which enables the interaction between the analyte, penetrating
through the cladding, and the fibre core, while a large and robust part of the
fibre is preserved. Such an approach is applied in the “D-shaped” fibres™.
This type of structure makes possible the access of the analyte, which
penetrates through the cladding to the fibre core of single-mode or few-mode
structures, while their mechanical properties remain essentially unchanged.
However, the detection site is limited to a longitudinal spot along the fibre
length.
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Figure 9. Sectorial S-fibre structure  Figure 10. Spectral dependence of the attenuation of
(microphoto), core diameter ~ 30 pm. the s-fibre and PCS fibre in solution of methylene
blue.

To enlarge the detection site and to improve the fibre sensitivity without
using a longer active fibre length, the “S-fibre” structure (Figure 9) has been
designed™. In this case a large part of the core is declad and can interact with
the surroundings while the fibre remains robust enough and mechanically
stable (in comparison with extremely brittle single-mode or few-mode PCS
step-index fibres with a core diameter comparable with the size of the
excitation beam, i.e. several microns). From Figure 10 it can be seen the
comparison of spectral responses of PCS and S-fibres immersed into an
immersion coloured with an indicator. But a drawback for practical use of
these fibres should be noticed. After coating this structure with a circularly
symmetric cladding, the position of the core becomes eccentric which makes
splicing or connecting these fibres with the standard ones difficult.

To overcome this drawback, “capillary sectorial fibres” (Figure 11) were
fabricated’’. In this case part of the preform ground to the designed shape
was inserted into a circularly symmetric silica tube and drawn. The active
length of the sensor is defined by the distance between the input and output
of the analyte produced in the capillary wall by special diamond tools.
Despite promising results achieved, difficulties in the application of sensitive
layers on the core surface remain a drawback of this kind of fibres and the

Figure 11. Structure of capillary sectorial fibre (microphoto).
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necessity the sampling of analyte under overpressure represents certain
complication.

Although single-mode or few-mode fibres represent useful “optical
hardware” for chemical sensing, in practise there are only around 5% of
sensor applications based on them™. It can be caused by complicated
handling (coupling the light) due to a small core size or by slightly higher
costs for the instrumentation in comparison with multimode structures.

At this point, hollow fibres should also be noticed as a special case of
optical fibre structures®>’ (compare Figure 3 with Figure 12). In the case
when the hollow part is filled with an analyte of higher refractive index than
that of the coated or uncoated inner surface of the capillary (n; > n3, n,) the
structure operates as a standard waveguide. This is the case of a sensor
where the detection site is inside the core area. So the optical information is
obtained from the guided wave that is much more intensive and sensitive to
changes in comparison with the weak evanescent wave (see chapters 9 and
10). In the case when the inner surface of the substrate capillary (n;) is
coated with a layer of higher refractive index (n,) than that of the flowing
analyte (n;) as well as of the substrate (n;), the light is guided inside this
circular ring (n;) and the structure is operated as a special kind of the
evanescent-wave sensor . Such fibres are drawn from substrate tubes of
proper refractive index or from tubes with a specially coated inner surface by
some (e.g. sol-gel) layer. There are also materials (sapphire, special oxide
glasses, alumina), whose refractive index drops below the value of 1.0 in the
far IR region (7-17 um). Using these materials as claddings (n,) in the IR
region, the hollow waveguide acts as a special kind of optical fibre with the
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Figure 12. Capillary and hollow optical fibres.
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detection site in the core. Such fibres were successfully applied e.g. for
trace-level detection of halogenated hydrocarbons in the infrared region®.

2.5 Optical Fibre Coatings — Requirements

Optical fibre coatings represent an integral part of “optical hardware” as
they make possible to tailor the access of the analyte to the detection site and
to immobilize opto-chemical transducers in the detection site. The choice of
suitable coating (and suitable transducer) is important task of sensor
designing. The coating of standard SM fibres by hard UV-curable acrylates
with a refractive index of around 1.65 or of PCS fibres by soft polysiloxane
polymers can be considered a standard procedure, while the coating of fibres
with PTFE (np=1.29) primary coating is not so usual. Only several items of
requirements important for optical fibre technology will be noticed here as
the attention to this issue is given elsewhere (see chapter 15).

Transducers have to be miscible with starting materials for coating
(monomers etc.), should be stable (especially during the curing process) and
have a strong and selective colour or absorption response to the detected
substance. Starting materials for coatings can be characterized as liquids
with good adhesion to the substrate fibre surface, stable enough before
curing, of proper viscosity and easily curable (thermally, by UV irradiation
etc.) The cured coatings should be porous to a certain controllable degree to
make possible penetration of analytes to the fibre core, adhesive with the
fibre, stable and hydrophobic. Refractive index of the coating should be
lower than that of the core, nevertheless special coatings of higher refractive
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Figure 13. Influence of TiO, doping of the coating on the time response of the sensing fibre.
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Figure 14. Comparison of arrangements for selective (left) and axial (right) excitation
introducing an increase of sensitivity for several times in comparison.

index have been applied, t00®. In such a case the coated layer can be
considered part of a multilayer core and the fibre can be used for core-based
detection, but it is a very tricky matter. Coatings can be applied continuously
(directly) in the process of fibre drawing (section 2.2) or short pieces of
fibres can be coated additionally by the dip-coating method.

From Figure 13 it can be seen a typical example demonstrating the
influence of the properties of the fibre coating on fibre sensing properties.

Apart from the optimisation of properties of sensing fibres themselves,
the arrangement of optical hardware, i.e. the conditions of excitation and
detection, play an important role influencing the selectivity and sensitivity of
the sensor. As examples, the selective excitation (Figure 14) with the axial
excitation or the detection with an output mode filter’® can be presented
(Figure 15, Figure 16).

2.6 Optical Fibre Processing and Accessories

The preparation of a coated special fibre from a suitable material in a
proper structure and the source and detector choice are not the final list of
problems to be solved in the framework of sensor design. From Figure 3 it
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Figure 15. Arrangement of output mode filter.
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without the output mode filter.
can be seen optional loops of passive optical fibres coupling light from the
source into the active fibre and guiding the obtained signal to the detector. In
a laboratory set-up the connection of fibres can be effectively managed by
means of a V-groove and micropositioners but such a solution is not suitable
for field applications. In these cases fibres can be connected by splicing (by
means of a splicing machine) or by connectors. Number of kinds of
connectors for telecommunication fibres (FC, HMS-10, PC, D4, SMA, SC,
DIN, ST etc.) is commercially available®*,

Their common function is to hold the fibre and to align it with another
identical size fibre with high repeatability in tolerances as close as possible
(Figure 17). The main component of the connector is the ferrule made from

Fibre Connection (FC)
Glass gap

Connecting body and ‘ ‘
mechanical retainer
Alignment key

Physical Contact (PC)
2.5 mm radius

J

Ferrule 2.5 mm Angled Fibre Connection (APC)
8 degree angle

Fibre 125 um gg

Figure 17. Fibre connector.
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metallic or ceramic material (stainless steel, ALO; or ZrO,). The ferrule
holds the glass fibre, precisely centred. The alignment key keeps the fibre
from rotating. Smooth end-face of fibre terminating is reached by careful
polishing of the holding material of the ferrule together with the fibre end.
The dimensions of the connectors have been standartised for fibre diameter
of 125 pm and outside ferrule diameter of 2.5 mm. The differences between
connector types are mainly differences in the mechanical assembly that hold
the ferrule in position against another, identical one. For terminating fibres
of larger diameter, usually prepared for sensing to ensure sufficient
robustness, special connectors based on the modified parts have to be
individually developed. For the case of joining the fibres of diameters
different from standard ones, fibre tapers® could be also applied, but such
solution is quite expensive.

In cases when the fibre ends play only a passive role, the fibre can be
terminated for splicing or connectoring by cutting, e.g. by means of a cutting
knife. In cases when the fibre end plays an active role (Figure 2), the probe
has to be carefully processed. The end-face of reasonable quality making an
angle of 90° with the fibre axis can be obtained by cutting e.g. by means of a
fibre cleaver. For bevelling of the cut fibre end, grinding by means of
diamond tools or foils has to be applied. The end-faces obtained in this way
(Figure 18) can be further processed by coating with sol-gel layers or layers
applied by some PVD techniques. For better fixing of the sensitive layers on
the fibre end-face, cavities can be formed. Such an approach can be useful
particularly in the case of multianalyte detection or of optical noses (see
chapter 19).

A single optical fibre cannot be a suitable tool for the last mentioned
application as well as for many others arranged in the reflection layout. For
these applications individual optical fibres are collected to sets — bundles.
Such optical elements are particularly convenient for image transmission. In
chemical sensing, fibre bundles can be employed for remote Raman,

fluorescence or absorption spectroscopy™*, for visualisation etc. The

Figure 18. Bevelled fibre tip.
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simplest Y-shaped twin fibre components are available as “bifurcated fibre
assembly” or “splitter fibre assembly™’.

When the fibre cross-section is too large (e.g. for nano-scale applications)
or for improving the fibre sensitivity in evanescent-wave sensing*', tapering
of the fibre end can be used. At the fibre end the polymeric cladding is
removed and then the solution of hydrofluoric acid is applied. The fibre is
continuously and slowly withdrawn from the acidic bath, and if the etching
process is well controlled and smooth enough, a tip of desired shape can be
prepared”’. Another way is to employ controlled elongation of the declad
fibre end in a flame.

A certain group of optical sensors is based on gratings written into optical
fibre structures. The gratings can be of a short period or the order of
nanometres (Fibre Bragg Gratings — FBG), or of a long period on the order
of tenths of a millimetre (Long Period Gratings — LPG). The gratings are
written into the structure by irradiating the fibre by UV lasers (250, 190 or
380 nm) via masks (FBGs), or by scanning a high-power CO, laser beam
across the fibre (LPG). The induced refractive-index perturbations depend
on changes of the fibre internal strain and are related to differences of the
expansion coefficients of the core/cladding glass materials and to the thermal
shock during the laser exposure. To obtain gratings with strong index
modulations, the fibres should be of specially tailored structures containing
materials highly doped with germanium oxide.

3.  FINAL COMMENTS

Special optical fibres have been intensively investigated during recent
years because of their potential wide-range use for on-line monitoring of
material properties or processes in a number of areas of human activity
(environment protection, food industry, medicine etc.) Their technology can
be considered an integral part of the team-work on optical fibre sensors
development. Despite special optical fibres represent a unique and often
indispensable tool for a variety of sensor applications, special fibre
production still represents only a small fraction of the market. Probably it is
because of their low consumption (in comparison with standard
telecommunication fibres), the need for much more advanced know-how and
lower reproducibility.
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Chapter 5
ABSORPTION-BASED SENSORS

Aleksandra Lobnik
Faculty of Mechanical Engineering, Centre of Sensor Technology, University of Maribor
Smetanova 17, SI-2000 Maribor, Slovenia

1. INTRODUCTION

Optical sensors rely on optical detection of a chemical species. Two basic
operation principles are known for optically sensing chemical species:

- intrinsic optical property of the analyte is utilized for its detection;

- indicator (or label) based sensing is used when the analyte has no
intrinsic optical property. For example, pH is measured optically by
immobilizing a pH indicator on a solid support and observing changes
in the absorption or fluorescence of the indicator as the pH of the
sample varies with time'™.

Fiber-optic chemical sensors (FOCSs) represent a subclass of chemical
sensors in which an optical fiber is used as part of the transduction element.
Typically, a chemical sensor consists of a chemical recognition phase

coupled with a transduction element (Figure 1).

Some sensors may include a separator which is, for example a membrane.

In the receptor part of a sensor the chemical information is transformed into

a form of energy which may be measured by the transducer. The transducer

part is a device capable of transforming the energy carrying the chemical

Sample Sensor

L "chemical* signal analytical signal
Analyte '::> % —— —
D Receptor

Transducer

Figure 1. Schematic representation of the composition and function of a chemical sensor.
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information about the sample into a useful analytical signal. The transducer

does not show selectivity. The receptor part may be based on various

principles:

- physical, where no chemical reaction takes place. Typical examples are
those based on measurement of absorbance, refractive index,
conductivity, temperature or mass change;

- chemical, in which a chemical reaction with participation of the analyte
gives rise to the analytical signal;

- biochemical, in which a biochemical process is the source of the
analytical signal. They may be regarded as a subgroup of the chemical
ones.

Chemical sensors may be classified according to the operating principle
of the transducer as optical, electrochemical, electrical, mass sensitive, etc.

2.  PRINCIPLE OF UV/VIS ABSORPTION
SPECTROSCOPY

2.1 Introduction

Many molecules absorb ultraviolet or visible light. The absorbance of a
solution increases as attenuation of the beam increases. Absorbance is

RECEPTOR PART
\

chemical physical

.

biochemical
(BIOSENSORS)

TRANSDUCER

| | |
optical ‘ electrochemical ‘ \m‘

voltammetric sensors

absorptiometry : . magnetic
reflectometry p @ﬁeng%%%ﬂ%%%nsms
luminescence thermometric
IR spectrometry
Raman spectromstry | mass sensitive |
light scafttering
optothermal effect
fiber refractometry

|surface plasmon resonance

Figure 2. Classification of chemical sensors according to the operating principle of the
receptor and transducer.
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directly proportional to the path length, b, and the concentration, ¢, of the
absorbing species. Beer's Law states that

A =¢bc (Eq.1)

where ¢ is a constant of proportionality, called the absorbtivity.

Different molecules absorb radiation of different wavelengths. An
absorption spectrum will show a number of absorption bands corresponding
to structural groups within the molecule. For example, the absorption that is
observed in the UV region for the carbonyl group in acetone is of the same
wavelength as the absorption from the carbonyl group in diethyl ketone.

Ultraviolet-visible spectroscopy (UV = 200 - 400 nm, visible = 400 - 800
nm) corresponds to electronic excitations between the energy levels that
correspond to the molecular orbital of the systems. In particular, transitions
involving 7 orbital and ion pairs (n = non-bonding) are important and so
UV/VIS spectroscopy is of most use for identifying conjugated systems
which tend to have stronger absorptions' ™ %2122 24,

2.2 Electronic Transitions

The absorption of UV or visible radiation corresponds to the excitation of
outer electrons. There are three types of electronic transition which can be
considered:

1. Transitions involving 7, g, and » electrons
2. Transitions involving charge-transfer electrons
3. Transitions involving d and felectrons (not covered in this Unit)

When an atom or molecule absorbs energy, electrons are promoted from
their ground state to an excited state. In a molecule, the atoms can rotate and
vibrate with respect to each other. These vibrations and rotations also have
discrete energy levels, which can be considered as being packed on top of
each electronic level (Figure 3).

> *

< v E

@ Rotational Vibrational

w | electronic levels electronic levels
Eo

Figure 3. Energy levels.
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2.2.1 Absorbing Species Containing @, 6, and n Electrons

Absorption of ultraviolet and visible radiation in organic molecules is
restricted to certain functional groups (chromophores) that contain valence
electrons of low excitation energy (Figure 4). The spectrum of a molecule
containing these chromophores is complex. This is because the superposition
of rotational and vibrational transitions on the electronic transitions gives a
combination of overlapping lines. This appears as a continuous absorption
band.

o — o* Transitions

An electron in a bonding ¢ orbital is excited to the corresponding
antibonding orbital. The energy required is large. For example, methane
(which has only C—H bonds, and can only undergo ¢ — o¢* transitions)
shows an absorbance maximum at 125 nm. Absorption maxima due to ¢ —
o* transitions are not seen in typical UV-VIS spectra (200 - 700 nm).

n — o* Transitions

Saturated compounds containing atoms with lone pairs (non-bonding
electrons) are capable of » — ¢* transitions. These transitions usually need
less energy than n — ¢* transitions. They can be initiated by light whose
wavelength is in the range 150 - 250 nm. The number of organic functional
groups with n — ¢o* peaks in the UV region is small.

n — * and & — ©* Transitions

Most absorption spectroscopy of organic compounds is based on
transitions of » or 7 electrons to the z* excited state. This is because the
absorption peaks for these transitions fall in an experimentally convenient
region of the spectrum (200 - 700 nm). These transitions need an unsaturated
group in the molecule to provide the © electrons.

Molar absorbtivities from #» — 7* transitions are relatively low, and range
from 10 tol100 L mol' ecm™. 7 — x* transitions normally give molar
absorbtivities between 1000 and 10.000 L mol” cm™ .

The solvent in which the absorbing species is dissolved also has an effect
on the spectrum of the species. Peaks resulting from » — z* transitions are

Antibonding o

* *
n—oo O—T . .
= - - Antibonding 7"
> g?ﬁ m T—T
o| € © Non-banding n
(€} Bonding T
€ Bonding o

Figure 4. Possible electronic transitions of @, 5, and n electrons.
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shifted to shorter wavelengths (blue shift) with increasing solvent polarity.
This arises from increased solvation of the lone pair, which lowers the
energy of the n orbital. Often (but not always), the reverse (i.e. red shift) is
seen for 7 — 7* transitions. This is caused by attractive polarisation forces
between the solvent and the absorber, which lower the energy levels of both
the excited and unexcited states. This effect is greater for the excited state,
and so the energy difference between the excited and unexcited states is
slightly reduced - resulting in a small red shift. This effect also influences »
— 7* transitions but is overshadowed by the blue shift resulting from
solvation of ion pairs.

2.2.2 Charge-Transfer Absorption

Many inorganic species show charge-transfer absorption and are called
charge-transfer complexes. For a complex to demonstrate charge-transfer
behavior one of its components must have electron donating properties and
another component must be able to accept electrons. Absorption of radiation
then involves the transfer of an electron from the donor to an orbital
associated with the acceptor ' %%,

Molar absorbtivities from charge-transfer absorption are large (greater
that 10.000 Lmol'cm™).

2.3 Beer-Lambert Law

The Beer-Lambert law (also called the Beer-Lambert-Bouguer law or
simply Beer's law) is the linear relationship between absorbance and
concentration of an absorber of electromagnetic radiation. The general Beer-
Lambert law is usually written as'>**2*:

A=a,-b-c (Eq.2)

where A4 is the measured absorbance, a; is a wavelength-dependent
absorptivity coefficient, b is the path length, and ¢ is the analyte
concentration. When working in concentration units of molarities, the Beer-
Lambert law is written as:

A=¢,-b-c (Eq.3)

where ¢; is the wavelength-dependent molar absorptivity coefficient with
units of M cm™. The 4 subscript is often dropped with the understanding
that a value for ¢ is for a specific wavelength. If multiple species that absorb
light at a given wavelength are present in a sample, the total absorbance at
that wavelength is the sum due to all absorbers:
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A=(& b-c)+(&-b-c,)+... (Eq.4)

where the subscripts refer to the molar absorptivity and concentration of the
different absorbing species that are present.

Experimental measurements are usually made in terms of transmittance
(7), which is defined as:

P
T=— Eq.5
P (Eq.5)

where P is the power of light after it passes through the sample and P, is the
initial light power. The relation between 4 and 7 is:

A=-log(T) = —log[gJ (Eq.6)

0

The Figure 5 shows the case of absorption of light through an optical
filter and includes other processes that decrease the transmittance such as
surface reflectance and scattering.

In analytical applications we often want to measure the concentration of
an analyte independent of the effects of reflection, solvent absorption, or
other interferences. The next figure shows the two transmittance
measurements that are necessary to use absorption to determine the
concentration of an analyte in solution (Figure 6). The top diagram is for
solvent only and the bottom is for an absorbing sample in the same solvent.
In this example, P is the source light power that is incident on a sample, P is
the measured light power after passing through the analyte, solvent, and
sample holder, and P, is the measured light power after passing through only
the solvent and sample holder. The measured transmittance in this case is
attributed to only the analyte.

Depending on the type of instrument, the reference measurement (top
diagram) might be made simultaneously with the sample measurement
(bottom diagram) or a reference measurement might be saved on computer
to generate the full spectrum.

P
: P
- | =
(]
. absorption
Interference
surface
(1
H reflection
(]
’ ~ \scattenng

Figure 5. Case of absorption of light through an optical filter.
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solvent only

absorbing sample of
concentration ¢

path length b

Figure 6. Two transmittance measurements that are necessary to use absorption to determine
the concentration of an analyte in solution.

Modern absorption instruments can usually display the data as
transmittance, %-transmittance, or absorbance. An unknown concentration
of an analyte can be determined by measuring the amount of light that a
sample absorbs and applying Beer's law. If the absorptivity coefficient is not
known, the unknown concentration can be determined using a working curve
of absorbance versus concentration derived from standards.

2.4 Instrumentation

The light source is usually a hydrogen or deuterium lamp for UV
measurements and a tungsten lamp for visible measurements. The
wavelengths of these continuous light sources are selected with a wavelength
separator such as a prism or grating monochromator. Spectra are obtained by
scanning the wavelength separator and quantitative measurements can be
made from a spectrum or at a single wavelength®*.

3. EXAMPLES OF ABSORPTION-BASED SENSORS

An indicator acts as a transducer for the chemical species that cannot be
determined directly by optical means. Consequently, it is the concentration
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of the indicator species that is determined rather than the analyte itself. The
chemistry of indicators is fairly established but not optimized for chemical
sensing purposes. Many indicators cannot be used because of unfavorable
analytical wavelengths, poor photostability, low molar absorbance,
additional reagents.

Most absorbance-based indicators undergo a color change (with one band
appearing as the other disappears) rather than an intensity change of one
band only. Usually, both the complexed and uncomplexed species have an
absorption of comparable intensity in the visible. These are reffered to as
two-color indicators and are mostly compatible with LED or filament lamp
light source.

Absorbance based indicators are known to wundergo -either ion
combination reactions (such as with protons, cations, or anions) or
oxidation-reduction reactions®'*.

3.1 pH Optical Sensors

Among the great variety of organic chromophores such as azo dyes,
nitrophenols, phthaleins, sulfophthaleins, aniline-sulfophthaleins,
triphenylmethane dyes, polymethines, and others, only a few have so far
been considered to be useful and applied to sensor technology (Table 1)*7*.

Important characterization parameter of pH indicator is its pKa value:

H -Ind & H+ + Ind- (Eq.7)
Ka =[Ind-] [H+]/ [H - Ind] (Eq.8)
pKa = -log ([Ind-][H+]/[H-Ind]) (Eq.9)

where [H-Ind] is the concentration of the pH indicator, [Ind-] is the anion
concentration and [H+] is the proton concentration.

Connection between pH, pKa and absorbance is given by Henderson
Hasselbach equestion:

pH = pKa + log [Ind-]/[H-Ind] (Eq.10)

and we can determinate the pKa value spectrophotometrically from the
titration plot:

pKa=pH - log (Ex - EA)/(EB - Ex) (Eq.11)

where Ex is the absorbance by the given wavelength and determinate pH;
EA, EB are the absorbance by the wavelength typical for acid and basic form
of the indicator.
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Table 1. Selected absorption indicators for measurements of acidic or basic pHs, and

respective pK, values at room temperatures'.

Indicator

Absorbance  maximum
color of acid/base forms

or

pK, value or pH
range

N-Benzylaniline sulfophthalein

Methyl violet
Methyl green
Crystal violet
Ethyl violet
Malachite green
Cresol red
Thymol blue
Meta cresol purple
Orange IV
Bromophenol blue
Methyl orange
Congo red
Bromocresol green
Methyl red

Alizarin red

Bromocresol purple

Brilliant yellow
Cresol red
Meta-cresol purple
Thymol blue
Cresolphthalein
Naphtholbenzein
Phenolphthalein

ACIDIC RANGE

Yellow/blue
Yellow/blue
Yellow/blue
Yellow/blue
Yellow/blue
Yellow/blue-green
Red/yellow
Red/yellow
Red/yellow
Orange/red
Yellow/blue
Orange/yellow
Blue/red
Yellow/blue
Red/yellow
Yellow/red
Yellow/purple

ALKALINE RANGE

Yellow/orange
Yellow/red
Yellow/purple
Yellow/blue
Colorless/red

Orange/blue
Colorless/purple

0,30
0.0-1.6
0.2-1.8
0.2-2.0
0.2-2.4
0.2-1.8
1.0-2.0
1.2-2.8
1.2-2.8
1.4-2.8
2.8-4.8
3.0-4.4
3.0-5.0

4.6
4.6-6.0
4.6-6.0

6.3

7.0-8.8
7.0-8.8
7.4-9.0
8.0-9.6
8.2-9.8
8.2-10.0

8.4-10.0

There is some need for new pH indicators with improved characteristics
which allow also covalent binding. P. Makedonski report about new kind of
reactive azo dyes and their application as reversible pH sensors>. They
prepare a new pH indicating sensors based on thin films prepared from azo
dyes that are covalently bonded by an acetal linkage to a vinylalcohol
ethylene copolymer (Figure 7). The absorption spectra of the polymer bond
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Ar=Ary

Figure 7. General formula of the dye—polymer composites.

dye (Figure 8) recorded for different pH values show a considerable shift
with respect to the ones observed for the free dye. The authors consider, that
the polymeric environment renders deprotonation of the dye more difficult
and therefore requires higher pH values.

Optical chemical pH sensors are often used in narrow pH range. We can
overcome this problem by using several pH indicators with different pK,’s.
J. Lin and G. Liu*® developed a method to produce a linear response over a
broad pH range by using multiple pH indicators for development of optical
pH sensors. The pK, between the indicators, the colors and concentrations of
the indicators must be considered in deriving such a linear response to pH. A
sol-gel glass pH sensor was developed by co-entrapping four
sulphonephthalein indicators (bromocresol green, bromocresol purple,
phenol red, thymol blue) which produced a linear response over 3.5 pH units
from pH 6.3 to 9.8. Although the colors of their base forms are not the same,
their absorption bands are close, as shown in Figure 9.

40

Jq
a.u
1T "‘1‘ | oh7
304 ;|' i " ‘ pH10
| r}l s l;: ) |==-- DHTJ
1 e —

gl ]

absorbs

300 400 &0 (] nm 700
wavelength 4

Figure 8. UV/VIS spectra of polymer bonded phenol azo dye at different pH-values.
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Figure 9. Normalized spectra of the base form of four indicators (1 — phenol red, 2 — bromo-
cresol purple, 3 — thymol blue, and 4 —bromocresol green).

Figure 10 shows the absorbance response of an indicator to pH change.
As can be seen, with the use of an indicator, the pH measurements can be
made only over a range of about two pH units, i.e. pK, = 1. Beyond this
range, the change in absorbance with pH becomes small and the error in pH
measurements will be large.

Various polymer matrices can be used as solid support into which pH
indicator dye can be immobilized (cellulose, PVA, PVC). R. Makote and
M.M. Collinson shows that also organically modified silicate films can be
used for stable pH sensors’

Absorbance

PRyl pK, 05 pK, pK+05 pKgt1
pH

Figure 10. Absorbance response of an indicator to pH change. (The calculations were made
for the absorbance measured at a wavelength where the absorptivity of the base form of the
indicator is larger than that of the acid form so that Ab>Aa. Ab is the absorbance at a high pH
when all the indicator is in its base form and Aa is the absorbance at a low pH when all the
indicator is in its acid form).
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Figure 11. Absorption spectra of gel-immobilized cresol red after immersion in different pH
buffer solutions (3, 4, 5, 6, 7, 8, 9, 10) for 1 min. Films prepared from TEOS:MTMOS (2:1)
sol.

Representative absorption spectra for cresol red in a 2:1 tetraethoxysilane
(TEOS): methyltrimethoxysilane (MTMOS) film after immersion in buffer
solutions of varying pH can be seen in Figure 11. The absorbance for gel-
immobilized cresol red at 570 nm increases with increasing pH. Isosbestic
points can be observed at ca. 480 nm for gel-immobilized cresol red.

The sol-gel co-immobilization of a non-fluorescent blue indicator
bromothymol blue (BTB) with an europium (III)-complex intense antenna
mediated lanthanide dye represents a new scheme for the fluorescence
analysis®. Luminescence spectra of europium (III)-complex shown in Figure
12 were found to be independent of pH changes in the range 1-10. Therefore,
BTB, a non-fluorescent pH indicator with alkaline absorption maximum
close to main europium emission band was added to the sol-gel mixture to
shield reversibly the emission of the europium (III)-complex at different
pH’s without quenching of the antenna function.

Figure 13 shows pH response of bromothymol blue (BTB) as co-
immobilized non fluorescent pH indicator detect by fluorescence.

There are several works published on pH sensors based on energy
transfer. Jordan and Walt developed a single-fiber optic sensor based on

O
’)-LOH
N
_\—N
O
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—~—— O [}

Figure 12. Europium (IIT) complex.
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Figure 13. pH response of bromothymol blue as co-immobilized non-fluorescent indicator
detect by fluorescence.

energy transfer from a pH insensitive fluorophore, eosin (the donor), to a pH
sensitive absorber, phenol red (the acceptor). The dyes were co-immobilized
with acrylamide. The fluorescence spectrum overlaps with the absorption
spectrum of the base form of phenol red””.

As the pH increases, the concentration of the base form of phenol red
increases, resulting in increased energy transfer from eosin to phenol red and
in a diminished fluorescence intensity of eosin. Thus, changes in the
absorption of phenol red as a function of pH are detected as a change in the
fluorescence signal of eosin.

Similarly, all pH indicators mentioned can be used for measurement of
acidic and basic gases. Figure 14 shows the example of deprotonated
bromophenol blue when dissolved in silicone and upon exposure to
amrrigrga when the color of bromophenol blue changed from yellow to
blue™ ™.

3.2 Redox Indicators

The classes of indicators to be described are all organic dyestuffs,
exhibiting reversible redox reactions. If a redox half reaction is represented

blue

Figure 14. Bromophenol blue in yellow and blue form.
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Table 2. Selected absorption redox indicators'.

Redox potential E, (at

pH 0 and 20 C) Em (at pH 7 and 30 C)

Indicator/(color change)

Amidoblack/yellow-blue +0.57 +0.84

Anilic acid/purple-colorless +0.89 -
Diphenylamine/colorless-purple +0.7 -

Eriogreen B/orange-yellow +1.01 -
m-cresol-indophenol/blue-colorless +0.21 -

Methylen blue/blue-colorless 0.53 -

Neutral red/purple-colorless - -0.45

Nile blue/blue-colorless +0.24 -0.29

Toluylene blue(violet-colorless) +0.6 +0.11

O, +ne < Red (Eq.12)

where O, as usual represents the oxidized species and Red the reduced
species, and # is the number of electrons, e, transferred, then the electrode
potential of the redox couple will be given by the Nernst equation'.

An optical sensor highly sensitive to hydrogen peroxide has been prepared
by incorporating the indicator dye Meldola blue (MB) into sol-gel layers,
prepared from (a) pure tetramethoxysilane (TMOS) and (b) variation of
TMOS and methyltrimethoxysilane (Me-TriMOS) (Figure 15). Sensor layers
based on TMOS doped with MB were found to be most appropriate for
purposes of sensing hydrogen peroxide in giving large signal changes and
displaying rapid response times over the wide concentration range of 10™ —
10" M (Figure 16)*.

Absorbance

0 T T T T 1
420 490 560 630 700 770

wavelength / nm

Figure 15. Absorbance spectra of dissolved oxidized form of MB (1) and immobilized MB in
poly-TMOS sensor layer L1 (2).
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Figure 16. Response of sensor layer L1 to dissolved hydrogen peroxide at pH 7 and its
reversibility by exposing to Na,S,05 measured at 720 nm.

3.3 Ion Sensing Using Metal Indicators (Chelators)

There are many types of compounds that form colored complexes with
metal ions. The color reaction must be sufficiently selective and the value of
the stability constant of the complex formed should be such as to make the
reaction reversible in order to make the device a sensor rather than a single-
shot probe'>'*40,

ion + indicator <====> complex(ion-indicator)

If however, the ion binding process involves the displacement of protons
according to:

ion + indicator-H + <====> complex(ion-indicator) + H"

then the process is cross-sensitive to pH. In order to provide a rather natural
aqueous environment for the indicator dyes, they should be embedded in
hydrophilic rather than in lipophilic polymers. This, however, requires
significant synthetic effort because the indicator should be covalently linked
to the polymer in order to prevent leaching.

3.3.1 Ionophore-Based Cation Detection

The term ionophore is used to describe ligands that selectively bind ions.
Typically ionophores are macrocyclic molecules with an ion binding cavity.
Crown ether dyes have found particular attention and they are best known
class of ionophores. Chromogenic ionophores are designed to bring about
specific color change on the interaction with metal cations such as alkali and
alkaline earth metals, thus serving as probes or photometric reagents
selective for these metal ions.
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Figure 17. Chemical structure of 2-carboxy-2'-hydroxy-formazylbenzene (1) and the Zincon—
tetraoctylammonium ion pair (2).

3.3.2 Chromo-lonophore-Based Cation Detection

The chromophoric groups can bear one or more dissociable protons or
can be nonionic. In the former, the ion exchange between the proton and
appropriate metal cations causes the color change, while in the latter the
coordination of the metal ion to the chromophoric donor or acceptor of the
dye molecule induces a change of the charge transfer band of the dye.

Another approach for ion-sensing (here: copper and zinc) is based on the
water-soluble ligand zincon and the ion pair with quaternary ammonium
halides shown in Figure 17 which can be homogeneously dissolved in
polymers such as plasticized poly(vinyl acetate), ethyl cellulose, and
polyurethane.

As can be seen in Figure 18, the slopes of the response curves are
concentration dependent and, therefore, can be used as the analytical
information. Notwithstanding the differences in the slopes, all curves finally
end up at the same absorbance.

The selective determination of Cu(Il) was accomplished by making use
of pyrocatechol violet indicator, dissolved in plasticized PVC membrane as a

04 .
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03 |
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Figure 18. Kinetics of the increase in absorbance at 620 nm as a result of exposure of
membrane to different concentrations of copper(Il).
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Figure 19. Chemical structure of pyrocatechol violet (1) and the pyrocatechol violet—
tetraoctylammonium ion pair (2).

lipophilic ion pair with tetraoctylammonium cation. The membrane response
to Cu(II) by changing colour irreversibly from yellow to green (740 nm)*.

The chemical structure of pyrocatechol violet and the pyrocatechol violet-
tetraoctylammonium ion pair are shown in Figure 19.
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Figure 20. Typical dynamic response curves of membrane recorded at 740 nm as a result of
exposure to different concentrations of Cu(Il).

The dynamic response to Cu(Il) was monitored as a change in absorbance
at 740 nm as the membrane was exposed to a buffer solution containing
copper ions. Characteristic response curves obtained for different
concentrations of Cu(II) are shown in Figure 20.

A new Ni(Il) optical chemical sensor based on immobilizing of 2-
amino-1cyclopentene-1dithiocarboxylic acid (ACDA) (Figure 21), to
transparent acetyl cellulose films was developed”.

NH-
S

7
~SSH

Figure 21. Structure of the ACDA.
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Figure 22. Absorption spectra for ACDA in membrane at different Ni(II) concentration at pH
6.5

Figure 22 shows typical absorbance of the membrane sensors at
different Ni(II) concentrations at the optimized conditions.

Two new chromogenic crown ether derivatives based on an identical
design principle have been synthesized. The lipophilic KBC-002 shown in
Figure 23 is a useful new chromo- ionophor for the highly selective calcium
determination with cation exchange type optode™.

The absorption maximum for the Ca*-complexed form of KBC-002 is
observed at 550 nm (Figure 24a). When Ca*" measurements were performed
at a pH of 9.0 using the optode membrane, a dynamic response range
between 10 M and 10 mM was observed for the sensors as illustrated by
the calibration function shown in Figure 24b.

X
o} (N—O O—r} 0

Figure 23. Chemical structures of the novel betaine lariat ethers KBC-001 (R=CH;) and
KBC-002 (R:C12H25).

4. CONCLUSIONS

The interdisciplinary nature of optical chemical sensors opens a variety of
new directions in sensor development. The issue of chemical selectivity is
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Figure 24. (a) Absorption spectra of a calcium-selective optode membrane (DOS/PVC) based
on KBC-002 after equilibration with pH-buffered (0.1 M boric acid/0.1 M TMACI; pH 9.0)

calcium solutions and (b) calibration curve for the optode at 550 nm for Ca*t (*).

still the most challenging. There are several on-going directions for
improving the selectivity of optical chemical sensors. One way is certainly in
the field of supramolecular organic chemistry, and in the synthesis of the
highly selective receptor molecules which will posses a chromogenic part. In
addition, the investigations of the mechanisms by which naturally occurring
carriers and ionophores act within a living organism can provide new ideas
for sensing schemes. The most interesting promoters for environmental
analysis are found in bacteria that survive in environments contaminated by,
for example heavy metals or organic compounds. The ability of the bacteria
to survive in a contaminated environment is usually based on a genetically
encoded resistance system, the expression of which is regulated very
precisely. Although the reported sensing scheme is relatively complex, and
is not yet transformed to a solid-state, it represents a novel and promising
approach which is especially advantageous in terms of sensitivity and
selectivity.

Furthermore, biomonitoring, as already a well-established field of
environmental analysis (especially for monitoring of pollution caused by
heavy metals), can serve as a basis and the first step towards the
development of "living sensors".
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A second approach of improving selectivity is based on the use of
absorption based sensor arrays combined with chemometrics, as well as the
use of "higher order sensors". On the basis of the second-order approach,
optical sensors for determination of heavy metals and chlorinated
hydrocarbons have been developed. This opens a new and challenging field
to sensor researchers and chemometricians, particularly in developing
complicated calibration algorithms which are needed to deconvolute the
often collinear or nonlinear signal brought by the second-order sensors.
Although it could seem to be an expensive and complicated approach, the
growing field of micromachining makes it more and more cost-effective.

In addition, the integration of modern optical technology and
electrochemical techniques for sensing applications appears to be a powerful
new approach. A new type of optoelectrochemical sensor for chlorine, based
on an electrochromic thin-film sensing layer placed on top of a planar
waveguide, has demonstrated the applicability of this combined approach.

The development in field of optoelectronics, digital components and light
emitting diodes and laser diodes is of particular importance in manufacturing
commercially attractive instruments.

In addition, the development in sensor materials opens a number of new
possibilities, such as incorporation of organic and biochemical specific sites
into inorganic matrices prepared by the sol-gel process.

The recent progress in miniaturized integrated optical sensors offer
several advantages, such as a possibility of mass-producing, low-cost sensor
chips. Furthermore, by placing multiple sensing regions (sensing pads) on a
single chip, the multicomponent sensing with on-chip referencing becomes
possible.
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1. INTRODUCTION

The natural luminescent phenomena (from the Latin words “lumen” and
“essentia”, i.e., “made of light”) such as northern lights (aurora borealis),
marine brightness, glow-worms, shining putrid fish scales, “bluish’-
appearing water when contained in certain wooden cups (quinine
fluorescence), some stones heated at high temperatures with reducing agents
(BaS phosphorescence), or light emitted while crushing sugar
(triboluminescence) already fascinated our ancestors'. Nowadays we
understand that ultraviolet and visible emission of light originates from a
competitive deactivation pathway of the lowest electronic excited state of
atoms and molecules that produces the so called /uminescence (the sub-terms
Sfluorescence and phosphorescence just designate whether the return of the
excited to the ground state is an “allowed” or “forbidden” process, namely it
is fast or slow, the loosely-defined border between them being a 1-ps™' rate
constant)”. Actually, luminescence is the only method to generate light in the
known Universe regardless it is powered by the nuclear reactions in the stars,
the ohmical heating in bulbs, an electric discharge, the absorption of light or
a (bio)chemical reaction (chemiluminescence).

However, the widespread analytical application of fluorescence had to
wait until the middle of the XX century, much longer than that of absorption
spectroscopy”. The latter was a general feature of materials and chemicals
compared to the very small number of light-emitting species. Moreover, in
past times the high sensitivity of fluorescence was a disadvantage rather than
a bonus, since many impurities were an important source of interference.
The strong effect of the light source intensity, the optical layout and the
photon detector on the measured luminescence (in addition to the
luminophore nature and concentration), combined with the lack of robust
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and stable standards, were an additional burden to the adoption of
luminescent analytical methods. The advent of powerful light sources,
particularly the laser beam, cheaper sensitive photosensors (photomultiplier
tubes, photodiodes, avalanche photodiodes) with ns time resolution
capability, computers, two-dimensional detectors (diode arrays, CMOS,
CCD:s), optical fibers, confocal microscopes and flow cytometers have put
an end to that situation. Luminescence is currently one of the most popular
techniques for chemical and biochemical analysis and optical sensing®.

Sensors are regarded as the “senses of electronics’™ eyes and ears capable
of seeing and hearing beyond the human perception; electronic noses and
tongues that can recognize odors and flavors without a lifetime training;
touches that are able not only to feel the surface roughness and temperature
but even to discern its chemical composition. Among the world of chemical
sensors, optical devices (sometimes termed “optodes”, from the Greek “the
optical way”) have reached a prominent position in those areas where the
features of light and of the light-matter interaction show their advantage®’
contactless and/or long distance monitoring, detection sensitivity,
wavelength selectivity, absence of electrical interference or risks, lack of
analyte consumption and so on, to name a few. The introduction of optical
fibers and integrated optics has added more value to such sensing since now
light can be confined and readily carried to difficult-to-reach locations,
higher information density can be transported, indicator dyes can be
immobilized at the distal end or the evanescent field for unique chemical and
biochemical sensing (including multiplexed and distributed measurements),
optical sensors can be subject to mass production and novel optosensing
schemes have been established (interferometric, surface plasmon resonance,
energy transfer, supramolecular recognition...).

2. LUMINESCENCE AND CHEMICAL SENSING

Fluorescent chemical sensors occupy nowadays a prominent place among
the optical devices due to its superb sensitivity (just a single photon
sometimes suffices for quantifying luminescence compared to detecting the
intensity difference between two beams of light in absorption techniques),
combined with the required selectivity that photo- or chemi-luminescence
impart to the electronic excitation. This is due to the fact that the excitation
and emission wavelengths can be selected from those of the absorption and
luminescence bands of the luminophore molecule; in addition, the emission
kinetics and anisotropy features of the latter add specificity to luminescent
measurements® .

We can just measure the intrinsic fluorescence of the target analyte or
design sensors based on the variation of the fluorescence of an indicator dye,
with the determinand concentration. In the latter case, the probe molecule
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can be immobilized onto a (thin) polymer support (sometimes even the
waveguide surface itself) and placed at the distal end or in the evanescent
field of an optical fiber or integrated optics sensor. Some examples of (non-
photochemical) fluorescence intensity-based sensors that are now
commercially available from the many schemes developed in laboratories
worldwide include the chlorophyll meters for natural water (thanks to the
strong emission of this pigment), the NO4 chemiluminescence monitors, and
the fluorescent thermometers based on materials such as Cr-doped yttrium
gallium garnet or Mn(IV)-activated magnesium fluorogermanate'".

Provided it is optically diluted, the relationship between a luminophore (=
“luminescence bearer”) concentration and the intensity of its emission is a
linear one:

I, =0, ke,lc (Eq.1)

where @, is the luminescence quantum yield (i.e. the ratio of emitted to
absorbed photons per unit of time, an intrinsic feature of the luminophore), /,
is the intensity of the excitation light, x is an instrumental parameter (related
to the geometry of the luminescent sample, the source and the detector, i.e.
the emission collection efficiency), & is the luminophore absorption
coefficient at the excitation wavelength (in dm’ mol™' cm ™), / is the optical
pathlength (in cm) and ¢ is the luminophore concentration (in mol dm™).
Such relationship helps to understand potential problems that may arise
when designing and operating optical sensors based on polymer-supported
luminescent probes'?.

In order to speed up the sensor response when an analyte transfer step
from the sample bulk into the indicator phase is required for measuring, the
fluorescent probe is immobilized into a very thin polymer film (typically a
few micrometers thick). The small / determines a low [, but it can be
enhanced using highly luminescent probes (®; as close as possible to 1)
featuring a strong absorption of light (high &;). Since these two parameters
are intrinsic to the luminophore, they are not always selectable by the user;
therefore, a high indicator loading and a powerful light source are often
used. However, a high excitation intensity focused onto a small sensitive tip
(particularly when using optical fibers to carry the light to and from the
distal end) causes photobleaching of the indicator dye and, consequently,
noticeable signal drift. The problem worsens if we take into account that
solid supports provide significant scattering of the incident light (compared
to luminescence measurements at right angle in solution). The closer the
emission wavelength to the excitation wavelength (Stokes shift), the higher
the contribution of the scattered light to the fluorescence signal background,
so that the sensor dynamic range narrows. Consequently, researchers strive
to design photostable luminescent indicators with a large Stokes shift'’.

Interestingly, the vast majority of luminescent molecules that fulfil the
latter condition are those displaying an intramolecular charge transfer (ICT)
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Figure 1. Some examples of luminescent probes with intramolecular charge transfer (ICT)
electronic excited states. The numbers in parenthesis indicate the typical wavelengths of the
excitation/emission maximums for each of them in polar media; however, introduction of
chemical groups in the unsubstituted molecular frame or attachment to a solid support may
shift those values.

excited state (Figure 1)'*. This is due to the large difference in the electronic
features of the excited state compared to those of the ground state as a
consequence of the ICT process'

The luminescence intensity of the indicator dye may decrease (so that the
emission decay kinetics speeds up, see below) in the presence of a particular
analyte species due to the so called quenching process. A competitive
deactivation path for the excited state opens by way of electron, proton or
energy transfer to/from the analyte (Figure 2)'°. The new photochemical
process, which was nonexistent in the absence of the quencher species, is
selected to be reversible in order to allow for continuous monitoring of the
latter: photoredox bimolecular deactivation ultimately renders the original
reagents due to the fast back electron transfer; photoinduced energy transfer
returns the fluorophore ground state and the (short-lived) electronically
excited quencher; photoacidic or photobasic indicator dyes transfer hydrogen
ions to/from Bronsted bases/acids present in solution (including the solvent
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Figure 2. Principles of reversible luminescence sensing using photochemical quenching
processes (electron, energy or proton transfer). Dye = luminescent indicator; Q = quencher
species; dotted arrow: non-radiative deactivation processes. The luminescence intensity (and
excited state lifetime) of the indicator dye decreases in the presence of the quencher. The
indicator dye is typically supported onto a polymer material in contact with the sample. The
quencher may be the analyte itself or a third partner species that interacts with the analyte (see
text).

molecules). Of course, not every luminescent indicator molecule undergoes
all of the above mentioned excited state deactivation pathways. Molecular
engineering allows preparation of dyes with the appropriate redox potential
(in the excited state), luminescence spectrum, or pH-sensitive functional
groups to sense the target determinand using a particular quenching process.
Properly calibrated, the luminescence intensity from the sensitive tip informs
on the analyte concentration.

For instance, based on energy transfer quenching, luminescent fiber-optic
sensors have been developed and commercialized for O, monitoring in
natural waters, marine sediments, lichen colonies, whole blood, fermenters
and process control in flammable environments. In all these -cases,
luminescent O, sensors show definite advantages due to their inherent
features of minute size (down to micrometer), safety, accuracy (indicator-
tunable dynamic range), lack of analyte consumption, independence of the
sample flow, immunity to poisoning by hydrogen sulfide, resistance to
biofouling and cost effectiveness compared to competing techniques such as
electrochemical, paramagnetic or solid state sensors'’. Optical waveguides
are not essential: luminescent oxygen sensing layers have been stuck to the
inner side of transparent plastic envelopes for non-intrusive monitoring of
packaged foods'® and to the bottom of 96-well microplates for cell growth
assays'".

Fluorescence quenching may be dynamic, if the photochemical process is
the result of a collision between the photoexcited indicator dye and the
quencher species, or static, when the luminophore and the quencher are pre-
associated before photoexcitation of the former”. It may be easily
demonstrated that dynamic quenching in isotropic 3-D medium obeys the so-
called Stern-Volmer equation (2) 21
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1
Tl Ky [0] (Eq.2)

where I, and [ stand for the fluorescence intensity in the absence and in the
presence of the quencher (@), respectively, [Q] is the quencher
concentration, and the “Stern-Volmer” constant (Ksy) is actually the product
of the unquenched excited state lifetime (7, see below) times the
bimolecular quenching rate constant (kq). Therefore, a long-lived excited
state and a fast photochemical process (i.e. diffusion- and not chemically-
controlled) provide the highest analytical sensitivity.

It may also happen that an association equilibrium exists between the
luminescent indicator and the quencher. Non-associated indicator molecules
will be quenched by a dynamic process; however, the paired indicator dye
will be instantaneously deactivated after absorption of light (static
quenching). Equation 2 still holds provided static quenching is the only
luminescence deactivation mechanism (i.e. no simultaneous dynamic
quenching occurs) but, in this case, Kgy equals their association constant
(Kss). However, if both mechanisms operate simultaneously (a common
situation), the Stern-Volmer equation adopts more complicated forms,
depending on the stoichiometry of the fluorophore:quencher adduct, the
occurrence of different complexes, and their different association constants.
For instance, if the adduct has a 1:1 composition (the simplest case), the
Stern-Volmer equation is given by equation 3:

1
70 =1+ (Kg + Kas)[Q]+ Ky K, [Q]2 (Eq.3)

where Ksy and K, have the same meaning than those defined above.

The Stern-Volmer equations discussed so far apply to solutions of the
luminophore and the quencher, where both species are homogeneously
distributed and Fick diffusion laws in a 3-D space apply. Nevertheless, this
is a quite unusual situation in fluorescent dye-based chemical sensors where
a number of factors provoke strong departure from the linearity given by
equation 2. A detailed discussion of such situations is beyond the scope of
this chapter; however, the optosensor researcher must take into account the
following effects (where applicable):

(i) the possible contribution of scattered light from the powerful excitation
source (at the monitored emission wavelength) that reaches the detector,
even using wavelength-selecting devices; this effect is particularly
dramatic for opaque sensitive layers containing the immobilized
fluorophore and provides a constant signal background on top of the
luminescence quenching phenomenon that is not considered in equation
2 or the like'?;

(i1) the intrinsic heterogeneity of the dyed polymer film at the microscopic
or nanoscopic level; immobilization of the fluorophore onto a solid
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support yields species located in different microenvironments, each of
them displaying a different Stern-Volmer constant (possibly including
also Ksy = 0) due to restricted accessibility of the quencher species;
variation in the radiative and/or non-radiative deactivation constants are
also possible. Incomplete solubilization of the dye in the polymer film
also needs to be considered®; different multi-site models have been
developed to account for typical downward curved Stern-Volmer plots
observed for the oxygen quenching of solid-supported luminophores®;

(iii) the effect of reduced or fractal dimensionality (i.e. <3D) on the
quenching reaction space. fluorescence deactivation upon adsorption of
the quencher onto a polymer material may take place by diffusion of the
species within a 2-D surface, or even a confined monodimensional
space (e.g. the narrow channels within a zeolite)™;

(iv) the possibility of acid/base reactions in the excited state that yield the
fluorophore in different protonation states, each of them displaying
distinct emission features™.

In any case, all those effects as well as others not discussed above are
unfavorable for routine calibration purposes (yet some of them enhance the
sensitivity of fluorescence-based optochemical sensors!). Therefore,
numerous attempts to linearize the observed dose-response quenching plots
have been described. Although frequently devoid of physical meaning, the
most used method is the one assuming that a fraction of the measured
luminescence signal is not quenchable (Ksy = 0) while the remaining part
follows a Stern-Volmer behavior characterized by a single Kgy constant. In
this case the Stern-Volmer equation takes the form of equation 4:

_ n ([O_INQ)
"1+ K [0))

where Iyg is an empirical parameter that accounts for the part of the
measured emission signal that can not be deactivated. This parameter is just
chosen to yield the best fit of the / vs. [Q] plot.

(Eq.4)

3. LUMINESCENCE: A MULTI-FACETED OPTICAL
PROPERTY

More fluorescence features than just the emission intensity can be used to
develop luminescent optosensors with enhanced selectivity and longer
operational lifetime. The wavelength dependence of the luminescence
(emission spectrum) and of the Iuminophore absorption (excitation
spectrum) is a source of specificity. For instance, the excitation-emission
matrix has shown to be a powerful tool to analyze complex mixtures of
fluorescent species and fiber-optic devices for in-situ measurements (e.g.
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hydrocarbons, fermentation broths,...) are already in the market®. In these
cases chemometrics (particularly principal components analysis and artificial
neural networks) becomes an essential tool to extract quantitative
information for simultaneous analysis of luminophores with partially
overlapping spectra and different emission quantum yields.

Ratiometric luminescent probes make a smart use of the excitation
wavelength effect on the emission intensity for extended optosensor
performance. For example, the fluorescence from 8-hydroxy-1,3,5-
pyrenetrisulfonate (HPTS) and other pH-sensitive dyes in water comes only
from its (photo)excited basic form, but the absorption spectra of HPTS and
PTS (pK, 7.3) differ considerably (Figure 3).
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Figure 3. Absorption/fluorescence features of 8-hydroxy-1,3,5-pyrenetrisulfonate (HPTS) in
water at different pH values (dark solid line: absorption at pH 2; light solid line: absorption at
pH 11; dashed line: emission at pH 11; dotted line: emission at pH 2).

By measuring the ratio of fluorescence intensities upon excitation at two
wavelengths (corresponding to HPTS and PTS", respectively), the sample
pH can be accurately monitored in the 6-8 pH range provided HPTS is
attached to a hydrophilic support. This proton-transfer photochemistry of
HPTS and related dyes (e.g. rhodamines, cumarines,...) has been used in
various miniature clinical optosensors targeted to in situ blood analysis of
patients in critical condition. If a gas-permeable membrane separates the
fluorophore-containing hydrogel from the sample, then carbon dioxide
optosensors can also be fabricated since the incoming CO, will undergo
hydration and a pH decrease in the sensitive layer will follow. Such
fluorescent fiber-optic CO, monitors are currently marketed for fermentation
control and biotechnology. Other acidic/basic gases (e.g. NH; or H,S) can be
sensed in the same way.
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4. LUMINESCENCE LIFETIME SENSORS

Fluorescence intensity has the disadvantage of being dependent on the
excitation source output, the amount of indicator dye immobilized at the
sensor tip, the detector sensitivity and the possible sneaking of ambient light
on it. Therefore, intensity-based optosensors are prone to drift due to aging
of the light source and detector, interference from ambient light, fluorophore
leaching and photodegradation. These drawbacks are eliminated if the
luminescence lifetime (t) is used instead. The parameter t represents the
reciprocal of the rate constant of the (first order) emission decay that follows
an “instantaneous” excitation of the luminophore by a flash of light (Figure
4). The fluorescence lifetime is usually calculated by fitting the digitized
emission decay profile to equation 5, where [, is the amplitude (fluorescence
intensity at the end of the “instantaneous” excitation flash)*®. Alternative, it
can be demonstrated by integration that 7 may also be calculated from the
area under the decay curve (S) and /, (equation 6) without having recourse to
data fitting or even a particular function to model the decay profile:

I =1e"" (Eq.5)
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Figure 4. Luminescence decay profile of an oxygen indicator dye excited by a short flash of
light, in (a) solution and (b) embedded into a gas-permeable film used to fabricate fiber-optic
sensors for such species. The logarithmic scale of the Y-axis allows to compare the
exponential emission decay in homogeneous solution and the strongly non-exponential profile
of the photoexcited dye after immobilization in a polymer matrix.
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r=5/1, (Eq.6)

When the fluorophore is immobilized on a solid support, the decay
profile usually departs from the exponential kinetics predicted by equation 5
and verified in homogeneous media (e.g. solution, Figure 4). In this case, it
is customary to fit the kinetic data to a sum of exponentials (equation 7) and
mean lifetime values are used to characterize the return of the photoexcited
molecule to the ground state™. If the so called pre-exponential weighted
mean lifetime (73,) is used, equation 6 may still be used (equation 8):

I = Z Te''™ (Eq.7)

Z[ T
=i =S/I (Eq.8)

T\ Zli

i

where I, 1s the maximum intensity of the fluorescence decay curve (zero or
negligible signal background is assumed throughout the above equations).

The luminescence lifetime may also be extracted from phase-sensitive
detection of the modulated emission that originates from modulated
continuous excitation of the indicator dye (equation 9)*:

tangp =27ft (Eq.9)

where ¢ is the measured phase shift between the excitation and emission
sinusoidal signals and f'is the excitation modulation frequency (in Hz).

The commercialization of inexpensive robust LED and laser diode
sources down to the uv region (370 nm) and cheaper fast electronics has
boosted the application of luminescence lifetime-based sensors, using both
the pump-and-probe and phase-sensitive techniques. The latter has found
wider application in marketed optosensors since cheaper and more simple
acquisition and data processing electronics are required due to the limited
bandwidth of the sinusoidal tone(s) used for the luminophore excitation.
Advantages of luminescence lifetime sensing also include the linearity of the
Stern-Volmer plot, regardless the static or dynamic nature of the quenching
mechanism (equation 10):

D - 14K, [0] (Eq.10)
T

Nevertheless, the same factors described above may yield heavily non-
linear quenching plots, which sometimes may be linearized with the “false
light” strategy.

It is even possible to convert changes of the fluorophore emission
intensity as a function of the analyte level into /ifetime-based sensing devices
using phase-sensitive detection. The technique is called “dual lifetime
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referencing” (DLR)® and is based on the perturbation of the modulated
luminescence signal (e.g. the ps emission of a Ru(Il) polypyridyl complex)
by a short lived fluorophore that emits (and absorbs) in the same region than
the former. The composition of the phase-shifted long-lived emission with
the perturbing zero-shifted fluorescence depends not only on their respective
luminescence lifetimes but also on their relative emission intensities.
Therefore variations of the fluorescence intensity of the indicator dye
produce a change in the measured apparent emission lifetime.

5.  FLUORESCENCE QUENCHING AND CHEMICAL
SENSING

Regardless the static or dynamic nature of the quenching process (see
above), quenching of the indicator dye fluorescence by the analyte itself
or by an analyte-sensitive third party is one of the most widespread methods
to develop chemical optosensors. Excited state profon tramsfer photo-
chemistry”~° lies behind many pH sensors. It is not unusual that acids and
bases increase dramatically their proton-releasing or proton-accepting
features in their electronic excited state, compared to their acidity constants
in the ground state, as a consequence of the charge redistribution they
undergo upon absorption of light. However, care should be exercised when
designing pH sensors based on fluorescence quenching when either the
emission arises exclusively from the acid (or base) form of the photoexcited
indicator due to “instantaneous” proton transfer, or the excited state proton
transfer is an non-equilibrium process. In the first case (e.g. the HPTS
indicator dye, see above) we can not use emission lifetime measurements to
measure the sample pH since it would not change as a function of this
parameter (only the fluorescence intensity would be modified). If the proton
transfer photochemistry to/from the excited state is an irreversible process
we will certainly observe both intensity and lifetime quenching as a function
of the solution acidity’'; however, the degree of quenching (Stern-Volmer
plot, equation 2) will be a function of the acid/base strength of the quencher
(kg) so that a universal calibration curve for the pH optosensor will be
unattainable.

It is also possible to fabricate fluorescent sensors based on excited state
energy transfer quenching. Efficient deactivation of both singlet and triplet
electronic excited states by molecular oxygen is the base of the first fiber-
optic fluorosensors. Typically, O, quenches the fluorescence of most
aromatic fluorophores at diffusion-controlled rates by enhancing intersystem
crossing to the triplet state, fruently producing “singlet” molecular oxygen™.
The longer lived phosphorescence of some indicator dyes in their triplet
excited state is also quenched effectively by O, via an energy transfer
mechanism by electron exchange. Since the triplet state lifetime is much
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longer than the singlet state lifetime, highly sensitive O, sensors based on
phosphorescence  (porphyrins®, Ru(Il) polypyridyls,'** metal-Ferron
complexes™) have been developed (see above). Photosensitized production
of singlet molecular oxygen as a consequence of the triplet excited state
quenching may have a quantum yield as high as unity; therefore,
photoxidation (with concomitant bleaching) of the indicator dye is not an
unusual side effect in luminescent oxygen sensors.

Fluorescence resonance energy transfer (FRET) has also been used very
often to design optical sensors. In this case, the sensitive layer contains the
fluorophore and an analyte-sensitive dye, the absorption band of which
overlaps significantly with the emission of the former. Reversible interaction
of the absorber with the analyte species (e.g. the sample acidity, chloride,
cations, anions,...) leads to a variation of the absorption band so that the
efficiency of energy transfer from the fluorophore changes™ In this way,
both emission intensity- and lifetime-based sensors may be fabricated.

Photoinduced electron transfer (PET) quenching processes can also be
employed to develop fluorescence optosensors’ Due to the electron
promotion upon absorption of light, every electronic excited state is both a
better oxidant and a better reducing agent than its corresponding ground
state. Therefore, the analyte will undergo a photoredox reaction with the
appropriate (luminescent) indicator dye (intermolecular quenching) or will
interfere with an existing intramolecular PET quenching. For instance, halide
anions deactivate the fluorescence of acridinium and quinolinium cations via
PET so that sensors for such species have been developed™.The strongly
fluorescent napthalimides undergo an intramolecular PET when an amino
group is introduced in their structure at the end of a flexible spacer chain.
The PET almost completely switches off their emission. However,
attachment of a sodium ion-selective crown ether that also contains the
quencher nitrogen atom has allowed fabrication of a smart Na" optosensor
for physiological use because (reversible) complexation with the cation
makes the indicator dye glow due to disappearance of the intramolecular
PET process™. Similar schemes can be used to detect anions via molecular
recognition coupled to interference with PET quenching of fluorescence™.
The excited state redox reaction is normally reversible due to very fast back
electron transfer (particularly in the solvent-caged encounter complex
formed by reagents in condensed media), so that no net chemical change
occurs.

6. APPLICATIONS AND NOVEL AREAS OF
RESEARCH

As it has been discussed above, fluorescent-based sensors have found
application to the analysis of every possible species: from gases (O, CO,,
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NH;, SO,, anesthetics, N,0O,...) to cations, anions and neutral species (water,
H,0,, hydrocarbons, nitroaromatics, glucose,...). It would be impossible to
summarize here all the optical fluorosensors and their applications reported
so far. Many more examples and details are given in other chapters of this
book. In the following paragraphs we will just mention a few current areas
of research in the field and future trends.

The versatility of luminescence goes beyond intensity-, wavelength- and
kinetic-based measurements. Fluorescence polarization (or anisotropy) is an
additional parameter still largely unexplored for optical sensing yet widely
used in Biochemistry to study the interaction of proteins, the microfluidity of
cell membranes and in fluorescence immunoassays. Although only a few
optosensors based on luminescence polarization measurements can be found
in the literature, elegant devices have recently been reported to measure
chemical parameters such as pH or O, even with the bare eye'.

Since there are hundreds of sensing principles and fluorophores with
many different excitation/emission wavelengths, emission yields and excited
state lifetimes, significant efforts are currently being made towards the
molecular engineering of indicator dyes*. Luminescent sensors will be cost-
effective if the sensitive tips can be interrogated with a single light source
and the emission analyzed with the same filter/detector combination. Such
versatility requires careful design and preparation of a family of tailored
fluorophores and tuned optoelectronics, so that multichannel multi-analyte
fiberoptic monitors are possible®™. Investigations have also been carried out
to minimize or suppress the biofouling that produces significant signal drift
in long term monitoring with luminescent sensors, particularly in the
environmental and medical fields. For instance, nanometrical-thick
polyacrylic coatings with pendant phosphoryl choline groups have shown to
be very effective to that aim: more than 90% reduction of the adhesion of
marine bacteria or platelets to the sensitive tip of luminescent O, sensors has
been achieved*.

Near-infrared fluorophores (i.e. those emitting beyond 700 nm) and novel
materials for fluorescent sensing is another area of active research. The
former allow excitation with inexpensive powerful laser diodes currently
used for telecommunications. Moreover, parasitic light scattering that
normally perturbs the weak fluorescence measurements (see above)
decreases as the detection wavelength increases following a A relationship.
Unique emission features can be obtained from organic nanoparticles™ and
the so called semiconductor “quantum dots” *°. While the former have been
shown to entrap or covalently hold on its surface thousands of indicator dye
molecules, chemical surface modification of the dots has still to be perfected
to profit from the tunability and narrow width of their fluorescence.
However, FRET quenching has recently been reported between CdSe/ZnS
quantum dots and dye-labeled protein acceptors bound to their surface*’.
Novel organic (e.g. cyclosiloxanes)” and inorganic (e.g. organically
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modified sol-gel)* polymers for increased analyte permeability and indicator
accessibility are also giving birth to new generations of fluorescent sensors.
Fluorescent dye-loaded polymer nanoparticles make it possible even to peer
into single living cells™.

Bidimensional fluorescent sensors rather than point-sensing devices are
bound to take over in clinical (bio)chemistry and biology. Fluorescence-
based fiberoptic arrays comprised of thousands of fused waveguides (3—10
um diameter each) provide an individually addressable parallel sensing
platform (ca. 2 x 107 sensors cm *)*'. The individual fiber cores can also be
etched to form a high-density microwell array capable of housing analyte-
sensitive microspheres. Such devices, together with chemometrics, have
been applied to odor recognition, simultaneous chemical measurements (e.g.
0,/pH/CQO,), oligonucleotide recognition and whole cell-based screening.
The possibility of monitoring simultaneously an entire surface for a
particular analyte (e.g. molecular oxygen, pH,...), using fluorescence
intensity or lifetime, decreases dramatically the analysis throughput time and
allows real-time monitoring of phenomena in living organisms, tissues and
microwell plates™. Pressure-sensitive paints for prototype development in
wind tunnels, based on imaging of the fluorescence quenching by O, as a
function of its partial pressure, have been introduced too.

7. FLUORESCENT BIOSENSORS

Analyte-selective biosensors can be manufactured by coupling a
recognition element of biological origin (ionophore, enzyme, antibody, or
even a whole living cell) and a fluorescent indicator layer. The interaction
between the analyte and the recognition element must elicit some response
(e.g. production or consumption of a chemical, very often O, or H") that is
monitored by the luminescent indicator dye. For instance, glucose, lactate,
cholesterol, ascorbic acid, glutamate, ethanol, tyrosine and other metabolites
can be measured using the corresponding oxidase or oxygenase enzyme and
a luminescent O, transducer’. The biochemical oxygen demand (BOD) of
waters, a measurement of their organic matter contents, can be monitored
with optosensors based on bacteria and an O,-sensitive photoluminescent
dye™. Biosensors are thoroughly discussed in other chapters of this book.

In order to avoid the inherent fragility of enzymes and antibodies, fully
synthetic receptors called molecularly imprinted polymers (MIP) have been
developed for chemical recognition in fluorescence sensing>. Such insoluble
materials contain acrylic networks that are formed by copolymerization in
the presence of the analyte (template). The latter is subsequently eliminated
leaving behind specific cavities and binding groups capable of re-binding the
analyte species. The binding process must be coupled to a fluorescence tag
(e.g. the fluorescent-labeled target analyte in competition assays or
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fluorescent monomers) if MIPs are to be used for optical chemosensor
development.

Although we currently master the principles underlying spontaneous

emission of light from electronic excited states, fluorescence will continue
by helping chemical and biochemical sensing due to its many advantages
and applications. Among them fluorescent sensors will certainly monitor our
environment, our industrial processes and our health.
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Fundamentals, Instrumentation and Applications
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1. INTRODUCTION

In textbook descriptions of chemical sensors, almost invariably a
chemical sensor is described as a combination of a (dumb) transducer and a
(smart) recognition layer. The reason for this is that most transducers, while
(reasonably) sensitive, have limited analyte specificity. This is in particular
true for non-optical, e.g. mass-sensitive or electrochemical systems, but also
many optical transducers are as such incapable of distinguishing between
different substances. Consequently, to build sensors operational in multi-
component environments, such transducers must be combined with physico-
chemical, chemical or biochemical recognition systems providing the
required analyte specificity. Although advancements have been made in this
field over the last years, selective layers are frequently not (yet) up to the
demands set by industrial or environmental applications, in particular when
operated over prolonged periods of time. Another significant obstacle are
cross-sensitivities that may interfere with the analytical accuracy. Together,
these limitations restrict the real-world applicability of many otherwise
promising chemical sensors.

To reduce the dependence on potentially error-prone recognition systems,
the use of smart transducers with possibly high intrinsic analyte specificity
would be an obvious escape route. This leads directly to spectroscopic
sensors. With spectroscopic transducers, the signal measured is a, more or
less specific, spectral “fingerprint” rather than a change of some non-specific
parameter like adsorbed mass or refractive index. Hence, it is possible to
realise directly measuring sensors, capable of working either entirely
independent of recognition systems or in combination with comparatively
simple layers, e.g. for trace component enrichment. The degree of achievable
specificity is very much dependent on the chosen wavelength range. While
generally moderate in the electron excitation domain (UV/VIS), analyte
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selectivity increases significantly when entering the range of vibrational
spectroscopy. The two common vibrational spectroscopic methods, Infrared
(IR) and Raman spectroscopy, both have proven their worth as substance-
specific, reliable transducer principles for chemical sensing. Together, IR
and Raman allow quantitative and qualitative detection of practically any
molecule consisting of more than one atom. Thus, it is possible to detect
almost any substance, in solid, liquid or gaseous form using vibrational
spectroscopic sensors, even labile compounds and transient intermediates.
As an added bonus, the individual spectral signatures of different compounds
allow to simultaneously detect and quantify multiple analytes with one
sensor, giving IR and Raman transducers a key advantage over sensors with
pure mono-analyte capability.

Recent advances in instrumentation range from novel (laser) sources and
highly compact spectrometers over waveguide technology to sensitive
detectors and detector arrays. This, in combination with the progress in
electronics, computer technology and chemometrics, makes it possible to
realise compact, robust vibrational spectroscopic sensor devices that are
capable of reliable real-world operation. A point that also has to be taken
into account, at least when aiming at commercialisation, is the price.
Vibrational spectroscopic systems are usually more expensive than most
other transducers. Hence, it depends very much on the application whether it
makes sense to implement IR or Raman sensors or if less powerful but
cheaper alternatives could be used.

2. FUNDAMENTALS OF VIBRATIONAL
SPECTROSCOPY

Vibrational spectroscopy measures and evaluates the characteristic
energy transitions between vibrational or vibrational-rotational states of
molecules and crystals. The measurements provide information about nature,
amount and interactions of the molecules present in the probed substances.
Different methods and measurement principles have been developed to
record this vibrational information, amongst which IR and Raman
spectroscopy are the most prominent. The following focuses on these two
techniques, the corresponding instrumentation and selected applications.

As this chapter aims at explaining the basics, operational principles,
advantages and pitfalls of vibrational spectroscopic sensors, some topics
have been simplified or omitted altogether, especially when involving
abstract theoretical or complex mathematical models. The same applies to
methods having no direct impact on sensor applications. For a deeper
introduction into theory, instrumentation and related experimental methods,
comprehensive surveys can be found in any good textbook on vibrational
spectroscopy or instrumental analytical chemistry'™.
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2.1 Molecular Vibrations

The theory behind molecular vibrations is a science of its own, involving
highly complex mathematical models and abstract theories and literally fills
books. In practice, almost none of that is needed for building or using
vibration spectroscopic sensors. The simple, classical mechanical analogue
of mass points connected by springs is more than adequate.

Any molecule consisting of more than one atom can be described as a
group of mass points (afoms) arranged in a geometrical pattern (molecular
structure) and held in position by springs (chemical bonds). Due to the
flexible nature of the connections, the mass points are able to respond to an
impulse (energy) by vibrating around their equilibrium positions. For the
simplest structure, two masses connected by one spring, this vibration results
in a periodic elongation and shortening of the interatomic bond. The
resonance frequency of this vibration is dependent on the masses of the two
mass points and the force constant of the spring, according to Hooke’s law.
On the molecular scale, both the mass of the involved atoms and the bond
strengths influence the vibration frequencies. Consequently, IR and Raman
can distinguish between different isotopes and/or bond-types in a molecule.

Systems involving more mass points are capable of more complex
vibrations, since the vibrational modes may involve several to many atoms
and all three dimensions are available for vibrational movements. Vibrations
where primarily the distances along the bond axis between the involved
atoms change during the vibration are called valence vibrations. Vibrations
causing a deformation of a bond angle are referred to as deformation
vibrations. Deformation movements can also “rock”, “wag” or “twist” a
molecular (sub-) structure (Figure 1).

Altogether, molecular vibrations are highly substance specific. Ring
structures for example are accompanied by ring vibrations that are usually
not only characteristic for the presence and the size of a ring but also for the
kind, number and position of groups attached. Additionally, the selectivity of
vibrational spectroscopic systems is not restricted to actual changes of the
molecular structure but includes any influence affecting the vibrational
properties. Such effects can be intermolecular interactions, e.g. solvation
effects, intramolecular interactions or the chemical (pH, ...) and physical
conditons (temperature, ...). Occasionally, such correlations make it possible
to detect even monoatomic molecules, which are not directly detectable by
vibrational methods due to the lack of bonds that could vibrate. In any case,
the proper control of measurement conditions and environmental parameters
is crucial. While IR or Raman sensors can e.g. be used to detect differences
in the secondary structures of proteins with identical primary structure, if
wrongly applied they may also function as (rather expensive) pH-optodes or
thermometers.
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Figure 1. Vibrational modes of water and a methylene group.

The one crucial deviation from the mechanical model is the nature of the
vibrational oscillation. In the classical model, the vibrational modes
correspond to harmonic oscillators and the potential energy can be
mathematically described by a parabolic function with the equilibrium
position as energy minimum. Following this model, the vibrational energy
levels would be equidistant, transitions are only allowed from a vibrational
level to one level higher or one level lower and one energy quantum can
excite one transition only. In reality, molecular vibrations behave like
inharmonic oscillators. In the compressed state of the vibration, the mutual
repulsion of the electron clouds of the two atoms leads to a steep increase in
energy, while during the expansion movement the energy potential curve
flattens out at increased interatomic distances towards a limit value
representing the chemical bond dissociation energy (Figure 2).

As a direct consequence of the asymmetrically distorted energy potential,
the actual properties of vibrational states and their transitions differ
significantly from the behaviour predicted for harmonic vibrations. First, the
energy gaps between the different vibrational states decrease with increasing
excitation order instead of being equidistant. From this it follows that the
transition rule “vibrational level 1 level only” is no longer strictly observed.
It is now possible for a single photon to excite a molecule from its ground
state directly to its second (or higher) vibrational state (Figure 3-b) or to
excite two vibrations at once (combination vibrations). Together, these
transition types are the backbone of the most widespread IR sensing method,
near-IR spectroscopy.
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Figure 2. Vibrational and vibrational-rotational energy levels for a two-atomic molecule.

Apart from molecular vibrations, also rotational states bear a significant
influence on the appearance of vibrational spectra. Similar to electronic
transitions that are influenced by the vibrational states of the molecules (e.g.
fluorescence, Figure 3-f), vibrational transitions involve the rotational state
of a molecule. In the gas phase the rotational states may superimpose a
rotational fine structure on the (mid-)IR bands, like the multitude of narrow
water vapour absorption bands. In condensed phases, intermolecular
interactions blur the rotational states, resulting in band broadening and band
shifting effects rather than isolated bands.
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Figure 3. Energy schemata of transitions involving vibrational states (a: excitation of 1%
vibrational state - mid-IR absorption; b: excitation of overtone vibrations - near-IR
absorptions; c: elastic scattering - Rayleigh lines; d: Raman scattering - Stokes lines; e:
Raman scattering - Anti-Stokes lines; f: fluorescence).
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2.2 Infrared Spectroscopy

Usually, when referring to infrared spectroscopy, IR absorption
spectroscopy is meant. Although this is the dominant method, occasionally it
can be useful for sensing applications to also use IR emission spectroscopy.

2.2.1 IR Absorption Spectroscopy

IR absorption spectroscopy follows the principles of classical absorption
spectrocopy. A sample is irradiated with electromagnetic radiation and the
transmitted or reflected radiation is (spectrally) analysed. In IR spectroscopy,
the wavelengths used are in the pm-range.

In contrast to UV/VIS radiation, IR photons have insufficient energy to
excite electronic transitions (E — E*, Figure 3). Instead, the electric vector
of the incident IR radiation couples to electric dipoles present in a molecule,
causing the dipoles to reorient themselves after the external field. As the
field oscillates, the molecular dipoles attempt to reorient over time to follow
the changes in field polarity. If a net dipole in the molecule is now capable
of oscillating at a frequency matching the interacting photon, an energy
transfer from the photon to the molecule occurs and the molecule is excited
to an excited vibrational state. Concurrently, the transmitted IR radiation is
attenuated at the absorption wavelength(s) in comparison to wavelengths
where no corresponding vibrations can be excited in the sample. Together,
the different vibrations of a molecule, with different vibrational energies and
hence frequencies, form a highly characteristic absorption spectrum.

From the energy interaction principle, the rules for IR absorption can be
deduced. First, the overall dipole must change during the corresponding
vibrational movement. If the dipole moment does not change, the molecule
cannot interact with the external electromagnetic field and the vibration is IR
inactive. This is condensed into the /R selection rule, stating that, for a
vibrational mode to be IR active, the overall dipole moment must change
during the vibration (compare Figure 4). The second point is that the
resonance criterion must be fulfilled, in other words that the molecule must
be able to vibrate at a frequency corresponding to the energy of the absorbed
photon. In practice, the IR is segmented into three ranges based on the
different kinds of vibrational transitions. Each range has its own particular
instrumentation, applications, advantages and limitations.

2.2.1.1 Mid-Infrared
In the mid-IR region of the spectrum, the incident radiation excites the

fundamental transitions between the ground state of a vibrational mode and
its first excited state (Figure 3-a). The corresponding wavelengths are
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between 4000 cm™ (2,5 pm) and 400 cm™ (25 wm). Mid-IR bands are
generally well structured and several orders of magnitude stronger than near-
IR absorptions, giving the mid-IR an advantage in sensitivity and selectivity.

For sensing applications, one obstacle is the strong absorption of mid-IR
radiation by water. The average achievable transmission pathlength in water
is a few ten micrometers, in contrast to some millimetres in the near-IR. This
renders classical transmission probes useless and reduces the sensitivity
advantage by diminishing the permissible absorption pathlength. To measure
in aqueous or other strongly absorbing environments, special techniques, like
attenuated total reflection, have to be applied. Another problem is the limited
availability of affordable instrumentation and suitable waveguides. Although
some optical fibres and also hollow waveguides for this wavelength range
are nowadays commercially available, many of these suffer from poor
mechanical or chemical properties and/or limited long-term stability. This
makes an implementation in sensors for practical use at least difficult.

2.2.1.2 Near-Infrared

In the near-IR, overtone vibrations (transitions between the ground state
of a vibrational mode and its second or higher excited state; Figure 3-b) and
combination vibrations (excitation of two separate vibrational modes by one
photon) are excited. The wavelengths corresponding to these transitions
range from 12800 cm™ (780 nm) to 4000 cm™ (2,5 pm). As such transitions
are quantum-mechanically less likely than fundamental transitions band
intensities are significantly weaker. This results in a reduced sensitivity in
comparison to the mid-IR. On top, NIR bands are broader and generally less
structured than mid-IR or Raman bands, resulting in a reduced capability to
distinguish different analytes exclusively by their spectral characteristics.

Nonetheless, near-IR is the most widely used IR technique. Less intense
water absorptions permit to increase the sampling volume to compensate, to
some extent, for the lower near-IR absorption coefficients and the inferior
specificity of the absorption bands can for many applications be overcome
by application of advanced chemometric methods. Miniaturised light
sources, various sensor probes, in particular based on transmission or
transflectance layouts, and detectors for this spectral range are available at
competitive prices, as are (telecommunications) glass or quartz fibres.

While the field of near-IR sensing is frequently regarded as having
reached its (scientific) limits, with advances restricted to minor progress in
instrumentation and data evaluation procedures, interesting developments
are reported in particular in the field of near-IR spectral imaging.

2.2.1.3Far-Infrared

Energy absorptions in the far-IR correspond to rotational and
translational movement states, overlying lattice vibrations and differential
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transitions (transitions between two different excited states). Until recently,
the far-IR has been regarded as of purely academic interest. This changed
over the last few years, when, under the name “THz Spectroscopy”, this
spectral range has transformed into one of the hottest research fields in
optical spectroscopy. However, though essentially of interest also for sensor
applications, with the available instrumentation it seems currently out of
question to set up practically applicable, affordable chemical THz-sensors.

2.2.2 IR Emission Spectroscopy

IR emission spectroscopy makes use of the reciprocal effect of IR
absorption spectroscopy. At temperatures above 0 °K, molecules undergo a
number of vibrational, vibrational-rotational or purely rotational movements.
The relaxation of these excited states leads to the emission of thermal
radiation, primarily in the IR region.

Thermal radiation emitted by an object can be continuous, discontinuous
or, in most cases, a mixture. A continuous radiation profile corresponds to an
ideal black body, where only the temperature of the emitting object
determines the emission profile. Discontinuous thermal emission spectra are
caused by photons emitted during the relaxation of excited vibrational states.
Since vibrational states are quantised, this results in emission bands at the
wavelengths of the corresponding IR absorption bands.

Consequently, any (non black-body) object broadcasts a characteristic
thermal signature. When attempting a metrological detection of these
emissions, a number of complications occur. For a significant flux of
emission radiation the involved vibrations must be sufficiently excited. Also,
since the warmer an object the more thermal radiation it emits, the sample
must be the hottest spot of the entire measuring arrangement or its spectral
signature will be covered by background emissions. Together, these two
requirements ask for a possibly hot sample. A further limitation is the re-
absorption of emitted radiation by molecules in their ground state. As,
according to the Boltzmann distribution, there are always more molecules in
the ground state than in an excited state, the molecules surrounding the
emitting moiety will effectively absorb the emitted radiation. This limits the
information depth for liquid or solid phases to just a few pm. While in a
laboratory it is possible to adapt the experimental conditions accordingly,
e.g. by cooling the entire spectrometer, for chemical sensing IR emission
spectroscopy is limited to samples of at least 100 °C, preferably in gaseous
form or as thin films on substrates with low broadband emissivity. While the
number of emission IR sensor applications is small, the method is especially
useful for remotely analysing hot samples that are not well accessible.
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2.3 Raman Spectroscopy

Raman spectroscopy comprises a family of spectral measurements based
on inelastic optical scattering of photons at molecules or crystals. It involves
vibrational measurements as well as rotational or electronic studies and non-
linear effects. Following, “Raman” will be used in the established but
slightly inaccurate way as a synonym for the most important and most
common technique of the family, linear vibrational Raman scattering.

The advantage of Raman over IR is that vibrational spectra ranging from
~ 4000 cm™ to ~ 30 cm™ can be obtained using standard UV, VIS or NIR
sources, optics and detectors. Basically any optically accessible sample can
be measured, even aqueous or other strongly IR-absorbing systems. The
disadvantage that prevented the more widespread use for a long time is the
inferior sensitivity due to low Raman scattering cross sections. As the
Raman intensity increases linearly with the intensity of excitation radiation,
this intensity problem could be resolved to a large extent by the introduction
of laser sources, which are nowadays invariably used. Another problem is
related to the wavelength of the excitation radiation. The intensity of Raman
lines exhibits a fourth order dependence on the frequency of the excitation
radiation. Shorter excitation wavelengths are hence preferable when aiming
at high sensitivity. At the same time, the shorter the wavelength of the
excitation radiation, the more likely is the excitation of sample fluorescence.
As fluorescence is approximately three orders of magnitude stronger than
Raman scattering and hence will cover the Raman scattering lines, it must be
avoided. While in laboratory set-ups the two effects can be separated using
ultra-fast time-gated arrangements, this is not practicable in sensing. As NIR
radiation is usually too low in energy to excite fluorescence, near-IR lasers
have gained substantial importance for Raman measurements of fluorescing
samples. Yet, since Raman intensities in the NIR are even lower the
detection power of such sensors will be further compromised.

2.3.1 Vibrational Raman Effect

The signal generation principle of Raman is inelastic molecular light
scattering, in contrast to resonant energy absorption/emission in IR
spectroscopy. During the measurement, the sample is irradiated with intense
monochromatic radiation. While most of this radiation is transmitted,
refracted or reflected, a small amount is scattered at the molecules.

During scattering, the involved molecule is excited to a virtual electronic
excitation state. This quantum-mechanically forbidden and consequently
instable excited state E*,;, decays practically instantaneously (< 10" s) and
the “stored” energy is reemitted as a photon in a random direction. For the
majority of scattering events, the molecules relax back to their initial
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vibrational states (Figure 3-c) and photons of the same wavelength as the
excitation radiation are emitted. This elastic process is known as Rayleigh
scattering. Provided that excitable vibrational states are present in a
molecule, the excited molecule may, during the course of the relaxation, also
return to a vibrationally excited level of its electronic ground state (Figure 3-
d). A part of the photonic energy is used to excite vibrational levels in the
target molecules, while the remaining energy is emitted from the scattering
target as a photon with a slightly longer wavelength. These emissions on the
low-energy side of the Rayleigh line are called Stokes lines. A second set of
lines occurs if the excitation radiation interacts with already vibrationally
excited molecules. This happens with a certain likelihood since a significant
amount of vibrationally excited states are populated at temperatures above 0
°K. During the subsequent relaxation, the molecule can add its stored
vibrational energy to the energy of the excitation photon while returning to
its electronic and vibrational ground state (Figure 3-e). The energy transfer
results in the emission of photons with higher energies and hence shorter
wavelengths than the excitation radiation, the so-called Anti-Stokes lines. As
significantly more molecules are in the ground state than in vibrational
excited states, Anti-Stokes events are less likely than Stokes Raman
scattering. Depending on the sample temperature, Anti-Stokes lines are
typically about one order of magnitude weaker than Stokes lines.

In either case, the information on the vibrational transition is contained in
the energy difference between the excitation radiation and the inelastically
scattered Raman photons. Consequently, the parameters of interest are the
intensities of the lines and their position relative to the Rayleigh line, usually
expressed in wavenumbers (cm™). As the actually recorded emissions all are
in the spectral range determined by the excitation radiation, Raman
spectroscopy facilitates the acquisition of vibrational spectra through
standard VIS and/or NIR spectroscopy.

When looking at the principles behind the energy transfer, it must be
taken into account that inelastic photon scattering is a vibronic interaction.
At the wavelengths used, the excitation radiation has sufficient energy to
interact with the molecular electron cloud, thus exciting the molecule to a
(virtual) exited electronic state. On the particle scale, the electrons in the
molecular orbital react to the electric field vector of the photon, bringing
about a shift in local electron density and thus a polarisation of the molecular
orbitals. The degree of polarisation is determined by the external field
strength and the electronic polarisability. The electronic polarisability is the
measure for the ease with which the electron cloud of a molecule responds to
an external electromagnetic field. As long as the polarisability is constant,
the electron cloud oscillates without coupling to the molecular vibrations. If,
conversely, during the vibrational movement of a molecule the overall
polarisability changes, the variation in the resistance against the change of
polarisation couples the energy available in the oscillating electron cloud to
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the vibrational states, facilitating a transfer of the amount of energy required
to excite the matching vibration. This interaction is the physical background
for the Raman activity rule: vibrations are Raman active if the polarisability
changes during the vibration, a concept that is otherwise a bit hard to
understand without going into mathematics.

The differences in the selection rules of IR and Raman become obvious
when looking at a simple example, like carbon dioxide (Figure 4). The CO,
molecule is capable of three energetically different vibrations and has
negative partial charges (A") at the oxygen atoms and the corresponding
positive charge (A") at the carbon atom. As it is fully symmetric, there is no
net dipole moment in the equilibrium state.

During the symmetric stretching vibration (vs) both bonds stretch or
contract symmetrically. As no overall change of dipole moment (+/-) occurs,
the vibration is IR inactive. At the same time, the polarisability of the
electron clouds of the bonds changes due to the oscillating bond lengths. The
vibration is therefore Raman active. In the asymmetrical stretching vibration
(Vas), during the vibration one bond shortens while the other elongates. Thus,
the polarisability increases in one bond but decreases in the other, resulting
in a net change of polarisability of zero. Hence, this vibration is Raman
inactive. At the same time, the asymmetric vibration causes a charge shift in
the molecule, resulting in a dipole moment changing over time - the
vibration is IR active. The same applies to the deformation vibration (9).
This vibration causes a change of bond angle, resulting again in an
oscillating dipole. As at the same time the bond lengths are not affected, the
polarisability remains constant over the vibration cycle. The vibration is IR
active but Raman inactive.

The different interaction principles also explain why strongly IR-active
vibrations typically exhibit weak Raman bands and vice versa, even if the
selection rules would allow a vibration. If a strong dipole exists in a
molecule, the electron cloud is strongly polarised. A change of polarisation
in response to the electric field of a photon is therefore not very likely.
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Figure 4. Vibrational modes of CO, (vs: symmetric stretch; v,: asymmetric stretch; J:
deformation) and their respective IR and Raman activity.
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Although the polarisation level is high, the polarisability is low, as
subsequently is the energy coupling efficiency. If the dipole moment is low,
the electrons in the cloud can move more easily and the coupling is more
efficient. This results in stronger Raman bands, while due to the less
pronounced molecular dipole little or no IR-activity can be observed.

2.3.2 Surface Enhanced Raman (SERS)

As the Raman scattering cross sections are low, Raman as such is not
suitable for the detection of analytes at low concentrations. A popular way to
resolve this problem is to add finely disperse (noble) metal particles or
roughened surfaces, with particle sizes in the 100 nm - 10 pm range to the
sample or the sample/sensor interface. In such an environment, Raman line
intensities can be enhanced by up to seven orders of magnitude, an effect
known as Surface-Enhanced Raman Scattering (SERS) (see chapter 12).
Thus, quantitative and qualitative analysis can be performed down to trace
level concentrations. The application of VIS lasers gives significantly higher
enhancement factors than NIR sources, but, especially when measuring
labile compounds, strong photodegradation of the analytes at the rough
surface will complicate the measurements.

A related effect has been described for IR spectroscopy - Surface
Enhanced Infrared Absorption spectroscopy (SEIRA). However, as the
enhancement factors are significantly lower than for SERS and both the
required metal particle size and the activation distance between the target
molecule and the particle are more than one order of magnitude smaller, no
practically applicable SEIRA sensors have been demonstrated up to now.

3. INFRARED SENSORS

Applications of infrared sensors have been reported in the fields of
biology/biochemistry, medical diagnostics, environmental monitoring and
process control. IR sensors can measure analytes in solid, liquid or gaseous
form using one of several different transducer layouts.

The majority of currently deployed IR sensors operate in the near-IR.
Although near-IR sensors suffer from limited selectivity and sensitivity due
to the relatively unstructured broadband absorptions in this frequency range,
the easy availability of waveguides and other instrumentation give this
spectral range a significant advantage over the mid-IR. Main application
areas involve substance identification and process control.

The mid-IR range is attractive for optical sensing as highly molecule-
specific information is provided, but difficult to access with standard sensor
instrumentation. The application of mid-IR sensors is in particular of interest
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when the required limits of detection can not be met with NIR systems, if
spectral interferences have to be resolved or for the detection of substances
that are inactive in the near-IR. Advances in IR fibre optics, mid-IR laser
technology, spectrometer miniaturisation and novel coating materials open a
wide range of application perspectives for mid-IR sensors.

3.1 Sensor Layouts

For IR sensing, three transducer principles are standard: classical
transmission for (sufficiently) transparent samples, (diffuse) reflection for
opaque samples, in particular solids and strongly turbid liquids and
attenuated total reflection (ATR), in particular for strongly absorbing
samples and fluids with varying amounts of suspended solids or gas bubbles.

Apart from the sampling principle, sensor layouts can also be subdivided
into point-probe sensors, giving averaged information about the analytes
within the sensitive field, and imaging sensors, delivering a spatially as well
as spectrally resolved image of the investigated area.

3.1.1 Transmission

Transmission sensors have the advantages of being comparatively simple
in design and well comparable to transmission laboratory experiments. The
transmission pathlength and with it the probed volume is exactly defined and
the sensitivity of the sensor can be adjusted by choosing a probe with a
suitable transmission length. Most commercially available near-IR sensor
devices for liquid samples are based on a transmission layout, as are some
mid-IR sensors for operation in organic liquids. The exact design depends on
the manufacturer and the application. The sensing area can e.g. be in the
front (Figure 5-a) or the side part of the sensor head, with transmission
lengths ranging from less than one mm to several cm. Also fibre-optically
connected probes or probes with variable optical pathlengths are available.

For liquid samples, practical applications are restricted to qualitative and
quantitative detection of main and minor components in clear, sufficiently
transparent media. The sensing area is usually designed as a flow channel
optimised on fast exchange of material for given flow conditions. Thus,
transmission sensors can quickly detect changes in analyte concentrations. In
samples with strongly absorbing backgrounds, e.g. aqueous solutions in the
mid-IR, the permissible transmission pathlength may be less than 100 pum.
Such transmission sensors can be built, but their hydrodynamic properties
would be unacceptable for most applications. Another problem is turbidity,
either due to suspended solids or gas bubbles. The scattering at these
particles, more than the actual absorptions, attenuate the transmitted light
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Figure 5. Single-point IR sensor head layouts a: transmission probe with fibre coupling; b:
transflectance probe with variable pathlength and single fibre coupling; c: (diffuse) reflection
probe with single illumination fibre and collection fibre bundle; d: two-reflection ATR probe
with fibre-optic coupling; e: multi-reflection ATR probe (DiComp®-type); f: ATR fibre
(“fibre evanescent wave” sensor).

and thus worsen the signal to noise ratio. Gas bubbles present even more of a
problem in case the flow dynamics change over time, as the size distribution
of the gas bubbles may change as well, thus causing a non-linear offset of
the baseline. Finally, sensor modifications, e.g. to reduce the background or
enrich specific analytes, are hardly possible.

Solid samples can also be measured in transmission, although reflection
or transflection measurements are more common. Open arrangements with
the source on one side of the sample and the spectral analyser on the other
side are prevalently used, e.g. in industrial process control. For absolute
quantitative analysis the thickness of the object must either be constant or be
measured.

An entirely different kind of transmission cells is used for gaseous
samples. Due to the lower density in the gas phase, a significantly higher
pathlength is required to achieve acceptable limits of detection. While for
higher analyte concentrations single-pass transmission cells can be used, for
trace analysis high pathlengths are required. As multi-pass White cells can
hardly be regarded as sensors, an alternative is the use of hollow waveguides
as gas transmission cells. Such layouts look similar to the ATR fibre in
Figure 5-f, with the exception that the light propagates in the waveguide not



Vibrational Spectroscopic Sensors 131

by total reflection but by mirror reflection and that the sample would not be
around the waveguide but be flushed through its hollow core.

3.1.2 Reflection

For some applications, especially such involving solid samples or fluids
containing suspended particles, reflection spectroscopic systems are better
suitable than transmission sensors. Apart from specular reflection, which
provides comparatively little information and is of hardly any practical
importance for IR sensing, two reflectrometric methods can be used to gain
spectroscopic information about a sample: diffuse reflection and trans-
flection, a combination of transmission and diffuse reflection.

3.1.2.1Diffuse Reflection

In addition to the specular reflection at the immediate surface, a part of
the illumination radiation may penetrate into the bulk of a sample. This
penetration involves multiple reflection, refraction and diffraction events
before parts of the radiation will eventually make it back to the surface. Due
to the multitude of radiation - sample interactions, the diffusely reflected
radiation has now a significantly higher information content about the
sample than the specularly reflected light. The information depth is very
much dependent on the wavelength and the sample, in particular its (optical)
density, and can range from a few microns to tens of millimetres, thus
allowing even bulk analysis for certain samples. As the reflected radiation
comes off not only in the specular direction but in all other directions as
well, diffusely reflected radiation can be separated from the (sensor-
blinding) specularly reflected component e.g. by off-angle positioning of the
sensor in respect to the position of the illumination source.

In IR sensing, open diffuse reflection (DR) layouts are most common for
imaging systems, with the light source separated from the sensor unit. Also
fibre optic probes (Figure 5-c) are available, usually in form of a single
illumination fibre and a bundle of collection fibres. These can be used both
for solid samples, e.g. powders, and for liquids containing a sufficiently high
amount of scattering particles. Problematic with this kind of transducers is
an absolute quantification, in particular if the density of scattering centres is
not constant.

3.1.2.2 Transflection

Transflection is essentially a cross between transmission and mirror
reflection. When light is shined onto a reflective surface covered by an
optically clear sample, either in liquid or in solid form, two processes occur -
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reflection off the top surface of the sample and transmission and reflection
off the mirror, followed by a second transmission. As for most materials the
surface reflection is low in comparison to the reflection off the mirror, the
total collected radiation corresponds to a transmission measurement with
double pathlength. Due to the transmission doubling, this principle is
popular when building compact sensor heads with yet large optical
pathlengths. Also, this principle is more suitable to build probes with
variable optical pathlength (Figure 5-b) than standard transmission layouts.

Transflection layouts are used in process analysis e.g. for the control of a
(thin organic) coating on a reflecting metal substrate. For such applications,
usually open layouts are used, with a directed light source shining IR
radiation onto the sample and a detector positioned at the reflection angle.
More common than open layouts are fibre-optic probes, as exemplarily
shown in Figure 2-b, that are especially used for liquid samples. Again,
various designs are available, as transflectance probes have the advantage of
being highly versatile. Apart from the, in comparison to transmission probes
of the same size, increased transmission pathlengths and the possibility to
easily change the pathlength, transflectance probes can also be operated as
diffuse reflection probes if the turbidity in the sample increases. Thus, DR
probes can be used also in processes where the samples may vary from
optically clear (suitable for transmission probes, not suitable for DR probes)
to optically opaque, e.g. due to high amounts of suspended solids (suitable
for DR probes, but not for transmission units). An important practical
limitation for this case is that calibration curves for the transmission case and
the diffuse reflection domain are not identical and in the mixed domain also
not linear, which makes an absolute calibration of such principle-crossing
sensors difficult.

3.1.3 Attenuated Total Reflection

For strongly absorbing matrices or samples that are otherwise unsuitable
for transmission probes, e.g. due to variable amounts of suspended solids or
gas bubbles, transducers bases on Attenuated Total Reflection (ATR) are the
method of choice. ATR makes use of the phenomenon of total internal
reflection™ °. Radiation striking the interface of two dielectric media from the
optically denser medium at an angle of incidence larger than the critical
angle is totally reflected back into the optically denser medium. The
reflectivity at the interface is a function also of the wavelength dependent
optical properties of the optically rarer medium. Thus, the totally reflected
radiation may pick up information from the medium adjacent to the
waveguide. If an absorbing sample is placed in contact with the surface, the
reflectance for total internal reflection is attenuated at the absorption
wavelengths of the sample. Effectively, all molecules within a certain
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distance (“information depth”) from the interface absorb energy from the
evanescent field at their specific absorption wavelengths and the radiation
transmitted through an ATR element shows an absorption pattern similar to
standard absorption spectra derived from transmission experiments (see
chapter 10).

As a rule of thumb, each attenuated total reflection provides the same
information as a transmission cell with an optical pathlength equalling the
wavelength of the totally reflected photon. Consequently, it is possible to
build sensor heads with “transmission pathlengths” of just a few um to some
hundred pm without encountering the hydrodynamic problems occurring
when a fluid has to be flushed through what essentially is a capillary.
Instead, a crystal surface has to be brought in close contact with the sample,
something that for fluids can easily be achieved by suitable positioning of
the ATR probe or e.g. by adding flow deflectors. Also, as most liquids wet
the ATR surface, on a submerged ATR probe a thin, stable liquid film forms
across the sensitive area. Gas bubbles present e.g. in a reactor and suspended
solids can not disrupt this film and hence cause significantly less problems
than with other optical probes. Solids, in particular powders, can also be
measured using ATR sensors, although for absolute quantification
considerable care must be taken that the density in the probed volume
remains constant.

One restriction of ATR sensors is their limited sensitivity. Typically,
concentrations down to the 0,1 g/L range can be measured, depending also
on the sample matrix. This can be compensated when modifying the sensor
surface to exclude strongly absorbing backgrounds and/or enrich the analytes
of interest. In contrast to transmission layouts, with ATR transducers this is
easily possible by coating the sensitive area with a thin layer of a suitable,
e.g. hydrophobic material. ATR sensors modified in such a way are capable
even of trace component detection, but the specific pitfalls connected to
modification layers must be observed when aiming at a practical application.
Another point is the comparatively complex design and the significantly
higher costs of such tools. Also, the total transmission through ATR
elements is comparatively low, requiring sensitive detectors.

A few ATR probes are commercially available. In the near-IR ATR
probes are mostly used as easy-to-use sticking probes for liquids and solids.
As the aim is primarily to identify a material, not to measure low
concentrations, probes with typically one or two reflections (Figure 5-d) are
used. In the mid-IR, similar layouts can be found, using e.g. zinc selenide,
germanium or silicon crystals as sensing elements. More sensitive and
generally better suited for industrial process control DiComp” -type probes
(Figure 5-¢). The actual ATR element is in this case a thin diamond disc
supported by a suitably shaped ZnSe crystal. ATR probes of that type are
available off the shelf with between one and nine reflections. If more
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reflections are required, it is either possible to take a longer ATR element or
to resort to (bare) optical fibres.

3.1.3.1Fibre Evanescent Wave Spectroscopy

Fibre Evanescent Wave Spectroscopy (FEWS) is based on the same
principle as conventional ATR, but uses an optical fibre as a waveguide
(Figure 5-f). Fibres allow to increase the number of total internal reflections,
which in turn increases the sensitivity of the sensor. This is of particular
interest for trace analysis in non-absorbing matrices, but also for strongly
absorbing media where the matrix component(s) can be excluded from the
detection volume, e.g. by sensor surface modifications. Additionally, entirely
fibre-optic systems are generally more flexible and, both optically and
mechanically, easier to design and align than systems involving rigid optics.
Finally, fibre-optic sensors are, at least theoretically, significantly cheaper.

A couple of complications limit the real-world applicability of optical
fibres as sensing elements, in particular in the mid-IR. The first obstacle is
the high attenuation of many (mid-)IR waveguides (see Table 1). This limits
the permissible fibre length, as increased noise levels will soon neutralise the
increase in signal. A second snag are the often inadequate chemical and/or
mechanical properties of many (bare) fibres. In particular when using laser
sources also the modal distribution of the light transport in an optical fibre
may become a problem. Low order modes contribute less to the sensor
response, while high order modes have a higher number of reflections and
incidence angles closer to the critical angle and thus contribute more
strongly. As the modal distribution is dependent on the coupling conditions
and the arrangement of the fibre, changes of the sensor geometry, e.g. due to
a collision with some solid object, may influence the sensor calibration.

In practice, very few applications of FEWS sensors can be found outside
laboratory applications and demonstration systems. In the near-IR, suitable
fibres are readily available but usually there is no real necessity to use them.
Possible transmission pathlengths are sufficiently large to allow using
standard transmission probes, while turbid samples can be measured using
transflection or diffuse reflection probes. In the mid-IR, high intrinsic losses,
difficulties in fibres handling and limited chemical and mechanical stability
limit the applicability of optical fibres as sensor elements.

3.1.4 Emission

Emission sensing arrangements are usually quite simple, provided the
sample is significantly warmer than its surroundings, including all parts of
the sensing unit in contact with the radiation. The hot sample acts as the
source. The emitted light is collected by suitable optics, usually mirror
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(telescope) optics and transferred into a spectral analyser, in most cases an
FT-spectrometer with a cryostatic detector.

Applications of emission sensors can be found in remote sensing of hot,
gasous samples, in particular (industrial) exhaust gases.

3.1.5 Imaging Sensors

As most sensors are limited to single point probing, their application is
confined to samples where the investigated point(s) are representative for the
sample. Though this is the case for the majority of fluid samples, solid
objects may not fulfil this requirement. This is true for high-tech products
containing a wide range of different materials as well as e.g. in the food
industry, where an item that is analysed as edible at one spot may very well
be rotten at a different one.

A solution to this problem is the application of optical sensors with
application-matched imaging capabilities””. To obtain such “spectral
images”, three fundamental approaches in instrumentation and acquisition
are available. The classical scheme of sample scanning with a single point
probe is flexible in methodology and resolution, but the prohibitively high
time consumption renders this approach useless for most practical
applications. The second method is wavelength scanning SI. This technique
is based on acquiring a number of 2D-images of a sample at different
wavelengths. The wavelength selection can be achieved either by (i) a
number of discrete filters'’, e.g. on a filter wheel, (ii) tuneable filters'" > or
(iii) by illumination of the sample at selected discrete wavelengths'. In
either case, the images recorded for the different wavelengths are combined
by a computer and spectra are calculated for each pixel. The drawback of
this method is that the sample must be kept stationary under the SI unit
during image acquisition for all wavelengths of interest. This may prove a
technical and process-logistical problem when acquiring images at more than
just a few different wavelengths. Also, the spectra are available for further
processing, e.g. classification, only after the last spectrally encoded image
has been recorded. In contrast, spatial scanning SI, also known as “push-
broom scanning SI”, records the spatial information line-wise, with the
spectrum for each pixel along the sampling line being projected along the
second axis of the two-dimensional detector chip. By combining the slices,
the second spatial axis can be derived, resulting in a full image. The spectral
encoding can be provided either by linearly variable filters'* or by dispersive
optics forming an imaging spectrograph'> '°. This method is preferable for
many industrial applications, as it allows analysing the samples without
disrupting the process. As the spectra for the single points are immediately
available, a classification can be performed in real-time.
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3.2 Instrumentation

In recent years, the evolution of the technological components required
for IR sensor systems has been denoted by a significant miniaturisation of
light sources, optics and detectors. Essentially, an IR sensor consists of (i) a
polychromatic or monochromatic radiation source, (ii) a sensor head and (iii)
a spectral analyser with a detector. As sensors where all optical elements can
be included in the sensor head are the exception rather than the rule, also
various optics, waveguides and filters may form essential parts of IR-optical
chemical sensors. Another important building block, in particular when
aiming at sensors capable of detecting trace levels, are modifications of the
sensor element itself.

3.2.1 Radiation Source

Two types of radiation sources are used in IR sensing. Common sources
are thermal broadband emitters. The second type are laser sources, mostly
semiconductor lasers. The application of (monochromatic) laser sources
trades the ability of multi-component detection against higher sensitivity for
pre-defined target analytes. Hence, laser sources are primarily suitable for
sensitive sensing in well-defined, stable systems, also because spectrally
interfering substances can neither be detected as such nor compensated.

Thermal broadband sources are essentially black bodies heated to a
certain temperature and hence emitting a defined spectral profile. In the mid-
IR, commonly SiC (Glowbar®, ~ 1500 °K), ZrY Th-oxides (Nernst glower, ~
1700 K) and carbon (micro)filaments are used. While glowbars and Nernst
glowers have a substantial thermal mass and are best operated under constant
conditions, the newly developed carbon filament sources'” '® have a much
lower thermal mass and can be modulated at frequencies up to ~ 10 Hz,
which can be useful for some applications. In the near-IR, mainly tungsten
halogen lamps (~ 3000 °K) are used.

In the near-IR, in particular below 1,5 um, also light emitting diodes are
obtainable for many different wavelengths. These are supplemented by near-
IR laser sources, available both as laser tubes and as diode lasers. A
limitation of these sources is that, since they originate from tele-
communications technology, laser sources are commercially available (at
sensible prices) only for a few selected wavelengths, in particular in the
shortwave near-IR. In the mid-IR, laser sources have been even rarer until
recently. Existing gas lasers, e.g. the CO,-laser, are inconveniently large and
much too high in power demand for sensing applications. Mid-IR diode
lasers, usually lead salt lasers, have been introduced as an alternative to
conventional IR light sources'” *’. The high energy density at the emission
wavelength results in significantly better limits of detection compared to
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conventional systems and the high possible pulse rates allow measuring at
high time resolution. Still, lead salt lasers operate at cryostatic temperatures
and it is usually necessary to have a monochromator to select the preferred
laser mode, which makes the application of these sources rather
inconvenient. The most recent development in the area of IR lasers are
quantum cascade lasers®" *. These lasers are compact and very stable, have
a higher energy density than lead salt lasers and do not require cryo-cooling.
QCL’s are based on semi-conductor layer structures, forming a cascade of
quantum wells. Each injected electron generates multiple photons due to a
cascaded active region, resulting in output powers up to 200 mW. The
emission characteristics are controlled by the layer thickness rather than
material composition® allowing to design lasers with emission wavelengths
up into the far-IR**. Also two-colour QCLs have been reported™.

3.2.2 Optical Elements

A number of different materials are available as lens or window materials
for the near-IR as well as the mid-IR range. In the near-IR, mainly quartz is
used, but also CaF, or sapphire optics can occasionally be useful. In the mid-
IR, common materials are chalcogenide glasses, ZnSe, CaF, and KBr.
Common to refractive elements in both wavelength ranges is the problem of
chromatic aberration. Due to the wavelength dependence of the effective
refractive index, the refractive properties and with it e.g. the focal lengths
depends on the wavelength. This results in blurred focal points and similar
optical aberrations when handling broadband radiation. While in the visible
this problem can be resolved using achromatic lens arrangements, such
optical designs are prohibitively expensive (if available at all) in the near-IR
and (currently) not available in the mid-IR.

Consequently, mirror optics are more common, in particular in the mid-
IR. The mirrors used are usually aluminium- or gold-coated flat or curved
substrates. While near-IR mirrors are usually protected by thin SiO-layers, in
the mid-IR unprotected mirrors have to be used. Disadvantages of mirror
optics are the elevated space consumption and the higher prices in
comparison to refractive optics, especially comparing non-standard mirrors
against non-standard lens. In total, mirror optics are so preferable to fibres
and refractive optics, at least in the mid-IR, that in some technical
applications they are used to replace waveguides to transport IR radiation
between source, sensor head and spectrometer.

3.2.3 Waveguides

In the majority of applications, radiation source and/or spectral analyser
are spatially separated from the actual sensing element. This has a number of
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advantages, but necessarily requires some kind of waveguide to transport the
radiation from the source to the sensor head and the optical signal from the
sensor head to the analyser. The distances bridged can range from a few cm
to several tens of meters, e.g. in distributed sensing or analytical observation
of remote and/or (potentially) hazardous locations.

The prevalently used waveguides are optical fibres. Fibre technology is
standard in the UV to near-IR, but also some fibres for light transport in the
mid-IR have been developed. An overview of different IR fibre materials
and their characteristic performance parameters is given in Table 1. More
details can be found in a number of reviews focused on the material
properties of IR transmitting optical fibres’*>'. For some applications, as an
alternative to optical fibres also hollow waveguides may be used.

Table 1. Material properties of common IR waveguides.

Material ot o @ fong Nttt
SiO, 035-14 04 @1.32 0.16 300

SiO,, low OH 0.35-25 12 @ 0.82 0.16 300

Sapphire 0.5-3.0 2000 @ 2.90 1.42 1800

Fluoride 04-55 15@ 2.5 0.21 200
Chalcogenide 1-12 250 @ 6 0.4 150

Tellurium halides 3-13 1000 @ 9 - 250

Silver halides 4-18 500 @ 11 0.5 300

Hollow waveguides 3 -—17 500 - 1500 @ 10.6 0.05 500 — 1800

3.2.3.10ptical Fibres

In the near-IR, sensors almost exclusively rely on silica fibres (standard
or low-OH) as they are accepted as industrially fully applicable’ ** Silica-
based glass fibres are chemically and mechanically robust, easy to handle,
inexpensive, available with various core and outer diameters, a core-clad
transfer fibres or bare sensing fibres, and have successfully been optimised
to their theoretical attenuation limit**. The spectral window allows
application up to 2,5 pm.

Sapphire fibres have a slightly wider spectral range. The main argument
for their application is their outstanding thermal stability, up to 2000 K.
Also, their chemical stability is superior to most other waveguide materials.

Towards longer wavelengths, chalcogenides (AsSeTe - composites) are
the technically most evolved and most commonly applied fibre materials in
the mid-IR. If mid-IR fibres are used in practical applications, chalcogenides
are usually the material of choice. Chalcogenides are chemically reasonable
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stable but susceptible to crack propagation and generally fragile. Another
problem are ageing effects. The temperature range is limited by a glass
transfer temperature around 270 °C.

Silver halide fibres (AgClBr,) have the widest spectral range in the
mid-IR, well into the fingerprint range. Due to their crystalline nature, they
have a superior flexibility. Problematic is their tendency to decompose upon
contact with UV radiation or base metals. Also sulphides will chemically
destroy the fibre material. Other points against are the high intrinsic
attenuation due to absorption by impurities or scattering at inclusions or
micro-crystals and the non-availability of (applicable) core-clad fibres.

3.2.3.2Hollow Waveguides

A hollow waveguide (HWG) is essentially a hollow tube that transports
light from one end to the other either by multiple mirror reflection or by total
internal reflection. The hollow structure gives them several advantages: (i) a
high power threshold, (ii) low insertion losses, (iii) no end reflections, (iv) a
small beam divergence, (v) robustness and - especially important for sensor
applications - (vi) a wide spectral transmission range.

Depending on the radiation propagation principle, the waveguides are
grouped into “leaky guides” and “ATR fibres”. Leaky guides consist of a
structural tube, a thin reflective layer covering the inner wall of the tube and
a thin dielectric layer deposited onto the reflective layer for reflectivity
enhancement and protection against corrosive substances. The waveguiding
principle is reflection at a reflective surface. By using different materials for
the structural tube, the reflective layer and the dielectric layer, it is possible
to optimise HWGs for different wavelength ranges and applications®>". 4TR
fibres are made from some dielectric material with refractive indices less
than one for the wavelengths of interest. The waveguiding principle in this
instance is total reflection at the inner surface of the waveguide. Although
some applications have been described for ATR fibre hollow waveguides,
leaky guide systems are much more common.

For sensing applications, high bending losses restrict the applicability as
(flexible) light pipes. Practical applications are mostly restricted to gas cells,
where the hollow waveguide acts as a compact multi-reflection cell to
increase the sensitivity in comparison to single-pass cells.

3.2.4 Sensor Surface Modification

As vibrational spectroscopic sensors have a high inherent specificity,
selective layers are usually not necessary. Still, sensor modifications can
strongly enhance the sensitivity. At the same time, in particular for complex
multi-component samples with spectrally interfering analytes, also the sensor
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selectivity can be enhanced further by application of carefully selected and
optimised sensor surface coatings. Another function of sensor coatings is
protection of the transducer against mechanical, chemical and biological
damage, e.g. due to corrosive components in the sample or biofouling.

In practice, surface modifications are restricted to sensors of the ATR- or
FEWS-type. For other transducer layouts, the sample - radiation interaction
is less localised, making a modification difficult to impossible. Depending
on the analytes and the environment of the sensor, two basic surface
modification strategies can be used to enhance the function of vibrational
spectroscopic optical chemical sensors. The functional layers can either be
(i) more or less sophisticated physico-chemical analyte extraction layers or
(i) chemo-reactive layers.

In the first strategy, the sensor surface is modified by coating with an in-
situ solid-phase micro-extraction (SPME) layer. Determined by the partition
coefficients for the system coating / sample matrix, the analytes are either
enriched in the coating or excluded from the layer volume. If the layer
thickness is matched to the information depth of the transducer, by selecting
a suitable layer material the analytes are enriched in the probed volume
while interferents can be excluded and hence effectively suppressed. The
classical example is the enrichment of hydrophobic analytes in a thin
hydrophobic layer, while the (strongly broad-band absorbing) water and
other highly polar and/or hydrophilic substances are poorly or not enriched
in the coating. These two effects - enrichment of the analytes and the
exclusion of the, mostly aqueous, background - allow to enhance the sensor
sensitivity by several orders of magnitude (%o -> ppb) in comparison to a
non-coated sensor of the same type. Layer materials encompass a range of
synthetic polymers of varying hydrophobicity as well as sol-gel layers™. In
either case, it is important for sensor applications for the analytes to diffuse
into and out of the solid-phase extraction layers as quickly as possible to
enable fast reaction of the sensor to changing analyte concentrations. In
practice, this means that the layers must be possibly thin and homogenous.

If a sensor requires a higher selectivity than a vibrational spectroscopic
sensor plus a moderately selective layer can provide, it is also possible to use
highly selective systems as used for many other sensors. As one example,
the combination of vibrational spectroscopic transducers with molecularly
imprinted polymer or sol-gel layers opens a range of potential applications.
The basic principle of molecular imprinting is to form specific recognition
sites in an appropriate polymer matrix by polymerising a polymer around
target analyte molecules (template) and washing them out after the
polymerisation. By using monomers able to interact with this so-called
“template”, and with a high degree of cross-linking, “imprinted” recognition
sites are formed, which are complementary to the template in terms of the
shape and the positioning of the functional groups™ *’. Due to the general
applicability of this procedure, molecularly imprints against a large variety
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of template substances and for various applications are possible*'. MIPs can
effectively mimic the recognition properties of antibodies* while exhibiting
much better chemical and physical stability (see also chapter of G.Mohr and
chapter of H.Podbielska).

Another possibility is to immobilise enzymes either on the sensor element
itself or in the vicinity of the sensing element. The operation principle is in
most cases a semi-continuous spectral difference measurement in
combination with a kinetic data evaluation. A sample containing the analyte
of interest is recorded by the sensor immediately after contact with the
sample and again after a certain time. Provided that no other changes in the
composition of the sample occur over time, the spectral differences between
the two measurements are characteristic for the analyte (and the metabolic
products of the enzymatic reaction) and can quantitatively evaluated.
Provided that suitable enzymes are available that can be immobilised, this
may be a viable option to build a sensor, in particular when the enzymatic
reaction can not (easily) be monitored otherwise, e.g. by production or
consumption of oxygen or a change of pH. In any case, the specific
properties and stumbling blocks related to enzymatic systems must be
observed (see chapter 16).

3.2.5 Spectral Analyser

The simplest IR sensor would consist of a source, a sample interface and
a detector. Although quite sensitive, such an arrangement would have no
selectivity as any IR absorbing substance would cause an attenuation of the
detected radiation. To get the selectivity that is a main driving force behind
the application of IR systems, the radiation has to be spectrally analysed.
This can be accomplished either by measurement at discrete wavelengths or,
for multi-component sensors or samples containing (potentially) interfering
substances, by full spectral analysis of the collected radiation.

3.2.5.1 Discrete Wavelength Analysers

When wishing to avoid a spectrometer, e.g. because the sensor has to be
possibly cheap and only one analyte with characteristic absorption bands that
do not overlap with other absorptions is of interest, a broadband light source
can be equipped with a static wavelengths selector, e.g. a narrow bandpass
filter. Such filters are commercially available for the whole near-IR and wide
ranges of the mid-IR. Alternatively, a number of narrow-band infrared light
sources are available. The central disadvantage of all of these systems is the
fact that only a transmission reading at a fixed single wavelength - or a
narrow band - is obtained from the instrument. Consequently, such systems



142 M. Kraft

are restricted to target analysis and are generally less flexible than
spectroscopic instruments.

For multi-wavelength measurements, two technologies based on discrete
wavelength analysis are available. One option is to take a number of single-
wavelength sources to form a source array. This is not very economic for the
VIS and NIR, where reliable dispersive spectrometers are available cheaply,
but in the mid-IR QCL-arrays might replace existing spectrometers in the
future. Alternatively, some laser sources can be tuned within a certain range.
The second option is to take a broadband light source and a set of filters — or
alternatively a gradient filter. The problem here is the high cost of such
filters together with a severely limited spectral resolution.

3.2.5.28pectrometers

For environmental analysis or other fields where flexibility in analyte
detection and/or the possibility to record whole spectra is essential, the use
of spectrometers is inevitable. Recording full spectra also allows using
chemometric methods to extract information from these spectra for multi-
component analysis®.

In the near-IR, small, reliable spectrometers, consisting of a combination
of a static (blazed) grating and a detector array, usually an InGaAs line array,
are commercially available at competitive prices. These spectrometers can
be reduced to a size that fits e.g. on a standard computer PCI card. An
alternative is the use of a Carpenter’s prism (grating prism) as dispersive
element and a spectrally matched 2D camera as detector*. The main
disadvantage is the low energy density at a specific wavelength, resulting in
a reduced sensitivity when compared to single-wavelength systems.

When detector arrays are not available or too expensive, spectrometers
with moving gratings can be used. The limitation of such systems is that the
moving gratings necessarily involve moving parts, which complicates the
design and has a negative influence on the sensor stability, and that gratings
are generally useful only over a limited wavelength range around the design
wavelength of that particular grating. Also, for compact systems the
achievable resolution is severely limited. Nevertheless, occasionally such
systems are used, both in the near-IR or the mid-IR.

In the mid-IR, routine infrared spectroscopy nowadays almost
exclusively uses Fourier-transform (FT) spectrometers. This principle is a
standard method in modern analytical chemistry®’. Although some efforts
have been made to design ultra-compact FT-IR spectrometers for use under
real-world conditions, standard systems are still too bulky for many
applications. A new approach is the use of micro-fabrication techniques. As
an example for this technology, a miniature single-pass Fourier transform
spectrometer integrated on a 10 x 5 cm optical bench has been demonstrated
to be feasible. Based upon a classical Michelson interferometer design, all
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components are micro-fabricated from silicon, including dovetailed bearing
surfaces for precise translation of the moving mirror*® *'. Thus, a spectral
resolution of 0.1 cm™ is achievable. Considering that for many sensor
applications a spectral resolution of 4 cm is more than sufficient —
especially in the liquid phase —, the reduction of the interferometer size to
hand-held instruments is a viable option. Combining such miniaturised
interferometers with MIR fibre-optic sensor technology may very well lead
to a new generation of multi-component analyser systems, applicable in
environmental monitoring as well as process control. Other developments in
the field of micromechanical components concerning e.g. miniaturised
translation mirrors with electrostatic actuation, are currently also under
research. By using MEMS components, in the future FT-spectrometers with
tolerable resolution and sensitivity could be reduced to the size of a few cm?,
with the actual detector being easily the biggest part of the layout.

Some developments are also going on towards building grating
spectrometers with fixed gratings and detector arrays. These efforts are
limited by the limited spectral range of a single diffraction grating and the
availability of mid-IR detector arrays. The driving force behind these is
military surveillance, which puts some restrictions of the availability. Also,
mid-IR arrays and cameras are currently in a price range that is effectively
prohibiting a mass application.

3.2.6 Detector

IR detectors convert (thermal) radiation energy into electrical signals.
Two classes of such detectors exist: thermal detectors and quantum
detectors.

Thermal detectors are based on the change of a material property due to
the IR radiation. This material property is then transformed into an electric
signal. Used effects include the Seebeck effect (thermocouples, thermopiles),
the change of the resistance due to warming of the detector element
(bolometers) and pyroelectricity (spontaneous electrical polarisation and
hence charge separation due to a change in surface temperature; e.g. in
DTGS detectors). All these detectors can be used over a wide spectral range
and possess an (almost) uniform detectivity, provided the response is not
influenced e.g. by windows protecting the actual detector element. Most
common are pyroelectric detectors, in particular DTGS (deuterated triglycine
sulphate) detectors, as they can be operated at room temperature. A problem
is the high time constant in comparison to quantum detectors and the inferior
detectivity (Figure 6).

Quantum detectors are based on semiconductors. The absorption of a
photon excites an electron from the valence band into the conduction band.
This can be measured either through a change in resistance (photoconductive
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Figure 6. Typical detectivity curves and application ranges for selected IR detectors.

detectors) or by measuring the voltage that is induced during the process
(photovoltaic detectors). Quantum detectors are significantly more sensitive,
especially when cooled to cryo-temperatures to reduce the inherent noise,
but require a certain minimum energy (“cut-off wavelength”) to excite the
electrons over the band-gap and the detectivity decreases with increasing
frequency (decreasing wavelength) of the detected radiation.

In the near-IR, InGaAs and InSb detectors are most common. InGaAs
detectors are available also as line and 2D arrays. In the mid-IR, these
photodiodes cover only the low-wavelength range. For the fingerprint
region, which is of more interest for sensing applications, MCT (mercury
cadmium telluride) detectors are prevalent. MCT detectors have short rise
times and good sensitivity, but have to be operated at cryo-temperatures. For
sensor applications, systems equipped with thermoelectric (Peltier) coolers
(~ 240 °K) or Stirling (closed-circle, CC; 77 °K) coolers are commercially
available, although especially CC-coolers are rather costly.

A new type of high sensitivity mid-IR detector for single wavelengths is
based on an inverted QCL-principle (QCD, quantum cascade detector), but
these are still under development and not yet commercially available.

3.3 Applications

With regard to the development of infrared sensors during the last
decade, some major fields of application can be identified, covering
biological, biochemical or medical applications, environmental monitoring
and process monitoring, with the latter being considered as the area closest
to a widespread application of IR optical sensor systems.
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Since in many applications minor absorption changes have to be detected
against strong, interfering background absorptions of the matrix, advanced
chemometric data treatment, involving techniques such as wavelet analysis,
principle component analysis (PCA), partial least square (PLS) methods and
artificial neural networks (ANN), is a prerequisite.

3.3.1 Biological, Biochemical or Medical Applications

Due to usually complex sample matrices, only few applications of IR
sensors dedicated to medical diagnostics or biological monitoring have been
reported. The most advanced medical IR sensors, which are currently in
clinical testing, are diffuse reflectance NIR spectral imaging systems. They
are currently applied for detection of malignant growth, in particular on the
skin. Characteristic spectral features can be identified to distinguish healthy
skin tissue from cancerous areas, enabling also the determination of the stage
of the skin disease, especially in combination with the imaging information.
Generally, the combination of spectral and spatial data, often complemented
by spectrally resolved VIS images, provides a wealth of information that can
be correlated with superior accuracy to certain forms of cancer.

Also (non-imaging) mid-IR studies on human skin and tissue have been
performed, e.g. by fibre-optic evanescent wave sensing. These experiments
aim at the direct surface analysis of suspiciously looking spots on human
skin and skin tissues for the discrimination of normal, pre-cancerous and
cancerous states™. This, like many other applications are still in the
laboratory phase, while others have proven inferior to competing sensing
methods. As an example, it has been shown that blood glucose can be
measured, either directly or through enzymes immobilised on a chalcogenide
fibre, but the performance of the IR sensors did not merit a practical
application, in particular in view of the strong competition in particular in
this field.

3.3.2 Environmental Monitoring

The continuous determination of compounds, which may adversely affect
ecosystems and/or human health, is a major regulative and legislative goal of
environmental protection nowadays. Considering the costs and efforts
related to this task corroborates a clear demand for portable, real-time, in-
situ, field applicable and cost-effective monitoring techniques. Due to their
inherent properties, vibrational spectroscopic sensors, in particular fibre-
optic sensors show a high potential to contribute to these applications.

One example are fibre-optic chemical sensor systems for volatile organic
pollutants in water*”™’. These sensors are based on coupling the IR radiation
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of a FT-spectrometer into an IR-transmitting fibre acting both as transfer
waveguide and sensor element. The actual sensing area is coated with a thin
hydrophobic polymer layer serving both as an extractor phase enriching the
hydrophobic analytes in close vicinity to the sensor surface and as protection
against water. In combination with a broadband IR light source and an FTIR
spectrometer, simultaneous qualitative and quantitative detection of various
organic pollutants is possible. A similar system is based on a compact
turning grating spectrometer and an ATR crystal as sensor element™. In this
example, the entire system, including the spectrometer, is designed to fit into
a 2” cylinder to be used for application in groundwater probing wells.

Other environmental monitoring applications have been described for the
measurement of environmentally relevant gases, either using hollow
waveguide transmission cells combined with a spectrometer for multi-
component analyses or compact, dedicated single-analyte gas cells based on
integrated semiconductor structures™. Also IR emission-based remote
sensors have successfully been used to analyse e.g. exhausts of passing cars
or from (distant) industrial flue gases.

3.3.3 Process Monitoring

Process monitoring, in particular in-situ and in real time, is certainly the
biggest application area of IR sensors. In particular near-IR probes for
standard applications, like product identification and quality control, are
widely used, but also process surveillance and process control can be
coupled to near-IR sensors. Mid-IR sensors have roughly the same
applications, but are practically used only if near-IR sensors fail to perform
satisfactorily. In-situ mid-IR process sensors have been used for composition
control of well-defined organic reaction mixtures, e.g. melamine formation,
as well as for e.g. broth monitoring in bio-fermentations™® *’. Also solids, in
particular powders can be analysed, even highly abrasive substances when
using diamond optics.

Gas sensing applications, with special emphasis on fast response times
and small sample volumes, have been realised based on hollow waveguides
acting as capillary flow cells for gases such as ethylene® *’, methane,
butane®® and CO,®'. The ATR fibre type has been used to measure NO, and
SO,”, utilising the high chemical inertness of this type of waveguides. The
gaseous sample is pumped through the hollow waveguide core while the IR
radiation is coupled into the waveguide by a focusing mirror or a suitable
lens. Due to the internal reflections the waveguide acts as a low-volume
multi-pass gas cell. Consequently, such a system shows a high sample
exchange rate and an increased sensitivity compared to a conventional
single-pass gas cells.
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For solid samples, spectral imaging sensors are frequently the method of
choice. The task here is rarely to detect trace amounts, but rather main and
minor components and their distribution on the surface. The investigable
sample size is determined by the optics and the resolution of the detector
element. Practically, it can range from kilometres to millimetres, with spatial
resolutions in the range of one hundredth to one ten thousandth of the
overview area. In the near-IR, the material of the investigated samples or the
type of a surface contamination can be determined. Applications range from
the quick investigation of jewels over contamination detection on food® ® to
real-time sensors for the on-line identification and classification of e.g.
polymer parts for an automated waste sorter®.

4. RAMAN SENSORS

Raman sensors can be used for all three physical states. It possible to
measure gases, though at the expense of sensitivity due to the lower sample
density, liquids and solids of different forms and shapes. Basically any
Raman active substance could be detected, also in aqueous solution,
provided substance and the sample matrix permit Raman measurements
(fluorescence problem, absorption, ...) and the analyte concentrations are
sufficiently high.

In the majority of sensor applications, the motivation behind using
Raman is to measure the selective features available through vibrational
spectroscopy without having to deal with the problems coming with infrared
measurements. The two related top advantages are the applicability of
inexpensive standard fibres for light transfer and the capability of measuring
in water. Applications encompass environmental monitoring in groundwater
wells as well as process control. A second incentive is the ability to measure
vibrational states that are not IR-active or occur at wavenumbers belonging
to the far-IR. Raman sensors allow e.g. to detect molecular hydrogen or to
distinguish between different crystalline formations of one substance during
a manufacturing process. The third reasoning is the application as trace
amount sensor using surface enhancement effects, e.g. in environmental in-
situ monitoring.

4.1 Sensor Layouts

The basic layout of Raman sensors is similar to fluorescence probes. The
common sensor form is that of a fibre optic probe, with excitation and
collection fibres. As the excitation light comes from a monochromatic source
no excitation filter is required, but a spectrally matched emission notch filter
blocking the excitation wavelength is almost always part of the sensor head.
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Ernission Fibres

Ermission Filter
a b c
Figure 7. Exemplary Raman sensor layouts; a: reflection-type probe with single excitation

fibre and collection fibre bundle; b: angular probe with internal laser diode; c: sensing fibre
probe.

The actual sensor head geometry can be adapted to the respective
application. Common layouts follow the classical backscattering geometry
(Figure 7-a), with coaxially arranged excitation and the collection fibres and
angular layouts (Figure 7-b), where the excitation and the collection fibres
are spatially separated. Both varieties can be found with or without windows,
depending on the intended application, and are commercially available from
various suppliers.

Occasionally, arrangements with a fibre as sensing element (Figure 7-c)
are used, in particular for SERS measurements (the fibre is then coated with
the SERS substrate). When using such a layout, it must be taken into account
that also the Raman scattering caused by the waveguide material is recorded
and must be filtered out. The same applies to arrangements where a window
or any other optical element illuminated by the excitation radiation is in the
field of view of the collection optics.

4.1.1 SERS

For trace analysis in fluids, some Raman sensors (try to) make use of the
SERS effect to increase their sensitivity. While the basic sensor layout for
SERS sensors is similar to non-enhanced Raman sensors, somehow the
metal particles have to be added. Other than in the laboratory, where the
necessary metal particles can be added as colloidal solution to the sample,
for sensor applications the particles must be suitably immobilised. In most
cases, this is achieved by depositing the metal particles onto the surfaces of
the excitation waveguide or the interface window and covering them with a
suitable protection layer. The additional layer is required as otherwise wash-
out effects or chemical reactions between e.g. sulphur-compounds and the
particles reduce the enhancement effect. Alternatively, it is also possible to
disperse the metal particles in the layer material before coating and apply
them in one step with the coating. Suitable protection or matrix materials for
SERS substrates could be e.g. sol-gel layers or polymer coatings. In either
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case, the material must be as freely permeable for the intended target
molecules as possible.

A general problem with SERS measurements is the quantification. First,
some modes will be strongly enhanced, some weaker and some not at all. A
second problem is that the enhancement factors strongly depend on the
particle surface, size, etc. In practice, this means not only that each SERS
sensor has to be calibrated individually but also that the sensor response will
drift if the particles change, e.g. due to aging. Reliable, stable quantification
is most easily obtained by measuring a ratio against an internal standard,
something that is not always easy to realise in real-world sensing. For more
information on sensors based on surface enhanced Raman spectroscopy
sensors and active substrates, please see chapter 12.

4.2 Instrumentation

Similar to IR sensors, Raman sensors have profited from miniaturisation
and improvement of light sources and optics. Essentially, a Raman sensor
consists of (i) a monochromatic source, a (ii) sensor head, a (iii) filter
separating the Raman lines from the excitation radiation and Rayleigh
scattering and a (iv) spectral analyser.

In most arrangements, the source and the spectrometer are outside the
actual sensor head, either in separate or in a common housing, while the
optical connection to the actual sensor head is achieved by optical fibres or
fibre bundles. The emission filter is integrated either in the sensor head or in
the entrance part of the spectrometer. Such arrangements are especially
advantageous for sensors operating in harsh environments, like elevated
temperature, strong electric or magnetic fields or radioactive hazard zones.
In other designs, the laser source and occasionally even the spectrometer are
also integrated into the sensing unit to keep the optical distances short and
thus optimise the sensitivity.

4.2.1 Source

In practical application, Raman sensors exclusively use frequency-
stabilised laser sources to compensate for the low intensity of the Raman
radiation. For Raman sensors, prevalently compact high-intensity external
cavity laser diodes are used, operated in CW (continuous wave) mode. These
diode lasers combine high intensity with the spectral stability required for
Raman applications and are commercially available at various wavelengths.

The wavelength selection depends very much on the samples to be
investigated and is influenced by three main considerations. First, the sample
must not (strongly) absorb at the excitation wavelength. Otherwise, the
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sample will heat up, at the best influencing the vibrational states and at the
worst burning or photo-bleaching the sample. For excitation in the VIS, this
means the samples should not be coloured, while in the NIR in particular the
water absorptions may be a serious problem. Second, as the Raman
intensities have a forth-order relationship to the excitation frequency,
possibly short excitation wavelengths should be used, but without exciting
fluorescence in the sample. A third factor is the wavelength dependent
sensitivity of the chosen/available detector or detector array.

For sensing, excitation wavelengths are typically between 400 nm and 1
um. For non-fluorescing samples, a possibly short excitation wavelength
should be selected. Mostly blue or green laser sources are used. For samples
(potentially) containing fluorophores, a good compromise is to use sources
operating in the red (600 - 700 nm) or the short-wave near-IR around 800 -
900 nm. At these wavelengths, the fluorescence problem is generally low,
the intensities of the Raman lines are for many analytes still acceptable and
water absorption bands do not interfere.

4.2.2 Waveguides and Optical Elements

In Raman sensing, waveguides are usually used only for light transfer,
taking the excitation radiation from the source to the sensor head and the
scattered light from the sensor head to the spectral analyser. The selection of
a suitable waveguide depends on the excitation wavelength. Usually core-
clad high-quality standard quartz or low-OH quartz fibres are used.
Excitation fibres can be multi-mode or mono-mode, as collection fibres
always multi-mode fibres are used. The excitation light is usually delivered
by one fibre, often pig-tailed into the laser diode, while the emission is
collected by a fibre bundle to increase the overall sensitivity. All these
waveguides are casily available at low prices, both as naked fibres or
assembled fibre-optic cables. For special applications, in particular at high
temperatures or in chemical environments incompatible to quartz, also
sapphire fibres or other suitable materials can be used.

Similar to the choice of waveguides, standard optics suitable for the
respective excitation wavelengths can be used. Obviously, high quality
optics should be used, in particular in the collection light path to achieve
optimal system performance. The one thing that has to be taken into account
during the optical layout is that virtually any optical element in contact with
the excitation radiations will produce its own Raman scattering radiation.
This is irrelevant if the excitation and the collection light paths are entirely
separated. If common optical elements are used, e.g. a window or lenses,
Raman peaks originating from the optics will occur in the recorded spectra.
This may be of advantage, as these signals can be used as internal reference
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signals, but the signals might as well interfere with the sample spectra and
thus complicate the signal evaluation.

4.2.3 Emission Filter

Independent of the geometry, the collected light contains large amounts
of reflected excitation radiation and Rayleigh scattering. Since this radiation
is several orders of magnitudes stronger than the Raman signals, it must be
filtered out before detecting the Raman lines. To block Rayleigh scattering
and reflected excitation light, nowadays primarily volume holographic filters
(“notch filters”) are used. Although more expensive than classical dielectric
filters, the high transmittance in the range of the Raman signals together with
a high optical density in the blocking range and the narrow achievable
bandwidths well merit the extra expense. Notch filters are nowadays
commercially available in various sizes for practically any wavelength in the
UV to shortwave NIR.

The implementation of notch filters makes the application of compact
single-stage spectrographs, as used for chemical sensors, possible in the first
place. Additionally, it permits to detect Raman lines much closer to the
Rayleigh wavelength than previously possible.

4.2.4 Spectral Analyser

As a rule of thumb, a difference of 4 cm” in the Raman spectrum
corresponds to a wavelength shift of ~ 0,1 nm in the measured spectrum. To
distinguish two spectral features 50 cm™ apart, full spectral separation must
be achieved over an interval of less than 2 nm. This effectively excludes
filter solutions. Therefore, Raman arrangements practically always rely on
spectrometers for spectral analysis.

While essentially any spectrometer suitable for the spectral range around
the excitation wavelength can be used, spectrometers used for Raman
sensors are almost exclusively based on a static grating in combination with
an array detector. The spectrometers are typically tied to a fixed excitation
wavelength and optimised on possibly high resolution over a narrow
wavelength range (~ 100 nm). High-resolution grating spectrometers for
sensor applications (Raman resolution < 4 cm™) employ possibly sensitive
detector arrays, but are rather expensive. Alternatively, low-resolution
systems (Raman resolution ~ 16 cm™) are available at significantly lower
prices, but also at the cost of a reduced sensitivity. Grating spectrometers
are available for excitation wavelengths up to around 1 pm. Above that,
grating spectrometers are usually too insensitive, also because of the lower
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sensitivity of the available detectors (Figure 6), while FT-Raman
spectrometers are not very well compatible with sensor applications.

4.3 Applications

Similar to IR sensors, process analysis is the prevalent application area.
Due to the applicability of standard VIS instrumentation, Raman probes have
been used for more than two decades® ®. Typically, Raman probes are
applied where near-IR probes fail and hence are in direct competition to
mid-IR probes.

Practical applications have been reported e.g. to distinguish between
different crystalline forms of TiO, in a titianium oxide factory, based on the
characteristic lattice vibrations®’, but also to analyse the composition in the
highly radioactive environment of a nuclear waste cooling tank®. A different
application, that is exclusively available through Raman sensing, is the
isotope selective detection of hydrogen and deuterium®, e.g. for fusion
reactors.

Some standard Raman sensors aim also at other applications, e.g.
groundwater monitoring. However, the majority of such applications, where
high sensitivity is significantly more important than for process control, use
the SERS approach. While SERS sensors are currently under development,
some interesting results have already been published, dealing with
biochemical and biological analysis’> "' or with environmental pollution
monitoring, e.g. in the marine environment’”.
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1. INTRODUCTION

Luminescence is the emission of light from an electronically excited
compound returning to the ground state. The source of excitation energy
serves as a basis for a classification of the various types of luminescence.
Chemiluminescence occurs in the course of some chemical reactions when
an electronically excited state is generated. Bioluminescence is a special case
of chemiluminescence occurring in some living organisms and involves a
protein, generally an enzyme.

Bio- or chemiluminescence measurements consist in monitoring the rate
of production of photons and thus, the light intensity depends on the rate of
the Iuminescent reaction. Consequently, light intensity is directly
proportional to the concentration of a limiting reactant involved in a
luminescence reaction. With modern instrumentation, light can be measured
at a very low level, and this allows the development of very sensitive
analytical methods based on these light-emitting reactions.
Bioluminescence-based and chemiluminescence-based sensors have been
then developed with the aim of combining the sensitivity of light-emitting
reactions with the convenience of sensors. Optical fibres associated with a
sensitive light detector appeared to be convenient transducers for designing
biosensors involving these kind of luminescent reactions. In addition to these
optical fibre-based sensors several luminescence analytical systems
including immobilized reagents but not optical fibres have been described.
More recently, chemi- and electrochemiluminescence detections have been
also used instead of fluorescence for the development of biochips and
microarrays.
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2. LIGHT-EMITTING REACTIONS

2.1 Chemiluminescence

Chemiluminescence reactions are currently exploited mainly either for
analyte concentration measurements or for immunoanalysis and nucleic acid
detection. In the latter case, a compound involved in the light emitting
reaction is used as a label for immunoassays or for nucleic acid probes. In
the former case, the analyte of interest directly participates in a
chemiluminescence reaction or undergoes a chemical or an enzymatic
transformation in such a way that one of the reaction products is a coreactant
of a chemiluminescence reaction. In this respect, chemiluminescent systems
that require H,O, for the light emission are of particular interest in
biochemical analysis. Hydrogen peroxide is in fact a product of several
enzymatic reactions, which can be then coupled to a chemiluminescent
detection.

Among the different synthetic compounds used for hydrogen peroxide
determination, only luminol and oxalate esters have found widespread use
and were really evaluated for H>O; detection.

2.1.1 Luminol Chemiluminescence Reaction

The chemiluminescent properties of luminol (5-amino-2,3-
dihydrophthalazine-1,4-dione) were first reported in 1928 by Albrecht'.
Since that time, the chemiluminescence of luminol and related hydrazides
has been studied extensively.

In aprotic media, the chemiluminescent oxidation of Iuminol requires
only oxygen and a strong base™™.

In protic solvents (e.g. water), an oxidation system and an oxidative
catalyst are required in addition to alkaline conditions' (pH 10-13).
Hydrogen peroxide is the most frequently used oxidizing agent. Transition
metal cations (Cr3+, Mn4+, F e2+, F e3+, C02+, Ni2+, Cu2+, Hg2+), either free or
complexed to organic or inorganic ligands, catalyze the luminol
chemiluminescence oxidation. This is why heme-containing proteins,
particularly horseradish peroxidase (EC 1.11.1.7) are able to catalyze the
chemiluminescence of luminol in the presence of hydrogen peroxide. The
use of this enzyme has the advantage over other catalysts such as
ferricyanide in that the chemiluminescent reaction can proceed at near
neutral pH values® (8-8.5).

Another way to produce light from luminol is electrogenerated
chemiluminescence® 7. Luminol is oxidized using a positively biased
electrode and in the presence of hydrogen peroxide the light emission
occurs.
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The overall reaction scheme of the luminol chemiluminescence in an
aqueous medium is shown in Figure 1. The luminol oxidation leads to the
formation of an aminophthalate ion in an excited state, which then emits
light on return to the ground state. The quantum yield of the reaction is low
(= 0.01) compared with bioluminescence reactions and the emission
spectrum shows a maximum' at 425 nm.

NH, NH, *
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Il\IH H,0, OH R O? N o
catalyst / cooxidant 0°
¢} L o
luminol aminophthalate
NH, O
oS
o’ Light
(Apax = 425 nm)
O

Figure 1. Overall luminol chemiluminescence reaction in aqueous medium.

2.1.2 Oxalate Ester Chemiluminescence Reaction

Some esters of oxalic acid, mainly aryl-oxalates, react with the oxidant
H,0; in the presence of suitable fluorescers to give rise to light emission.
The chemical system is generally known as the peroxyoxalate
chemiluminescence system and is an energy transfer system. By reacting
with hydrogen peroxide, the oxalic acid ester gives an unstable intermediate
of high energy, 1,2-dioxetanedione, which in turn excites the fluorescer. The
excited fluorescer returns to the ground state emitting light in a typical
fluorescence process® °. The overall reaction of aryl-oxalate chemi-
luminescence is shown in Figure 2. In fact, the production of 1,2-
dioxetanedione proceeds in two steps with first, the production of one phenol
molecule and peroxyoxalic acid which decomposes into a second phenol
molecule and 1,2-dioxetanedione intermediate. Then, the intermediate forms
a charge-transfer-type complex with the fluorescer. This unstable
intermediate releases excited fluorescer and two carbon dioxide molecules.

The best known ester of oxalic acid and probably the more efficient is
TCPO (bis-(2,4,6-trichlorophenyl)oxalate). With suitable fluorescers such as
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Figure 2. Aryl-oxalate chemiluminescence reaction. F is a fluorescer.

perylene, rubrene or 9,10-diphenylanthracene the quantum yield of the
chemiluminescence reaction is of the order of 0.22 - 0.27 and the colour of
the emitted light depends on the fluorescer used.

The chemiluminescence reaction of esters of oxalic acid can proceed
within a wider pH range than for luminol. However, the most efficient
oxalate derivatives are only soluble in organic solvents such as ethyl acetate,
acetonitrile, dioxane or dimethoxyethane and dissolution problems of these
solvents in aqueous media are encountered. This can limit the use of this
chemiluminescence reaction for a direct coupling to an H;O;-generating
enzymatic reaction.

2.2 Bioluminescence

Although numerous luminous organisms are known, only a few of them
has been studied and really exploited. Analytical applications of
bioluminescence concern mainly the detection of ATP with the firefly
luciferase and of NADH with some marine bacteria systems. Luciferase
from the North American firefly, i.e., Photinus pyralis, has been extensively
studied'®"? and afterwards, attention has been paid to the luciferase from
Luciola mingrelica, i.e., the North Caucasus firefly'* ™",

In some bioluminescent organisms, light is produced without the
intervention of a luciferase, directly from a protein-luciferin complex, called
a photoprotein, where the luciferin is tightly or covalently bound to the
protein. These systems are able to release energy in the form of light
emission, independently of a chemical or enzymatic reaction. This energy
“discharge” occurs in the presence of a triggering compound, generally H
or Ca”" ions depending on the bioluminescent systems.
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For example, the jellyfish Aequorea contains a photoprotein called
aequorin of molecular weight about 20,000 and with a heterocyclic
compound called coelenterazine covalently linked to it. The protein contains
bound oxygen and three calcium binding sites and upon addition of calcium
ions, a blue light is produced'®. This bioluminescence system can be used for
imaging the Ca”" content in living cells. However, it has not been exploited
for sensor development since the protein does not turnover and consequently
is efficient only once for the production of light.

2.2.1 Firefly Bioluminescence

The firefly luciferase (EC 1.13.12.7) catalyzes the emission of light in the
presence of ATP, Mg2+, molecular oxygen and firefly luciferin a specific
natural substrate (Figure 3).

The colour of the light emission is yellow-green with a maximum at 560
nm. The quantum yield of the firefly luciferase bioluminescence reaction is
close to 1 under optimum conditions of temperature and pH and in the
presence of saturating luciferin concentration'’.

Synthetic luciferin as well as purified preparations of native and
recombinant firefly luciferases are now commercially available allowing the
bioluminescent determination of ATP to be used as a routine analysis
technique in some laboratories.

a
o Sfirefly : o .
ATP + luciferin + O, ——— AMP + PPi + oxyluciferin + CO, + light
luciferase

(Apax = 560 nm)

b
N N N N O
\>_</ ijOOH \>_</ jl/
OH S S OH S S

luciferin oxyluciferin

Figure 3. (a) The firefly luciferase bioluminescence reaction. (b) Structure of the specific
substrate luciferin and the corresponding reaction product oxyluciferin.

2.2.2 Bacterial Bioluminescence

The bacterial bioluminescent reaction is also catalyzed by a luciferase
(EC 1.14.14.3) isolated from marine bacteria. The four most studied types
are Vibrio harveyi, Vibrio fischeri, Photobacterium phosphoreum and
Photobacterium leiognathi' *°. In these different luminescent bacteria the
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same light emission mechanism is involved and the luciferases are similar™.
The substrates of the bacterial luciferase reaction include reduced flavin
mononucleotide (FMNH>), molecular oxygen and a long-chain aldehyde (R-
CHO). In vitro, decanal is generally used as the aliphatic aldehyde and light
emission occurs with a peak at 490 nm. FMNH, is only a transient
intermediate and is produced in the course of an oxido-reduction reaction,
catalyzed by an oxidoreductase, which involves the oxidation of NADH or
NADPH concomitantly with the reduction of FMN.

This reductase was isolated from various strains of bioluminescent
bacteria as well as in several species of non-luminous aerobic and anaerobic
bacteria®’. The two most useful light-emitting systems were isolated from V.
harveyi and V. fischeri. Distinct oxidoreductases for NADH and NADPH
were identified in extracts of V. harveyi’> whereas V. fischeri appears to have
only one oxidoreductase acting on both NADH and NADPH. Thus, the
bacterial bienzymatic system allows NAD(P)H to be assayed, providing it is
the limiting substrate (Figure 4). In addition, the use of coupled reactions
makes it easy to determine various substrates and enzymes involved in
NAD(P)H producing or consuming reactions.

oxidoreductase

NAD(P)H+H" ﬁ NAD(P)"
FMN FMNH,
bacterial
R—COOH + H,0 , R—CHO+0,
ﬁuczfemse
light

(Aax = 490 nm)

Figure 4. Coupled bacterial bioluminescent reaction allowing the detection of NADH or
NADPH.

3. COUPLED ENZYMATIC REACTIONS

Bioluminescence and chemiluminescence are very powerful analytical
tools, since in addition to the direct measurement of ATP, NAD(P)H or
hydrogen peroxide, any compound or enzyme involved in a reaction that
generates or consumes these metabolites can be theoretically assayed by one
of the appropriate light-emitting reactions. Some of these possibilities have
been exploited for the development of optical fibre sensors, mainly with
bacterial bioluminescence and with luminol chemiluminescence.
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3.1 NADH-Dependent Reactions

The bioluminescent determinations of ethanol, sorbitol, L-lactate and
oxaloacetate have been performed with coupled enzymatic systems
involving the specific suitable enzymes (Figure 5). The ethanol, sorbitol and
lactate assays involved the enzymatic oxidation of these substrates with the
concomitant reduction of NAD™ in NADH, which is in turn reoxidized by
the bioluminescence bacterial system. Thus, the assay of these compounds
could be performed in a one-step procedure, in the presence of NADT in
excess. Conversely, the oxaloacetate measurement involved the
simultaneous consumption of NADH by malate dehydrogenase and bacterial
oxidoreductase and was therefore conducted in two steps.

ADH
ethanol + NAD®" ——» acetaldehyde + NADH + H"

SDH
D-sorbitol + NADT——» D-fructose + NADH + H"

LDH
L-lactate + NAD* ——» pyruvate + NADH + H"
MDH
oxaloacetate + NADH + H* ——> NAD™" + L-malate
Figure 5. Example of dehydrogenase reactions which can be coupled with the bienzymatic
bacterial bioluminescent system. ADH = alcohol dehydrogenase (EC 1.1.1.1), SDH = sorbitol

dehydrogenase (EC 1.1.1.14), LDH = lactate dehydrogenase (EC 1.1.1.27), MDH = malate
dehydrogenase (EC 1.1.1.37).

3.2 H,;0,-Generating Enzymatic Systems

The main interest of luminol chemiluminescence in biochemical and
clinical analysis is the possibility of coupling this light-emitting reaction
with enzyme-catalyzed reactions generating hydrogen peroxide. Simple
auxiliary H,O;-generating reactions as well as multi-enzymatic systems
leading to the production of hydrogen peroxide can be used for the specific
chemiluminescent detection of different metabolites. Some of these systems,

used for the design of chemiluminescence-based biosensors, are listed in
Table 1.
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Table 1. H;O,-generating enzymatic systems for chemiluminescence-based optical fibre
biosensors (Abbreviations: OX = oxidase, PNPase = purine nucleoside phosphorylase).

Metabolite Enzyme Enzymatic reaction

Choline choline OX (EC 1.1.3.17) choline + 2 O, = betaine + 2 H,0,
Ethanol alcohol OX (EC 1.1.3.13) primary alcohol + O, = aldehyde + H,0,
D-Glucose glucose OX (EC 1.1.3.4) B-D-glucose + O, = H0, +

D-glucono-1,5-lactone

L-Glutamate  L-glutamate OX (EC 1.4.3.11) 2 L-glutamate + O, + H,O = 2 NH; +
2 a-ketoglutarate + H,O,

L-Glutamine  Glutaminase (EC 3.5.1.2) L-glutamine + H,O = NHj3 + L-glutamate

L-glutamate OX (EC 1.4.3.11) 2 L-glutamate + O, + H,O = 2 NHj +
2 a-ketoglutarate + H,O,

Hypoxanthine xanthine OX (EC 1.1.3.22) hypoxanthine + O, + H,O = xanthine +
H202

xanthine OX (EC 1.1.3.22) xanthine + O, + H,O = urate + H,O,

L-Lactate lactate OX L-lactate + O, = pyruvate + H,0O,
L-Lysine L-lysine OX (EC1.4.3.14) L-lysine + O, = NH3 + H,O; + 6-amino-
2-oxo-hexanoate
Phosphate PNPase (EC 2.4.2.1) Pi + inosine = ribose-1-phosphate +
hypoxanthine
xanthine OX (EC 1.1.3.22) hypoxanthine + O, + H,O = xanthine +
H,0,
xanthine OX (EC 1.1.3.22) xanthine + O, + H,O = urate + H,O,
Sulphite sulphite OX (EC 1.8.3.1) SO3% + 0, + H,0 = SO,* + H,0,
Xanthine xanthine OX (EC 1.1.3.22) xanthine + O, + H,O = urate + H,0,

4. DESIGN OF FIBEROPTIC BIOSENSORS

The first biosensor combining an optical fibre and an enzyme-catalyzed
light-emitting process was described about twenty-five years ago by
Freeman and Seitz>. It consisted of a 2 feet-long optical fibre with a 1/8 inch
diameter at the tip of which was placed horseradish peroxidase immobilized
in a thin layer of polyacrylamide. The other end of the optical fibre was
placed in front of a photomultiplier tube. The sensing part of the sensor was
immersed in a 10-ml stirred solution of buffer containing luminol. When
hydrogen peroxide was injected in this reaction medium, light was emitted at
the enzymatic phase and transmitted through the optical fibre to the detector.
The first optical fibre biosensor based on bioluminescence reactions was
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described in 1988 and consisted of a 1-meter glass fibre bundle of 8§ mm in
diameter*. The bioluminescence enzymes were immobilized on a white
polyamide membrane maintained in close contact with the surface of one
end of the fibre bundle, the other end being connected to the photomultiplier
tube of a luminometer. The sensor was immersed in a 4.5 ml stirred and
thermostated reaction medium protected from the ambient light by a
polyvinyl chloride jacket.

Finally, all the bio- and chemi-luminescence-based optical fibre
biosensors described were designed according to nearly the same principle,
that is an optical fibre or a fibre bundle with one end connected to a light
detector, generally a photomultiplier tube, and with the other end bearing the
immobilized light-emitting enzymes and protected from ambient light to
avoid interferences. This basic configuration was used either in batch
systems or included in flow injection analysis (FIA) systems. As an example,
schematic representations of the devices developed in our laboratory for
batch analysis and FIA with luminescence-based optical fibre biosensors are
shown in Figures 6 and 7, respectively.

4.1 Sensing Layer Design

Except the physical entrapment of horseradish peroxidase in a
polyacrylamide gel used by Freeman and Seitz”’, immobilization of the

light detector

Figure 6. Optical fibre biosensor setup. (a) Optical fibre bundle; (b) thermostated reaction
vessel; (c¢) reaction medium; (d) sensing layer; (e) stirring bar; (f) septum and needle guide for
sample injection; (g) PVC jacket; (h) screw-cap for securing the sensing layer.



166 L.J. Blum and C.A. Marquette

luminescence enzymes was mainly performed via a covalent coupling on a
synthetic membrane. Commercially available membranes, supplied in a
preactivated form, were used by several authors: Immunodyne from Pall,
Immobilon-AV from Millipore or UltraBind from Gelman Sciences.

.

FO

——p outlet

inlet —Pﬁ (] F d

Figure 7. (a) Flow diagram of the optical fibre continuous-flow system for bioluminescence
and chemiluminescence measurements: S, sample; C, carrier stream; PP, peristaltic pump; IV,
injection valve; W, waste; FO, optical fibre; FC, flow-cell. (b) Details of the optical fibre
biosensor/flow-cell interface: a, optical fibre; b, sensing layer; c, light-tight flow-cell; d,
stirring bar.

4.1.1 Co-Immobilized Auxiliary Enzymes

As mentioned above, in order to extend the potentialities of the
luminescence-based optical fibre biosensors to other analytes, auxiliary
enzymes can be used. The classical approaches consist either of the co-
immobilization of all the necessary enzymes on the same membrane or of
the use of microreactors including immobilized auxiliary enzymes and
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placed in a FIA system, upstream from the luminescence-based optical fibre
sensor.

4.1.2 Compartmentalized Sensing Layer

Another approach, developed in our laboratory, consists of the
compartmentalization of the sensing layer*>’. This concept, only applicable
for multi-enzyme based sensors, consist in immobilizing the luminescence
enzymes and the auxiliary enzymes on different membranes and then in
stacking these membranes at the sensing tip of the optical fibre sensor. This
configuration results in an enhancement of the sensor response, compared
with the case where all the enzymes are co-immobilized on the same
membrane. This was due to an hyperconcentration of the common
intermediate, i.e. the final product of the auxiliary enzymatic system, which
is also the substrate of the luminescence reaction, in the microcompartment
existing between the two stacked membranes.

4.1.3 Entrapped Coreactants

Since ideally, a biosensor should be reagentless, that is, should be able to
specifically measure the concentration of an analyte without a supply of
reactants, attempts to develop such bioluminescence-based optical fibre
biosensors were made for the measurements of NADH***°. For this purpose,
the coreactants, FMN and decanal, were entrapped either separately or
together in a polymeric matrix placed between the optical fibre surface and
the bacterial oxidoreductase-luciferase membrane. In the best configuration,
the period of autonomy was 1.5 h during which about twenty reliable assays
could be performed.

For luciferin, a firefly luciferase cosubstrate, another method of retention
has been evaluated which consisted of incorporating the substrate in acrylic
microspheres during their formation, these last being then confined in a
polymeric matrix’'. Using the suitable co-immobilized enzymes (adenylate
kinase and creatine kinase), the three adenylic nucleotides (ATP, ADP and
AMP) could be assayed continuously and reproducibly with a self-
containment working time of 3 h.

4.2 Characteristics and Performances of Bioluminescence
and Chemiluminescence-Based Fiberoptic Sensors

The main performances of batchwise and flow luminescence-based
optical fibre sensors are summarized in Tables 2 and 3. As it can be shown
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in these tables, the sensitivity achieved is generally better with
bioluminescence-based sensors than with chemiluminescence-based sensors.
This could be explained by considering the quantum yield of these light-
emitting reactions. For the firefly luciferase reaction the quantum yield is
closed to 1 and for the bacterial bioluminescence reaction it is about 0.3
whereas it is only 0.01 for the luminol chemiluminescence reaction.

Table 2. Performances of batchwise and flow injection analysis (FIA) bioluminescence-based
optical fibre sensors.

Analyte Linearity or detection limit  Precision System Reference
ADP® 1x 10" mol 4.3% FIA 31
AMP® 25x 10" mol 6% FIA 31
ATP 28x10'%14x10°M /I batch 24
ATP® 1x10"°-1x10°M 6%at9x 10 M batch 32
ATP® 0.25 x 10" mol 4-4.5% FIA 33
ATP® 2.5x 10% mol 4% FIA 31
Ethanol 4x107-7x10°M 54%at5x10°M  batch 34
Lactate®  2x 10 M 5.1% batch 26
LDH 5-25010 1" FIA 35
NADH 3x107-3x10°M " batch 24
NADH 1x107-3x10°M 5%at4x 10° M batch 36
NADH 2x10° M@ 42%at410°M batch 37
NADH 03x10° M© 48%at4x10°M  batch 37
NADH 2x10%-1x10°mol  34%at1x10 ' mol FIA 38
NADH®  1x107-1x10°M 6% at4x 10° M batch 32
NADH®  5x 107" mol 4-4.5% FIA 33
NADH?  5x10"%-5x10""mol  <3% FIA 30
oxaloacetate 3x 107 -2x 10°M 51%at5.5x10°M  batch 34
sorbitol 2x10%-2x10°M 6%at44x10’ M  batch 34

(LDH) lactate dehydrogenase.

@ reagentless biosensor with luciferin immobilized in microspheres included in a polymeric
matrix.

® firefly luciferase co-immobilized with the bacterial oxidoreductase-luciferase system.

© compartmentalized system.

@ bacterial oxidoreductase-luciferase system from V. harveyi.

©) bacterial oxidoreductase-luciferase system from V. fischeri.

@ reagentless biosensor, i.e. with FMN and decanal entrapped in a polymeric matrix.
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Table 3. Performances of batchwise and flow injection analysis chemiluminescence-based
optical fibre sensors.

Analyte Linearity or detection limit ~ Precision System  Reference
Choline 1x10°%-1x10° M " FIA 39
0.5x 102 mol 2.6% FIA 40
Ethanol 3x10°-75x10*M 24%at3x10*M  FIA 41
D-Glucose 3x107-3x10*M 3.8%at5x10°M  batch 42
2x10°-1.8x10°M 7 batch 43
25x10'°-25x10 " mol  3.8%at1x10° mol FIA 44
L-Glutamate ~ 1x 107 -6x 10° M 7 FIA 45
L-Glutamine  1x10°-25x10° M " FIA 45
H,0, 1x10°-1x10* M 5%at1x 10" M batch 23
2x10°%-2x10° M " batch 24
24x10°-12x10°M 2.6%at2.5x10° M Dbatch 42
25x107-25x10%mol  2.5%at 1 x 10" mol FIA 44
1x10°%-1x10° M 3% FIA 46
625x107-25x10 " mol 3%at2.5x10 " mol FIA 47
Hypoxanthine 1x10°-3.1x10*M 1" batch 48
L-Lactate 25x10°-125x10°mol  1.7%at6x 10° mol ~ FIA 49
L-Lysine 1x10°-1x10° M 7 FIA 50
1x10°-1x10° M 7 FIA 51
Phosphate 1x107-1x10*M " FIA 51
Sulphite 1x10°-1x10* M " batch 52
Xanthine 31x10°%-3.1x10*M 1 batch 48

4.3 Electrochemiluminescence-Based Fiberoptic Biosensors

As mentioned above, an original and unusual way to obtain a high
sensitive  hydrogen peroxide detection is the electrogenerated
chemiluminescence of luminol (ECL). Based on this electro-optical process,
a flow injection analysis optical fibre HyO; sensor has been developed™~*.
The electrochemiluminescence was generated using glassy carbon electrode
polarized vs a platinum pseudo-reference electrode and integrated in a flow
injection analysis system (Figure 8).
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Polarograph |}

Figure 8. Flow cell for electrochemiluminescence measurements: (a) glassy carbon electrode;
(b) sensing layer; (c) reagent solution outlet; (d) Plexiglas window; (e) liquid core single
optical fiber; (f) stirring bar; (g) reagent solution inlet; (h) platinum electrode.

The optimization of the reaction conditions showed that an applied
potential of + 425 mV vs a platinum pseudo-reference electrode enabled the
realization of a sensitive HyO; sensor while avoiding passivation of the
working electrode. An optimum pH measurement of 9 was found and
moreover, the pH dependence of the ECL sensor appeared less pronounced
than when using immobilized HRP as the sensing layer. Under optimum
conditions, hydrogen peroxide measurements could be performed in the
range 1.5 pmol - 30 nmol. This ECL H,0O; sensor then exhibited slightly
higher performances than membrane-based horseradish peroxidase
chemiluminescent FIA biosensors (see **, Table 3).

4.3.1 Glucose and Lactate Electrochemiluminescent Biosensor

For the development of glucose and lactate ECL FIA biosensors™, the
hydrogen peroxide ECL sensor was associated with the catalytic action of
glucose oxidase and lactate oxidase. The oxidases were immobilized on
synthetic preactivated membranes brought into contact with the glassy
carbon electrode. The glucose or lactate electro-optical biosensor was then
able to detect the target analyte with detection limits of 150 pmol and 60
pmol, respectively. In each case, glucose and lactate measurements could be
performed over 4 decades.

These biosensors were tested for glucose and lactate measurements in
sera, and for lactate measurements in whey solutions. Good agreements were
obtained between the present method and reference methods. For glucose
analysis in serum, the coefficient of variation for 53 repeated measurements
performed over a 10 h period was 4.8% while for lactate analysis, 80 assays
performed over a 15 h period gave a coefficient of variation of 6.7%. Thus,
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the ECL-based biosensors gave the possibility to sensitively detect glucose
and lactate in complex matrices without pre-treatment of the samples.

4.3.2 Choline Electrochemiluminescent Biosensor

A flow injection optical fibre biosensor for choline was also developed.
Choline oxidase (ChOX) was immobilized by physical entrapment in a
photo-cross-linkable poly(vinyl alcohol) polymer (PVA-SbQ) after
adsorption on weak anion-exchanger beads (DEAE-Sepharose). In this way,
the sensing layer was directly created at the surface of the working glassy
carbon electrode. The optimization of the reaction conditions and of the
physicochemical parameters influencing the FIA biosensor response allows
the measurement of choline concentration with a detection limit of 10 pmol.
The DEAE-based system also exhibited a good operational stability since
160 repeated measurements of 3 nmol of choline could be performed with a
variation coefficient of 4.5%.

4.3.3 Cholesterol Electrochemiluminescent Biosensor

A new cholesterol flow injection analysis biosensor has also been
described as an application of the H,O, ECL sensor’. In that work, the
luminol electrochemiluminescence, previously studied in aqueous media,
was implemented in Veronal buffer added of 0.3% triton X-100 (v/v), 0.3%
PEG and 0.4% cholate to enable the solubilisation of the cholesterol and then
its efficient oxidation catalyzed by the immobilized cholesterol oxidase. The
ECL reaction occurred thus in a micellar medium and the performances of
the H,O, ECL sensor were investigated.

The calibration curve obtained for hydrogen peroxide exhibited a
detection limit of 30 pmol and ranged over three decades at least. These
performances compared well with those previously obtained in non-micellar
media®. The presence of surfactant compounds in the ECL measurement
buffer appeared thus to have little effect on the H>O, ECL sensor
performances. In optimized conditions, the determination of free cholesterol
could be performed with a detection limit of 0.6 nmol and a calibration curve
ranging over two decades at least.

5. BIOCHIPS AND MICROARRAYS

The chemiluminescence and electrochemiluminescence of luminol have
been also exploited for the development of enzyme, DNA and immuno-
biochips. Different approaches were studied in our laboratory, in which
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bioactive molecules were anchored on microbeads subsequently entrapped in
a suitable polymeric structure. Whatever immobilization method of the
biological probe and the type of biochip (DNA, enzyme or protein) a unique
detection system consisting of a CCD camera was used and both formats,
low density arrays and microfluidic biochips were studied.

5.1 Composite Sensing Layer on Glassy Carbon Electrode

Beads bearing bioactive molecules have been used to develop generic
biochips based on chemi- and electro-chemiluminescent detection. The
biochips were composed of arrayed biosensors, including enzyme-charged
beads, antigen-charged beads or oligonucleotide-charged beads, entrapped in
polyvinyl alcohol (PVA-SbQ) photopolymer. In each case the sensing layers
were spotted at the surface of a glassy carbon electrode (25 mm?) as 0.3 pl
drops, generating 500-800 pm spots. The luminescent reactions were either
catalyzed by the horseradish peroxidase or triggered by the application of a
+850 mV potential between the glassy carbon electrode and a platinum
pseudo-reference.

Enzyme biochips were designed for the concomitant detection of choline,
glucose, glutamate, lactate, lysine and urate, based on the corresponding
oxidase-charged beads and the ECL reaction of the produced hydrogen
peroxide with luminol-immobilized beads>” **. Limits of detection of 1 uM
for glutamate, lysine and uric acid, 20 uM for glucose and 2 uM for choline
and lactate were found with detection ranging over three decades at least.

A tri-enzymatic sensing layer based on kinase-oxidase activities for the
detection of acetate was also described. A reaction sequence using acetate
kinase, pyruvate kinase and pyruvate oxidase enabled the production of
H,0, in response to acetate injection in the range 10 pM — 100 mM™.

Based on IgG-bearing beads, a chemiluminescent immuno-biochip has
been also realized for the model detection of human IgG. Biotin-labeled anti-
human IgG were used in a competitive assay, in conjunction with peroxidase
labelled streptavidin®. In that case, the planar glassy carbon electrode served
only as a support for the sensing layer since the light signal came from the
biocatalytic activity of horseradish peroxidase. Free antigen could then be
detected with a detection limit of 25 pg (10® molecules) and up to 15 ng.

In a similar way, the use of oligonucleotide-immobilized beads enabled
the realization of DNA sensitive biochips that could be used to detect biotin
labelled sequence as 5.10® molecules™.

5.2 Direct Entrapment of Micrometric Beads in PDMS

Poly(dimethylsiloxane) (PDMS) as an immobilization matrix has been
successfully used to design multi-purpose biochips i.e., for either nucleic
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acids, proteins or enzymes®. A new arraying method based on the properties
of PDMS polymer to entrap beads bearing biologically active compounds
was described. Such beads could be spotted and dried at the surface of a
PVC master and subsequently transferred at the PDMS interface by direct
moulding of the polymer on the mask (Figure 9). The use of the PDMS-
assisted-immobilization enables the development of either a low density
array (100 spots) or a micro-channel biochip with a direct incorporation of
the sensing element in a fluidic system for the quantitative detection of
enzyme substrates, antigens and oligonucleotides, depending on the
immobilized sensing element. As a result, arrays of beads bearing active
enzymes, antibodies and oligonucleotides were successfully obtained and
enabled the achievement of biochips for the chemiluminescent detection of
enzyme substrates, protein antigens and oligonucleotides sequence with
detection limit of 1 M, 1.5 x 10" molecules and 10® molecules, respectively.

Step 1 Step 2
spotting PDMS pouring
= E Step 3
i i PDMS
Spot intensity peeling off
variability 8%
w
reading low density array

(side view)

Figure 9. Direct immobilization in PDMS of beads bearing biologically active compounds.
Stepl: Sepharose beads bearing bioactive compounds are arrayed as 0.3 pl drop onto a flat
PVC master; Step 2: a PDMS solution is poured onto the spotted array; Step 3: the PDMS-
based array is peeled off from the master and ready to use.

5.3 Conducting Elastomer Surface Texturing

A new active support for biochip preparation has been developed based
on graphite modified PDMS®'. The addressed inclusion of Sepharose beads
at the surface of the obtained elastomeric electrode generated local high
specific surfaces. This electrode structure was characterized by
electrochemical and imaging methods and an increase factor of the surface
area equal to 50 was found. This was due to the texturing of the surface
generated by the presence of the Sepharose beads (Figure 10).

This new material was used to design biochips based on the electro-
chemiluminescence reaction of luminol in the presence of enzymatically
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Figure 10. (a) Steps of the preparation of the addressed texturing of the PDMS-graphite
conducting elastomer: (1) bead spotting; (2) graphite coating; (3) PDMS molding; (4) PDMS
removal. (b) Electron microscopy (15 kV) image of Sepharose bead spots at the surface of the
PDMS-graphite elastomer. (c) 3D representation of the scanning electron microscopy image
of a Sepharose bead inserted in the the PDMS-graphite elastomer. (d) Schematic
representation of the bead-containing layer.

produced H,O,. Using beads bearing biomolecules such as oligonucleotides
or IgG, in conjunction with glucose oxidase-labelled DNA or antibody,
sensitive biochips could be obtained with detection limits of 10" and 10"
molecules respectively (Figure 11).

Multi-parameter enzyme-based biochips could also be obtained by
locally adsorbing, at the PDMS-graphite surface, several oxidase enzymes.
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Figure 11. Electrochemiluminescent PDMS-graphite biochip formats: (a) nucleic acid-based
biochip; (b) immunochip (competitive immunoassay).
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With the specific suitable oxidases, lactate, choline and glucose could be
assayed. Concentration measurements of these metabolites could be
performed over at least two decades wit a detection limit of 10 uM for
lactate and choline and 20 uM for glucose.

6. CONCLUSIONS

The field of biosensors is expanding continuously with a constant search
for new transducing systems associated with stable biosensing elements. The
ultra-sensitivity of bio- and chemiluminescence techniques together with the
convenience of immobilized compounds in combination with optical fibres
constitutes an attractive opportunity for designing biosensors. In addition to
the advantages of optical fibre-based sensors, i.e. the possibilities of
miniaturization and of remote sensing, bio- and chemiluminescence-based
sensors require a simpler instrumentation than those based on other
spectroscopic techniques. The coupling of auxiliary enzymes allows to
extend the range of compounds that can be monitored at the trace level,
including enzyme activities.

The current trends toward miniaturization and the need of massively
parallel measurements led to the development of biochips. In this area,
biocatalyzed and electrogenerated chemiluminescence reactions appear
attractive and represent an alternative to fluorescence detection which is still
widespread used despite the numerous problems of quantitative
measurements and interference fluorescence emission.

Composite sensing layers, consisting of bioactive molecule-charged
beads entrapped in a polymeric structure, have been successfully used to
realize multi-purpose biochips for DNA, proteins or enzymes. For all these
different biochips, the chemiluminescence and electro-chemiluminescence
measurements required only a CCD camera and neither light sources nor
optical filters are needed.
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1. INTRODUCTION

The last two decades have witnessed remarkable progress in the
develpment of affinity biosensors and their applications in areas such as
environmental protection, biotechnology, medical diagnostics, drug
screening, food safety, and security. An affinity biosensor consists of a
transducer and a biological recognition element which is able to interact with
a selected analyte. Various optical methods have been exploited in
biosensors including fluorescence spectroscopy', interferometry (refle-
ctometric white light interferometry”, modal interferometry in optical
waveguide structures’), and spectroscopy of guided modes of optical
waveguides. Optical biosensors based on spectroscopy of guided modes of
optical waveguides - grating coupler®, resonant mirror’, and surface plasmon
resonance (SPR)®” - rely on the measurement of binding-induced refractive
index changes and thus are label-free technologies. This paper reviews
fundamentals of optical sensors based on spectroscopy of guided modes of
optical waveguides and their applications.

2. FUNDAMENTALS OF OPTICAL SENSORS BASED
ON SPECTROSCOPY OF GUIDED WAVES

2.1 Optical Waveguides

There are several types of optical waveguides — planar waveguides and
cylindrical waveguides (optical fibers). Basic optical waveguide geometries
are shown in Figure 1.
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Figure 1. Optical waveguides — a) dielectric slab waveguide, b) dielectric strip waveguide,
and c) dielectric channel waveguides, d) optical fiber, ¢) metal-clad dielectric waveguide, and
f) (degenerated) metal-dielectric waveguide.

2.2 Light Propagation in Planar Dielectric Waveguides

Let us investigate light propagation in a planar waveguide consisting of
three media with the refractive indices n; < n, > n; and a waveguide layer
thickness d (Figure 2).

We shall assume light propagation along z-axis and electromagnetic field
distribution independent of y coordinate. Solution of Maxwell’s equations
for such a structure can be assumed in the form:

U(x,z) =i(x)-exp(i(cx — Bz)) (Eq.1)

where U(x,z)denotes the vector of electric or magnetic field intensity, ﬁ( x)
Superstrate

X z Waveguiding
Layer

y

Substrate 0

Figure 2. Planar optical waveguide.
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field amplitude, ® angular frequency, ¢ time, and 8 propagation constant. In
principle, the solution can be decomposed into two types of waves -
transverse electric (TE) modes E, = 0 and transverse magnetic (TM) modes
(H. = 0). For these waves, the wave equations can be written as:

o°U (%)

(e U (x) =0 (Eq.2)
Oox

where U, denotes the y-component of the vector of electric (for TE modes)
or magnetic (for TM modes) field intensity. In each medium the solution of
wave equation can be expressed as a linear combination of exp(ik;x) and
exp(-ikix), where k;* = ©’ug; -B and &; are dielectric constants of the involved
media (i=1, 2, 3).

In order to describe a light wave confined in the vicinity of the waveguide,
parameters k; and k, have to fulfill k> < 0 and the electromagnetic field has
to exponentially decrease with an increasing distance from the waveguide.
Application of boundary conditions requiring continuity of tangential
components of electric and magnetic field vectors yields dispersion
equations in the form:

TE modes: tan(xd) = % 7

(Eq.3)

TM modes:  tan(xd) = 6y [ KE, + 7,36, | KEs
1= (&, / ke )38,/ K&5)

where k&’ = @’ ue,-fand y,5° = -’ e, 5. Solutions of these equations are
propagation constants of guided modes of the waveguide. Dependence of the

1.75¢
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Figure 3. Normalized propagation constant as a function of normalized frequency for three
low-order TE and TM modes; n;=1.45, n,=1.8, n;=1.32.
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Figure 4. Field distribution for three low-order TM modes; n; =1.45, n, =1.8, n; =1.32,
A=830nm.

propagation constant of the first three TE and TM modes as a function of
normalized frequency, V = kd\/n; —n is shown in Figure 3.

The corresponding mode field distributions are shown in Figure 4.

2.3 Surface Plasmons at a Metal-Dielectric Interface

Surface plasmons are special modes of electromagnetic field which can
propagate along the boundary between a dielectric and a metal (waveguide
geometries ¢) and f) in Figure 1), which behaves like nearly-free electron
plasma® °. A surface plasmon is a transverse-magnetic (TM) wave and its
(complex) propagation constant is given as:

5= @ | Eyép (Eq.4)
c\e,+e,

where o is the angular frequency, c is the speed of light in vacuum, and gp
and ey are dielectric functions of the dielectric and metal, respectively™ °.
This equation describes a true surface plasmon if the real part of gy is
negative and its absolute value is smaller than ep. At optical wavelengths,
this condition is fulfilled for several metals of which gold is most commonly
employed in biosensors due to its chemical stability. The normalized
propagation constant of a surface plasmon at a gold-air interface is shown in
Figure 5.

Electromagnetic field of a surface plasmon is confined at the metal-
dielectric interface and decreases exponentially into both media, Figure 6.
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Figure 5. Normalized propagation constant as a function of angular frequency for a surface
plasmon propagating along gold-air interface.
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Figure 6. Distribution of the magnetic field intensity for a surface plasmon at the interface
between gold and dielectric with a refractive index of 1.32 for two different wavelengths.

2.4 Optical Sensors Based on Spectroscopy of Guided
Waves

As a portion of electromagnetic field propagates outside the waveguiding
layer in the form of an evanescent wave, the propagation constant of a
guided mode in the waveguide is sensitive to changes in the refractive index
of the medium adjacent to the waveguiding layer. In optical sensors based on
spectroscopy of guided waves, changes in the refractive index of sample are
determined by measuring propagation constant of a guided mode, Figure 7.
It should be noted that propagation constants of different modes are not
altered by the same amount as a change in the propagation constant is
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Figure 7. Concept of optical sensor based on spectroscopy of guided modes. A change in the
refractive index alters propagation constant of a guided mode.

proportional to a relative concentration of the electromagnetic field of a
particular mode in the sample.

2.5. Affinity Biosensors Based on Spectroscopy of Guided
Waves

In affinity biosensors based on spectroscopy of guided modes,
biomolecular recognition elements immobilized on the surface of a
waveguiding structure recognize and capture analyte present in a liquid
sample producing a local increase in the refractive index at the sensor
surface. The refractive index increase gives rise to an increase in the
propagation constant of the mode supported by the waveguiding structure
(see Figure 8).

Main types of biomolecular recognition elements used in affinity
biosensors based on spectroscopy of guided modes include antibodies,
nucleic acids and biomimetic materials. Antibodies are used most frequently
because of their high affinity, versatility, and commercial availability.

Relying on sensitivity of the propagation to refractive index is strength
(no need for labeling) as well as potential weakness of biosensors based on
spectroscopy of guided waves. Sensor measurements can be compromised
by interfering effects producing refractive index changes such as non-
specific interaction between the sensor surface and sample (adsorption of
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Figure 8. Concept of affinity biosensor based on spectroscopy of guided waves.

non-target molecules to the sensor surface), and background refractive index
variations (due to sample temperature and composition fluctuations).
Therefore, development of sensor platforms providing robust referencing for
suppression of bulk refractive index interferences, has been pursued
worldwide'” .

3.  MAIN CONFIGURATIONS OF OPTICAL SENSORS
BASED ON SPECTROSCOPY OF GUIDED WAVES

3.1 Surface Plasmon Resonance Sensor

Optical sensors based on spectroscopy of surface plasmons, often referred
to as surface plasmon resonance (SPR) sensors, exploit sensitivity of the
propagation constant of a surface plasmon to refractive index changes within
the evanescent field of the surface plasmon. A change in the refractive index
produces a change in the propagation constant of the surface plasmon, which
results in a change in the characteristics of the light wave interacting with the
surface plasmon'’. Based on which characteristic of the light wave
interacting with the surface plasmon is measured, SPR sensors are be
classified as sensors with angular, wavelength, intensity, phase and
polarization modulations'.
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Figure 9. Optical sensor based on spectroscopy of surface plasmons and angular modulation.

The operating principle of optical sensors based on spectroscopy of
surface plasmons is illustrated in Figure 9, which shows an SPR sensor with
angular modulation. In this geometry, a monochromatic light wave passes
through a high refractive index prism and is reflected at the prism-metal
layer interface generating an evanescent wave penetrating the metal layer.
For a certain angle of incidence, the component of the wave vector of the
incident light parallel to the metal surface matches that of the surface
plasmon and coupling between the light wave and the surface plasmon
occurs. This coupling results in absorption of light and a characteristic dip in
the angular spectrum of reflected light, Figure 10.

A change in the refractive index at the surface of the metal film gives rise
to a change in the propagation constant of a surface plasmon. This change

1.0

0.8

o
=

Reflectivity
o
N

0.2

oobot v v v v v N
48 50 52 54 56 58 60 62

Angle of incidence [deg]
Figure 10. Reflectivity for the geometry consisting of an SF14 glass prism, 50 nm thick gold

layer, and a dielectric, as a function of the angle of incidence for two different refractive
indices of the dielectric; wavelength = 682 nm.
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results in a change in the resonant angle and a shift in the angular position of
the SPR dip (see Figure 10).

Surface plasmon resonance sensors can be also constructed using optical
fibers'* ', integrated optical waveguides'”, and diffraction gratings'®.

3.2 Resonant Mirror Sensor

Another sensor which exploits a prism for coupling light into a guided
mode of an optical waveguide is the resonant mirror sensor, Figure 11. In
this sensor, an incident light wave produces an evanescent wave at the
prism-buffer layer interface. If the propagation constant of the evanescent
wave matches that of a waveguide mode, the coupling of light into the
waveguide mode occurs.

Wave guiding
Layer
Na>N4, Na>Ng

Buffe

Position Sensitive
Photo detector

-

Incident Light
Beam

Prism oupler

Figure 11. Resonant mirror sensor with angular modulation.

In the angle-modulated version of the sensor, excitation of a mode is
manifested as a dip in the angular spectrum of reflected light. Changes in the
refractive index at the sensor surface alter the propagation constant of the
mode which can be measured by measuring the coupling strength at multiple
angles and determining the angle of incidence at which the light intensity
minimum occurs. Alternatively, the structure can be illuminated with light
containing both TE and TM polarizations and a change in the polarization of
output light can be measured'”.

3.3 Grating Coupler Sensor

In grating coupler sensors, a diffraction grating is used to couple light in
(Figure 12) or out of (Figure 13) a waveguide'®. In the input grating coupler
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Figure 12. Input grating coupler sensor.

sensor, the momentum of the incident light wave is increased by diffraction
on a grating embedded in the waveguide. The angle of incidence is varied
and the intensity of light coupled into a waveguide mode is measured. When
the diffraction-enhanced momentum of the incident wave matches the
propagation constant of a waveguide mode, the detected light intensity
reaches its maximum. By tracking the angle of incidence at which the
maximum coupling occurs, changes in the refractive index at the sensor
surface can be measured.

Optical sensors based on output grating couplers work in the opposite
fashion. Light propagating in the waveguide is coupled out of the waveguide
by means of a diffraction grating. The outcoupling angle is proportional to
the propagation constant of the waveguide mode. Changes in the refractive
index at the sensor surface alter the propagation constant of the mode
resulting in a change in the outcoupling angle.

Diffraction
Grating

Light Beam

Position Sensitive
Photodetector ¢~

Figure 13. Output grating coupler sensor.
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4. APPLICATIONS

4.1 Detection Formats

Optical sensors based on spectroscopy of guided waves have been
demonstrated for detection and identification of numerous chemical and
biological analytes. The choice of detection format for a particular
application depends on the size of target analyte molecules, binding
characteristics of available biomolecular recognition element, and range of
analyte’s concentrations to be measured.

Direct detection is usually preferred in applications, where direct binding
of analyte of concentrations of interest produces a sufficient response. If
necessary, the lowest detection limits of the direct biosensors can be
improved by using a sandwich assay. Smaller analytes (molecular weight <
10,000) are usually measured using inhibition assay, Figure 14.

a)

Analyte
® o
e © >

vy v

Sensor surface coated with antibodies

b)
Analyte Secondary
antibody
e o ©
) o — e
Sensor surface coated with antibodies
c)

Ve Yo
'C’%}- -dz:oﬁ,”‘

Sample + antibody 00060 0000

mixture Sensor surface coated with target analyte

Figure 14. Detection formats used in affinity biosensors based on spectroscopy of guided
waves: a) direct detection, b) sandwich assay, and c¢) competitive inhibition assay.

4.2 Detection of Chemical and Biological Analytes

Affinity biosensors based on spectroscopy of guided modes have been
used for detection of small analytes such as pesticides and herbicides
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(simazine and atrazine), drugs (morphine, methamphetamine and
theophyline), and toxins (fumonisin B1). Except for fumonisin B1, which
was measured directly'”’, all the analytes were detected using binding
inhibition assay’’**. The demonstrated detection limits depended on the
quality of used antibodies and biosensor instrument and typically ranged
from 0.1 to 1 ng/ml.

Representatives of medium-size analytes detected by affinity biosensors
based on spectroscopy of guided modes include food-safety related analytes
such as staphylococcal enterotoxin B> ** botulinum toxin®, and E. coli
enterotoxin®®. These analytes were detected directly or using sandwich assay.
The lowest detection limits were mainly dependent on the quality of used
antibodies and were 5 ng/ml (direct detection in buffer) and 0.5 ng/ml
(sandwich assay in buffer and milk) ** for staphylococcal enterotoxin B, 2.5
pg/ml for botulinum toxin, and 6 pg/ml for E. coli enterotoxin™.

Large analytes targeted by affinity biosensor technology include bacterial
pathogens such as Escherichia coli, Salmonella enteritidis, and Listeria
monocytogenes. Salmonella enteritidis and Listeria monocytogenes were
detected by an SPR sensor at concentrations down to 10° cfu/ml*’.

5. SUMMARY

Optical sensors based on spectroscopy of guided waves offer generic
label-free technology which in conjunction with appropriate biomolecular
recognition elements can be used for rapid detection of a large variety of
chemical and biological substances. This technology has been demonstrated
to be useful for detection of small and, in particular, medium size analytes.
Detection limits for large analytes such as bacterial pathogens still need to be
improved to meet today’s needs.

Future development of affinity biosensors based on spectroscopy of
guided waves will be driven by the needs of the consumer. These biosensor
technologies hold potential to benefit important fields including
pharmaceutical research, medical diagnostics, environmental monitoring,
food safety, and security. Applications in these areas will challenge research
and development in the field.
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1. INTRODUCTION

Recent developments in microsystems technology have led to the
widespread application of microfabrication techniques for the production of
sensor platforms. These techniques have had a major impact on the
development of so-called “Lab-on-a-Chip” devices. The major application
areas for theses devices are biomedical diagnostics, industrial process
monitoring, environmental monitoring, drug discovery, and defence. In the
context of biomedical diagnostic applications, for example, such devices are
intended to provide quantitative chemical or biochemical information on
samples such as blood, sweat and saliva while using minimal sample
volume.

Specific features of the application contexts listed above have had a
major role in dictating current trends in the development of optical sensors,
which include miniaturisation, compatibility with mass-production
processes, low cost and disposability. The integration of multiple
functionalities onto a single platform and multianalyte detection capability
are also important goals. Multianalyte detection provides an increased
amount of information on the system of interest and, combined with
techniques such as chemometrics and multivariate analysis, facilitates the
development of devices such as high density biochips and so-called
“electronic nose” systems. The advent of high precision microfabrication
and micropatterning technologies has also played an essential role in the
development of such systems. Disposability of the sensor platform is a
significant advantage for a broad range of applications, the nature of which
makes the sensing element suitable for single use only. Such applications
include those involving irreversible sensing mechanisms, sensing
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environments that result in fouling of the platform and medical applications
where sterility and hygiene are an issue. Low cost and mass-producibility
are, therefore, major driving factors in the development of these platforms.

All of the above trends make a planar platform configuration the ideal
choice for the development of such sensors due to the compatibility of this
geometry with a range of microfabrication technologies, the availability of
low-cost materials for the production of such platforms and the robust nature
of planar configurations when compared with alternatives based on optical
fibres.

1.1 Planar Optical Sensors

The term “planar optical sensor” can refer to a range of sensing
configurations, including passive planar substrates onto which discrete
sensing spots are deposited along with more complex platforms where the
substrate itself offers a degree of functionality, for example, waveguide or
microfluidic platforms. Of particular interest here are sensor platforms based
on planar waveguides, which exist in a variety of configurations ranging
from simple microscope slides, which act as multimode slab waveguides, to
ridge and buried waveguides as well as more complex platforms
incorporating integrated optical elements. A broad range of planar
waveguide-based optical sensors exploit evanescent wave effects in their
operation. The evanescent field is generated when light undergoes total
internal reflection at the interface between two dielectric materials, as is the
case for light propagation within a planar optical waveguide. The nature of
this evanescent field along with its applications in optical sensing will be
explained in detail in this chapter.

One of the advantages of employing a planar geometry is its
compatibility with a variety of deposition techniques for the production of
sensing layers. These layers are quite often in the form of thin, porous films
into which the analyte of interest is free to diffuse. The use of a thin layer
results in reduced sensor response times and, combined with optical
techniques such as evanescent wave interrogation, can result in a more
efficient sensor platform than that provided by bulk (sensor monolith)
systems. Thin film optical sensors are employed in both absorption and
fluorescence-based detection platforms and their advantages will become
apparent, in particular when combined with dedicated sensor optimisation
strategies compatible with planar processing techniques.

1.2 Sensor Design Strategies

An essential stage in the production of an effective sensor is an
understanding of the device sensitivity with a view to its optimisation.
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Sensitivity impacts upon the limit of detection and resolution of the device,
making it a key performance parameter. Recently, several strategies have
been developed in order to provide sensitivity enhancements for optical
sensor platforms based on both optical absorption and fluorescence
phenomena. These strategies are the result of rigorous theoretical analyses of
the relevant systems and, combined with polymer processing technology and
planar fabrication protocols, provide a viable route for the development of
low-cost, efficient optical sensor platforms.

2.  PLANAR OPTICAL SENSOR PLATFORMS

The key design elements of (non-spectroscopic) optical chemical sensors

and biosensors are:

1. the recognition mechanism,

2. the immobilisation method for the chemo / bio recognition elements,

3. the transduction mechanism, and

4. the sensor platform.

The primary focus of this chapter is on the sensor platform and, in particular,
on the specific advantages conferred by planar platforms.

The options available for sensor platforms for optical chemical and
biosensors are primarily:

- optical fibres, and

- planar platforms.

Optical fibres have formed the basis of a variety of optical sensor systems
including distributed sensor networks, sensors possessing high spatial
resolution (e.g., tapered tip sensors), remote sensing, spectroscopy and in-
vivo diagnosis' . However, theses are typically niche applications and there
are several disadvantages associated with optical fibres that make them a less
attractive candidate for optical sensor platforms in general. The majority of
these disadvantages are related to the geometry of the fibres themselves.
They are often quite fragile and their inclusion in a sensor head detracts from
its robustness and also restricts the possibilities for miniaturisation. The
necessity of maintaining effective light coupling to the fibre increases the
level of complexity in the sensor head design, as any change in this greatly
impairs the efficiency and stability of the device. It is possible to address this
issue effectively in a laboratory environment. However, the development of
a fibre-based sensor head for field use is far more problematic due to an
inability to control the operational environment of the sensor and the
resulting impact this could have on the precise alignment required to couple
light efficiently to the fibre. The geometry of optical fibres does not lend
itself readily to conventional micropatterning techniques, making the
incorporation of integrated optical components or microsystems a complex
and time consuming task. For evanescent wave sensing applications, the
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properties of the cladding are of vital importance as they determine the rate
of diffusion of the analyte into the sensing layer, which has a direct impact
on the response time of the sensor. This means that in order for
commercially available optical fibres to be used for the detection of a
particular analyte, they must be de-clad and coated with an analyte-specific
sensing layer. This coating step is non-trivial, mainly due to the geometry of
optical fibres. For instance, it is not possible to use techniques such as spin-
coating or knife-coating to deposit a uniform sensing layer onto an optical
fibre. Dip-coating is the only viable method and requires larger volumes of
material compared with those mentioned above.

In contrast, planar sensor platforms offer several distinct advantages over
fibre-based systems. Their geometry is inherently more robust than that of an
optical fibre and, as a result, such platforms can be incorporated into the
design of a compact sensor head with relative ease. A planar geometry is
compatible with modern microfabrication techniques and facilitates the
deposition of uniform sensing layers by a variety of methods including spin-
coating and dip-coating. The versatility of this configuration makes it more
attractive for the development of practical optical chemical sensors. As
mentioned previously, planar sensor platforms exist in a variety of
configurations including passive substrates and microfluidic systems.
However, it is waveguide-based planar sensor platforms that are of particular
interest to this discussion.

2.1 Planar Waveguide-Based Optical Sensors

A variety of planar waveguide configurations are currently employed for
the development of optical sensor platforms. These include thin film (low-
mode) waveguides and ridge waveguides. However, bearing in mind the
demand for low-cost sensor platforms, the most practical configuration is
that of a multimode slab waveguide, which can take the form of a simple
plastic or glass slide. Figure 1 illustrates a typical planar optical sensor
platform based on such a waveguide configuration. Light is coupled into the
waveguide and propagates along its length where it is then outcoupled to an
appropriate detector. The waveguide is coated with an analyte-sensitive layer
that exhibits changes in its optical properties in response to the presence of

analyte o
O 00 00 0o 0 0.0 7
[oae] O
6500090908 8%:° &0 o environment

sensing layer

substrate / waveguide

Figure 1. A generalised planar optical waveguide-based sensor.
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the analyte. The nature of these changes is dependent on the optical
phenomenon employed, e.g., optical absorption or fluorescence effects.

2.1.2 Evanescent Wave Interrogation

Figure 2 is a simplified illustration of mode propagation within a planar
waveguide.

As the mode propagates within the waveguide by total internal reflection,
its exponentially decaying evanescent tail extends into both cover and
substrate layers over a distance that is characterised by the penetration depth,
d,. The extent to which the evanescent field penetrates the cover layer is of
vital importance to the operation of evanescent-wave-based sensors. The
penetration depth can be calculated from Equation (1) and is typically of the
order of the wavelength of the propagating light.

iy = Ao

= (Eq.T)
27n \/(sin2 0 —sin’6)

Here, ) is the wavelength of the interrogating light, n is the refractive
index of the waveguide, 0 is the angle of incidence of the propagating light
at the waveguide — cover layer interface and 0, is the critical angle defined
by the refractive indices of the waveguide and cover layer. It is clear from
the equation that the penetration depth is tuneable and depends on the choice
of incident angle, interrogating wavelength and the material refractive
indices, which dictate the value of the critical angle, 0.. It will be shown that
this characteristic of the evanescent field has major implications for the
design of efficient optical biosensors based on fluorescence excitation of
surface-bound biomolecules.

Figure 2. Mode propagation within a planar waveguide.

2.1.2 Absorption-Based Optical Sensors

A typical planar platform for absorption-based based optical sensing is
depicted in Figure 3. The sensing layer is doped with an analyte-sensitive
dye whose absorption properties change upon exposure to the target analyte.
The analyte diffuses into the sensing layer where it causes a change in the
extinction coefficient, ¢, of the layer. The interrogating light is spectrally
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e sensing layer
substrate

I = | exp(-ecl)

Figure 3. A typical configuration for absorption-based optical sensing.

matched to the absorption band of the sensing layer. Therefore, changes in
the optical absorption of the layer result in a modulation of the detected light
intensity, which is related to the analyte concentration, thereby providing the
basis for the sensor. A number of alternatives for interrogating the sensor
layer are available. In the transmittance-based configuration shown in Figure
3, the sensitivity of the platform is proportional to the optical path length (L)
of the light in the sensing layer, which can, obviously, be increased by
employing a thicker sensing film. However, this would lead to an increased
response time, adversely affecting sensor performance. It is here that the
advantages of a configuration employing evanescent wave interrogation of
the sensing layer become apparent.

Figure 4 illustrates such a platform, which consists of a planar waveguide
on top of which a thin sensing layer has been deposited. Light propagates
along the waveguide by total internal reflection with an incident angle
greater than the critical angle determined primarily by the refractive indices
of the waveguide and sensing layer. The evanescent field of the propagating
light interrogates the sensing layer and the output intensity can be written as

I=1,exp(-reCL,,) (Eq.2)
where L, is the interaction length of the waveguide and r is the ratio of the

optical power present in the evanescent field to the total guided optical
power. In this configuration, sensitivity is proportional to the product of r
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Figure 4. A planar, evanescent-wave absorption-based sensor platform.
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and L;,. Consequently, improved sensitivity can be achieved with an
evanescent wave-based platform when compared with a transmittance-based
configuration as long as the product, rL;,, is greater than the optical path
length (i.e., sensing layer thickness), L, in the latter configuration. It is
important to note that this improved performance can be achieved while still
employing a thin sensing layer, meaning that sensor response time is not
adversely affected.

2.1.3 Evanescent Wave Effects and Fluorescence-Based Optical Sensors

Perhaps the most effective demonstration of the advantages of evanescent
wave interrogation is provided by the optical biosensor platform depicted in
Figure 5. The platform consists of a multimode slab waveguide on the upper
surface of which antibodies have been immobilised.

These antibodies selectively bind the target analyte, which, in this case, is
a specific antigen present in the sample solution that is passed over the
platform using the required fluidics. A second solution containing
fluorescently labelled antibodies similar to those bound to the surface of the
waveguide is subsequently passed over the platform. These antibodies again
bind selectively to the surface-bound antigens. Light from a suitable source
is coupled to the glass slide and propagates along its length by total internal
reflection. The evanescent field of the light extends above the surface of the
waveguide where it excites fluorescence from the bound, labelled antibodies.
The fluorescence from the upper surface is imaged using an appropriate
detector (typically a CCD camera) and the recorded fluorescence is
correlated to antigen concentration.

The tuneable nature of the evanescent field penetration depth is critical to
the effective operation of this sensor as it facilitates surface-specific
excitation of fluorescence. This means that only those fluorophores attached
to the surface via the antibody-antigen-labelled antibody recognition event

Fluorophore

I =—— Labelled Antibody
‘ ‘ Antigen

Capture Antibody

=~ Glass Slide
Laser
Diode

Figure 5. A planar platform for evanescent-wave excitation of fluorescence.
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(i.e., those within the distance defined by the penetration depth of the
evanescent field) are excited, permitting discrimination between surface
binding events and fluorescence from the bulk solution. This property
eliminates the need for an additional washing step which would remove
unbound fluorophores in the bulk liquid above the waveguide.

The biosensing configuration described above is referred to as a sandwich
assay’ but a similar optical configuration can be used in a variety of other
biosensing applications, e.g., monitoring of DNA hybridisation events.

2.2 Planar Microfabrication Technologies

Central to the fabrication of low-cost, mass-producible microsystems is
the need for high throughput processing technologies that yield potentially
disposable platforms. Semiconductor technology, whilst fulfilling the
criterion of mass production capability, does not lend itself readily to the
production of disposable microsystems as silicon and other semiconductor
materials are quite expensive and are often not suited to the operational
demands of chemical sensing and biosensing.

Polymer processing technology, on the other hand, provides a route to the
fabrication of mass-producible, low-cost microsystems due to the nature of
polymers themselves. There are many commercially available polymers
providing a range of chemical and physical characteristics that can be used
in conjunction with processing technologies such as injection moulding®’,
hot embossing'™"" and laser ablation'* to produce the required sensor
platform. These polymers are cheap, yet capable of fulfilling the physical
and chemical requirements placed on them by the target application. Laser
ablation can also be used to fabricate the mould or master template for use in
the injection moulding or hot embossing stage of the platform fabrication
process. Other master fabrication techniques include CNC micromilling and
photolithography, which facilitate the production of templates within 24
hours of the initial design concept. In particular, the use of high resolution
printing to produce transparency-based photomasks followed by
photolithography has been demonstrated as an effective rapid prototyping
technique for the production of polymer microfluidic systems'* ™.

A wide variety of polymer microsystems have been developed to date,
ranging from simple mixing chambers to systems incorporating multiple
functionalities such as pumping, sorting and analysis on a single chip'®. The
integration of optical elements onto such platforms is also possible due to the
ease with which planar elements can be patterned and processed. This
facilitates integrated optical interrogation of microfluidic networks, which
has applications in cell sorting and optical biosensing'’.
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3.  SENSOR DESIGN STRATEGIES

3.1 Enhanced Absorption-Based Sensor Platforms

The absorption-based platforms described previously employed
evanescent wave interrogation of a thin sensing layer coated onto a planar
waveguide. A sensitivity enhancement strategy for optical absorption-based
sensors based on planar, multimode waveguides was developed recently by
us'®. The objective was to apply this theory to the development of low-cost,
robust and potentially mass-producible sensor platforms and the following
section outlines the assumptions and predictions of this theoretical model.

3.1.1 Theoretical Model

Figure 6 illustrates the platform under consideration in this analysis. The
principle of sensor operation is as described previously for absorption-based
optical sensors employing evanescent wave interrogation of the sensing
layer.

For the purposes of the theoretical analysis, the following refractive index
condition is assumed:

analyte (cp)

Ne 08e%°0°,

Ng A~ sensing layer

n

]

. substrate
Ng< Ng<Ng

lin out =l out{ca)

Figure 6. Optical absorption-based sensor platform under consideration for enhancement
strategy.

Ne <Ns<1Ng (Eq3)

where n. is the refractive index of the environment, n; is the refractive index
of the sensing layer and n, is the refractive index of the substrate/waveguide.
The sensitivity of the device is defined as

dv
S(c, )=V (Eq4)
dc,
where V is the output signal measured by the detector and c, is the analyte
concentration. It is possible to quantify the variation of output signal with
respect to the different optical parameters of the system by analysing the
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dependence of reflectivity (R) on these same parameters, and in particular on
the angle 6 at which the light interrogates the sensing layer. Due to the fact
that the absorption coefficient of the layer is dependent on analyte
concentration, it is possible to examine the sensitivity in terms of the
reflectivity and extinction coefficient of the sensing layer, R and v,

- dR
S(y) = M (Eq.5)

%

where 7; is related to o by the equation a; = 47my/A, and A is the wavelength
of the interrogating light.

The results of this theoretical analysis are shown in Figure 7 where the
sensitivity is plotted against angle of incidence on the sensing layer with all
other optical parameters remaining constant. In order to generate the solid
curve, the optical parameters were assumed to be those of a typical sol-gel-
derived sensing layer (t = 400nm, ng=1.43) coated on a planar glass substrate
(ng=1.515) with air as the sensing environment (n.=1.00).
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Figure 7. Sensitivity plotted as a function of angle of incidence on the sensing layer.

There is clearly an optimum angle, 0,,, at which sensitivity is maximum
and, furthermore, this angle does not correspond to the region where the
light is evanescent in the sensing layer (6>71°). Rather, optimum sensitivity
is achieved when the interrogating light is propagating in both the sensing
layer and the substrate.

3.1.2 Experimental Verification
The results presented in the previous section were verified experimentally

using the setup illustrated in Figure 8 to record the reflectivity of a sol-gel
sensing layer as a function of incident angle. The results are plotted in Figure
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9 where the agreement between the experimental data (circles) and the
theoretical predictions (solid line) is clearly evident.
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Figure 8. Experimental setup used to investigate S(0).
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Figure 9. Results of experimental analysis of S(0).

3.1.3 Enhanced Waveguide Platform Development

The next stage in this work was to apply these findings to the
development of an optical waveguide platform demonstrating enhanced
performance that would also be compatible with planar fabrication
technology. To this end, the waveguide platform depicted in Figure 10 was
designed. The most important features of this design are the integrated
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Figure 10. Design for an enhanced waveguide platform.

refractive elements at either end that facilitate coupling of the interrogating
light to the waveguide at the optimum angle of incidence on the sensing
layer predicted by the model.

Waveguide chips of this design were manufactured from polystyrene
using micro-injection moulding, a high-throughput polymer processing
technology that permits the fabrication of approximately 200 chips in less
than 5 minutes. Sol-gel-derived sensing layers, doped with bromocresol
purple, a pH indicator dye, were then deposited on these chips by spin-
coating and subsequently applied to the detection of gaseous ammonia using
an amber LED (Ana = 601nm) as the light source'”. A typical sensor
response curve is shown in Figure 11. It was possible to achieve a limit of
detection (L.O.D.) of 300ppb ammonia in nitrogen using this enhanced
sensor platform, which was a greater than ten-fold improvement on previous
work where grating couplers were used in conjunction with a planar
waveguide®. This work illustrates the successful integration of planar
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Figure 11. Response of enhanced polymer waveguide platform to gaseous ammonia®.
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fabrication techniques, polymer processing technology and a dedicated
sensor optimisation strategy to yield an effective, low-cost, disposable sensor
chip.

3.2 Optimisation of Fluorescence Capture Efficiency
3.2.1 Introduction

Many optical chemical and biological sensors are based on analyte-
dependent changes in the fluorescence emitted by a particular fluorophore.
Furthermore, many bioassays employ fluorescent labels to yield an optical
signal from the binding event. This section details an optimisation strategy
for those sensors employing fluorophores that are immobilised on, or close
to, a dielectric substrate, such as a glass microscope slide. An example of
such a system is the sandwich assay format optical biosensor referred to
earlier in the chapter. The optimisation strategy is based on the enhancement
of fluorescence capture efficiency. This strategy is based on a detailed
electromagnetic wave analysis of the fluorescence emission pattern of a
radiating dipole (fluorophore) in such a system. This analysis is then applied
to the design of a structure with the purpose of collecting emitted
fluorescence more efficiently.

3.2.2 Theoretical Background

The theoretical analysis of a radiating dipole at a dielectric interface is
quite involved and its full description is beyond the scope of this chapter.
Instead, an outline of the most salient features of the model is presented. The
complete analysis can be found in Ref. 25.

Firstly, a point dipole placed at the surface of a glass substrate is
considered. The orientation of the dipole is considered to be random. The
angular distribution plotted in spherical co-ordinates is shown in Figure 12.
The radiation propagating in the positive (down) and negative (up) z-
directions corresponds to that radiated into the glass substrate and the
environment (air), respectively.

It is well known that when a randomly oriented radiating dipole is located
in a free unbound space, its radiation is isotropic>'. In the representation used
in Figure 12, the angular distribution of the radiated intensity would look
spherical. As can be seen, however, the angular distribution is significantly
altered when the radiating dipole is placed at a dielectric interface. Firstly, it
can be noted that the radiation is highly anisotropic. Secondly, a significant
part of the luminescence is radiated into the glass substrate, which has a
higher refractive index than the environment above it. The angular
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Figure 12. Angular distribution of luminescence radiated by a randomly oriented dipole
located at a glass surface.

distribution exhibits a sharp peak, the position of which is in the vicinity of
the critical angle corresponding to the environment/substrate interface.
Figures 13(a) and 13(b) illustrate the intensity distributions for two
environment/substrate combinations, namely air/glass and water/glass. It can
be concluded that the dipole located at a dielectric surface preferably radiates
into the higher refractive index substrate at angles close to the critical angle.
The intensity radiated into the environment is, on the other hand, relatively
small. Yet it is this fraction of the fluorescence intensity that forms the basis
of the sensor signal in conventional systems such as the optical biosensor
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Figure 13. (a): angular intensity distribution of luminescence for an air environment; (b):
Angular intensity distribution of luminescence for a water environment.



Planar Optical Sensors and Evanescent Wave Effects 207

sandwich assay discussed earlier. Furthermore, such systems lose a
substantial portion of the fluorescence radiated into the substrate at angles
exceeding the critical angle due to waveguiding and outcoupling of the light
at the endfaces of the substrate.

This knowledge of the fluorescence emission pattern and its dependence
on the optical parameters of the materials involved allows one to predict the
angle at which maximum fluorescence intensity would be recorded for a
particular system and to subsequently design a suitably structured platform
for enhanced fluorescence capture. The design and implementation of such a
platform is described in the following section.

3.2.3 Development of an Optical Chip for Enhanced Fluorescence
Capture

Figure 14 illustrates an example of a structure that can provide enhanced
fluorescence capture. It consists of a truncated cone, on top of which the
fluorescent species is deposited. The cone angle, a, is chosen in order to
cause total internal reflection of the emitted fluorescence (the angular
distribution of which is calculated from the model) and is therefore
dependent on the refractive indices of the cone material and the
environment. The emitted fluorescence is reflected onto a detector
positioned directly beneath the cone.

: et
air # glms

Figure 14. Design of a structure intended to provide enhanced fluorescence capture.

A sensor configuration employing these cones is shown in Figure 15
Fluorescence from the luminescent spots is excited from behind the platform
using an appropriate source (LED’s in this case), is subsequently emitted via
total internal reflection through the sensor chip and is detected by a CMOS
camera, which is positioned behind the chip. For the purposes of intensity
comparisons, luminescent spots are also deposited directly onto the planar
surface of the chip and excited along with those deposited on the cones.

An important aspect of this enhancement strategy is its compatibility with
current fabrication techniques, in particular polymer processing technology.
The technique of micro-injection moulding was employed to produce
polystyrene chips with an integrated array of cone structures intended for use
in an aqueous environment.
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Figure 15. Sensor system employing structures for enhanced fluorescence.

In order to verify the enhancement provided by the cones, a sol-gel layer
doped with a fluorescent ruthenium complex was deposited onto a chip in
a configuration similar to that shown in Figure 15. Blue LED excitation
of the fluorescent sol-gel layers was employed. The resultant fluorescence
was recorded using a CMOS camera and the resultant image is shown in
Figure 16.

The bright rings surrounding lower intensity spots correspond to the
additional fluorescence signal from the sol-gel layer on the surface of the
cones. The isolated spots (i.e., those without a surrounding ring) correspond

Figure 16. CMOS image of enhanced fluorescence capture provided by frustrated cone
structures.
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to fluorescence from the sol-gel spots deposited on the planar surface of the
chip. The enhanced intensity as a result of the cone is clearly evident. In fact,
the cone structures typically provide a 26-fold enhancement in recorded
fluorescence over the commonly employed planar substrate. This example
illustrates and approach to sensitivity enhancement that is generic and can be
applied across a broad range of sensor platforms.

3.3 Enhancement of Fluorescence Emission via Plasmonic
Interactions

3.3.1 Introduction

The presence of metallic surfaces or particles in the vicinity of a
fluorophore can dramatically alter the fluorescence emission and absorption
properties of the fluorophore. The effect, which is associated with the
surface plasmon resonance of the metallic surface, depends on parameters
such as metal type, particle size, fluorophore type and fluorophore-particle
separation.

In order to investigate this effect, ordered arrays of metallic nano-islands
were fabricated on glass substrates by a process of natural lithography using
monodisperse polystyrene nanospheres. The metal particle dimensions were
tailored in order to tune the plasmon resonance wavelength to match the
spectral absorption of the fluorophore. The fluorophore, Cy5 dye, which is
widely used in optical immunoassays and has a medium quantum efficiency
(~0.3), was used in this preliminary study of the plasmonic enhancement
effect.

3.3.2 Theoretical Background

The theory describing the interaction of light, fluorescent dyes and
metallic nanoparticles (NP’s) is complex and only solved for specific
systems. An outline of the theory regarding these interactions will be
reported here but a more detailed analysis is presented elsewhere™ .

It is assumed that the metallic NP consists of an immobile positively
charged atom core and negatively charged free conduction electrons. Upon
illumination, the displacement of the negative charges by the electric field
gives rise to polarisation changes at the NP surface and thus the system acts
like an oscillator. When the system is in resonance with the incident
electromagnetic (EM) wave the effect is called surface plasmon (polariton)
resonance (SPR). A key aspect of the SPR effect is the associated increase in
the intensity of the electric field in the proximity of NP’s. The E-field
decreases with increasing distance from the NP and within a few diameters
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of the NP the effect is negligible. It can be shown that the wavelength at
which SPR occurs (A.) depends on the shape of the NP, the NP material and
the embedded medium.

A fluorophore in the proximity of the NP senses the altered EM-field and
its fluorescence properties are consequently modified. There are (at least)
two enhancement effects: an increase in the excitation of the fluorophore and
an increase in its quantum efficiency (QE). The increased excitation of the
fluorophore is directly proportional to the to the square of the strength of the
E-field and is a function of the wavelength and relative position of the NP.
The maximum enhancement of this type is achieved if A.s equals the peak
absorption wavelength of the dye.

The unmodified QE of the fluorophore is defined as follows

k
Q,=—-" Eq. 6
’ k +k, (Ba- ©)

where k; is the radiative decay rate and k,, is the non-radiative decay rate. In
the proximity of the NP a new radiative channel is formed having a
corresponding decay rate k,, and the modified quantum efficiency is given
by

k. +k,

B EE— E ¢7
k +k +h (Fa.7)
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In this case, the maximum enhancement is achieved when A, is equal to
the peak emission wavelength of the fluorophore. This enhancement is far
more significant for fluorophores of low QE than for those of higher QE. An
additional effect; namely, a metal-fluorophore quenching can also occur for
very small NP-fluorophore separations, typically within 5nm. This has
important implications for the fabrication of an enhanced sensor chip, as will
be seen in the following section.

3.3.3 Preparation of Metallic Nanoislands

One method used to deposit metallic nanoislands onto a glass substrate is
know as nanosphere lithography®. It involves the use of an ordered
monolayer of polystyrene beads (PB’s) on a glass surface as a mask for the
evaporation of the desired metal onto the glass. A monolayer of PB’s having
a diameter of 500nm was deposited onto a glass slide by dip-coating at a
very low speed (< 4um/s). The slide was then placed in a deposition
chamber and a silver layer was deposited. Directly after deposition, the slide
was sonicated in ethanol in order to remove the PB’s and the resultant
nanoisland array is shown in Figure 17. In order to demonstrate enhanced
fluorescence emission, it was necessary to evaporate a thin layer of 