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Abstract
The research described in this thesis is aimed at helping with the development of
better sensors for instrumentation involved in the monitoring of otherwise difficult-todetect chemical compounds and their toxic effects. The proposed transducer is based on
genetically engineered bioluminescence in the biofilm-forming bacterium Caulobacter
crescentus.

We studied the biochemical mechanisms involved in the bioluminescence

process which revealed a complex multi-phase kinetic behaviour. The bioluminescence
profiles were characterized in terms of relevant protocol-related parameters such as
substrate concentration, environment, order of mixing, etc. A coupled-enzyme model of
the bioluminescence mechanism is proposed in order to explain and interpret the complex
profiles. The interpretation is supported by an in vitro analysis isolating the two enzymes
directly involved in in vivo bioluminescence. This study demonstrates the importance of
precise control of protocol-related parameters required to obtain reproducible and
meaningful results.

A rudimentary toxicity protocol was developed based on the

knowledge gained during the characterization studies.

The results obtained were

comparable to previously published data and hence demonstrated the considerable
potential of the bacterial transducer for use as a toxicity sensor. The data generated also
supported the validity of the model proposed during the characterization of the
bioluminescence mechanism. The bacterial transducer was thus found to be appropriate
for future application in a flow-through toxicity assessing instrumentation system. The
first stage of this next phase of the project was accomplished by designing and building a
prototype of a flow-through system. Some preliminary flow-through data were generated
which demonstrated that the prototype (and the flow-through concept) are indeed
advantageous and worthy of further development.

Some suggestions for specific

directions for such further development are outlined and discussed, as well as some other
applications for the flow-through instrumentation system.
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CHAPTER 1 . INTRODUCTIO N
Applications in science and engineering often require the measurement of a variety
of physical, chemical and/or biological variables in order to monitor or characterize some
defined system.

Such measurements are usually accomplished using a transducer, or

sensor, that converts the measurand signal into an electrical signal. Transducers capable
of measuring physical variables (e.g. pressure, temperature, mass, speed, acceleration,
etc.) have been commonplace for many years since these measurands can easily be isolated
and quantified with simple and, more importantly, stable devices. Chemical and biological
variables, however, are not so straightforward to measure, often requiring far more
complex transducers and associated instrumentation. For instance, the determination of
chemical concentrations especially in complex media may require a number of sample pretreatment steps before the actual analysis which, itself, could involve multiple steps. For a
few special cases, however, relatively simple chemical sensors have been devised based
primarily on electrochemical or optical detection methods, coupled with some (ideally)
in situ mechanism (e.g. a perm-selective membrane system) for achieving specificity for a
particular measurand, or analyte, species.
Over the past 20 to 25 years, a large sub-class of chemical sensor has emerged that
is based on the exploitation of biochemical or biophysical mechanisms in order to convert
certain chemical measurand signals, typically of some biological relevance, into electrical
signals. Devices comprising this class are commonly referred to as "biosensors", although
the term is now used somewhat loosely in the literature and is often taken to include
complete instrumentation systems necessary to obtain an electronic signal representing the
desired analyte concentration. The "bio-" component may be as simple as a single enzyme
that produces a detectable product, or as complex as whole living cells. Several difficult
problems have slowed the commercialization of biosensors, but potential applications are
many and diverse and include research applications in biology, medical diagnostics, clinical
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(i.e. patient) monitoring, bioprocess monitoring and environmental monitoring, to name
only a few areas.
The application area of particular interest in the present work is that of
environmental monitoring. For example, the detection and control of heavy metal and
toxic organic pollutants in industrial waste water effluents and marine sediments requires
the development of new approaches for monitoring these sites. Ideally, monitoring would
include rapid or continuous measurements for key indicators of pollution at (or at least
near) the sites being monitored. At the present time, standard chemical assays are not
readily accomplished in the field and there are no reliable continuous monitoring systems
available. However, the development of biosensor devices, attuned to specific pollutants,
represents a promising approach, and bacteria have emerged as the best biological vehicle
for this type of biosensor development. This is primarily due to recent advances in the
understanding of several examples of genetically-derived capabilities to sense pollutants,
along with newly developed technology for coupling this sensing capability to appropriate
reporter systems such as genes that allow an organism to emit light (i.e. bioluminescence).
Such microbial biosensors can, in principle, be designed to function either as specific toxin
sensors (or detectors), or as assay systems for assessing the relative toxicity of a range of
toxic agents.
Genetic engineering has allowed the development of specialized (recombinant)
organisms that offer great potential for use as the biological transducer component of
environmental biosensors. However, the engineered biochemical mechanisms involved in
generating the detectable signals are extremely complicated and are interconnected with
indigenous biochemical pathways that further complicate the resulting signals.

These

organisms must therefore be thoroughly characterized in order to properly interpret the
signals and obtain repeatable, quantitative (if needed) results. This characterization must
include the elucidation of an appropriate assay protocol and optimization of the conditions
under which the organisms are maintained during use. It also remains to develop an
2

appropriate instrumentation system, including fluid handling systems, that allows for an
effective means of presenting aqueous environmental samples to the micro-organisms, and
efficient detection of the resulting signals. The work described in this thesis is directed
toward exactly this kind of system design and characterization of a new microbial
transducer (biosensor) for environmental monitoring.
The "transducing organism" utilized in this work is a freshwater strain of
Caulobacter crescentus

which has been genetically

engineered

to

emit light

(i.e. bioluminescence signals) under certain defined test conditions. Briefly, the intensity
profile of light emission under these conditions is either constant or follows a predictable
time course that is perturbed by the presence of toxic substances in the test medium. This
particular organism is designed to function in assays of relative toxicity of a variety of
environmental toxins, although additional organisms based on similar genetic constructs
are currently under development that would allow the determination of specific toxins in
aqueous environmental samples. The work presented here provides a basis for the rapid
characterization of these future strains as they become available.

This work is of

fundamental importance to the development of a range of useful microbial biosensors
based on genetically engineered Caulobacters.
Biosensor instruments of this type could ultimately be used, for example, by
government agencies to track pollutant substances in ecosystems, to assess the relative
toxicity of specific compounds, to monitor ecosystem behavior/changes, to measure
environmental quality, and to assess environmental impact of modifications to the
environment.

Industries could also benefit from such technology, applying it to

establishing pollution targets, conservation strategies and developing preventative
technologies.

Consumer and public interest groups could also utilize this type of

environmental monitoring technology in order to obtain accurate information contributing
to informed public participation. The work described in this thesis represents an essential
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step toward the development of needed instrumentation to serve these and other
applications.
1.1. Literatur

e revie w

In the field of toxicity assessment, the toxicity of a compound under investigation
can be characterized in a number of ways. For example, for pharmacological applications,
the compounds (e.g. drugs) have to be assessed in terms of human toxicity. It is not
always possible or practical to obtain human toxicity data, even for drugs or other
pharmaceuticals. The accepted, albeit non-ideal, alternative is to select an appropriate
animal model or other organism to obtain experimental dose-response data [37]. What is
tacitly assumed here is that such data are related, qualitatively at least, to data that would
"ideally" be obtained from humans or other organisms of relevance in a particular study.
This is true, not only for drugs, cosmetics, etc., but also for environmental toxins, where it
is necessary to determine the effects of some agent (or mixture of agents) on the general
flora and fauna that could potentially become exposed.
It is important to distinguish between the quantitative detection of a toxicant and
its relative toxicity. There is a fundamental difference between the two types of analysis.
The former consists of the measurement of the amount of the toxicant present in a sample,
as opposed to the latter which consists of an evaluation of the effect of the toxicant on
living organisms. The methods used to perform either analysis are also, in general, very
different.

Even though the development of C. crescentiis could lead to transducers

capable of quantitative detection of specific compounds, the work accomplished thus far
involves a transducer capable only of general toxicity assessment that leads to relative
toxicity data. Therefore, we will focus the remainder of this review on this topic.
1.1.1. Conventiona l technolog y fo r measuring toxicit y
The most commonly used parameters to express the toxicity of a compound are
the LD50 and the closely related LC50, which stand for the "median lethal dose" (per unit
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body weight) or "concentration", respectively.

In other words, it is the dose of a

compound that causes 50% mortality in a population [28, 73], Other toxicity parameters,
such as ED50 and EC50, are also used and refers to the "median effective dose" (per unit
body weight) or "concentration", respectively. Both of these parameters refer to the dose
of a substance that can be expected to cause a particular effect to occur in 50% of the
population [28, 37]. The effective dose parameters are not necessarily based on a lethal
effect, but on some other observable effect on the organism used for the study. The effect
used for EC50 can, for example, be eye irritancy, skin rash or other similar physiologic
effects.

The toxicity parameters may be accompanied by a specified exposure period,

especially in cases where the study is based on exposure rather than a single dose effect.
It is usually assumed to be necessary and essential to obtain a precise assessment
of the lethal effects of highly toxic substances, since a small difference in exposure can
distinguish a safe from a lethal situation. A precise LD50 is not always necessary for many
less toxic materials (e.g. household products). In fact, the quantitative significance of
LD50 values is a controversial subject and has been widely discussed in the literature [7,
49, 58, 69, 84, 99]. The consensus is that the LD50 is an inherently imprecise value; it is
not a biological constant and should be de-emphasized as a quantitative figure of merit.
Therefore, qualitative or relative values of LD50 are considered sufficient for all practical
purposes. This consensus for the LD50 parameter can also be extended, using similar
arguments, the other mentioned parameters.
Conventional methods used to obtain toxicity data for different compounds are all
based on the same basic principle. First, a suitable type of organism has to be chosen for
the study. A wide range of types of organisms are routinely used for toxicity testing of
different compounds in different environments. For example, fish (e.g. rainbow trout,
fathead minnows) or daphnid (e.g. Daphnia magna, a small crustacean) are used for
studying the effects of aqueous toxic compounds [55, 74], and rodents (e.g. rabbits, rats
and mice), or larger mammals (e.g. dogs and cats) are more commonly used for acute (i.e.
5

single dose) oral toxicity testing [73] of non-aqueous ingestable compounds. Once the
organism is chosen, the population is separated into groups that are independently
exposed to various concentrations of the toxic compound under study. The exposure to
the toxic agent can be done in different ways, depending on which parameter is sought.
For example, oral administration to a rodent population leads to the LD50 of the
compound, and the exposure of a fish population to a certain concentration of the
compound in solution for a predetermined period of time leads to the LC50. Therefore,
the toxicity testing of a compound can be summarized as involving three steps: 1) choice
of a suitable organism, 2) exposure of the organism to various concentrations or doses of
the compound, and 3) determination of the appropriate toxicity parameter, relative to
suitable control groups.
The advantages and disadvantages of these toxicity tests are very varied. Toxicity
testing using specific target organisms can yield the absolute toxic level of a compound
only for that organism.

To be able to predict the effect of a compound on specific

inhabitants of an ecosystem is often of major importance for environmental impact studies.
However, the absolute toxic level of any compound is clearly not experimentally
obtainable for humans, and therefore the evaluation of a safe range has to be based on the
results from other organisms. This evaluation is very complex and inherently not very
precise, hence it is always done in a very conservative way [37]. These toxicity tests are
also very time consuming and involve large costs. For example, the required time to
perform exposure assays (such as the fish assay) range from 24 to 96 hours, and usually
involves costs of several hundred dollars per test [13]. In addition, the effort, facilities and
time required to maintain the population between and during testing is considerable. On
the ethical side, the public interest in animal welfare has instigated many debates over the
experimental use of animals. This public concern has stimulated the effort to find nonanimal "alternatives". These include use of tissue culture, excised animal organs, bacterial
systems, and others [27].

Even though such indirect toxicity tests have a lot of
6

undesirable and impractical qualities, they have an important role to play in toxicity
testing.
1.1.2. Microtox ® a s a non-animal alternativ e to evaluate toxicit y
As the interest in non-animal alternatives for toxicity testing grew, new techniques
were developed using bacteria. Many types of bacteria have been used to assess toxicity
using a method similar to that described for conventional toxicity testing. But a (naturally)
bioluminescent type of bacteria has recently lead to the development of a system that has
become very popular, especially for industrial testing (e.g.

self-monitoring of plant

effluents). The system was developed in the late 1970's by a group of researchers lead by
Bulich, and was eventually given the commercial name of Microtox®.
The Microtox® assay is based on the same basic principle as the more
conventional methods.

The organism used is the bioluminescent Photobacterium

phosphoreum (NRRL B-11177); these bacteria have evolved to emit light as a by-product
of a genetically conferred, natural biochemical pathway (to be discussed further in Chapter
2). The bacteria are available from the manufacturer in the form of a lyophilized (i.e.
freeze dried) powder, and they are treated simply as one of three reagents required to
perform the assay.

The testing of a compound is performed as follows [13]: 1)

reconstitution of the freeze-dried bacteria with the diluent solution, 2) initial light emission
measurements are made for a predetermined number of cuvettes containing diluted
bacteria, 3) one of various dilutions of the compound under test is added to each cuvette,
4) final light measurements are made after a fixed amount of incubation time with the toxic
compound (typically: 5, 15 and/or 30 minutes). The data are then compiled and an EC50
for the chosen incubation time of the compound is obtained. In this case, the EC50 refers
to the effective concentration necessary to cause 50% decrease of the luminescence.
There are several hundred papers in the literature describing and evaluating applications
involving this system, including many reviews [11, 13, 17, 44, 55, 74].
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One of the main features of the Microtox® system that gives it a definite advantage
over the more conventional toxicity assays is the speed at which it can analyze toxic
compounds. The Microtox® assay leading to the 5-minute EC50 of a compound can be
performed in less than an hour [13]. This speed of the assay comes mainly from the
sensitivity of the bacteria to toxic compounds. This sensitivity allows observable effects
on the monitored parameter to be measured in a much shorter exposure time (5 to 30
minutes to get 50% decrease in luminescence) with about the same concentration of toxic
compound than, for example, with the trout assay (24 to 96 hours to observe 50% death
in the population) [17, 74].
The Microtox® system maintains this speed advantage over other single-celled
organisms {e.g. Spirillum volutans [74]), even though they are also much faster than the
conventional methods, similarly due to their sensitivity to the toxic effects of most
compounds tested. In this case, the speed advantage is related to the ease of counting the
portion of the population that is affected by the toxic compound (i.e. measurement of light
emitted). For the conventional methods, such enumeration is a lengthy manual process.
The Microtox® system takes advantage of the luminescence phenotype of the
P. phosphoreum to relate the toxic effect to the population number. Many studies have
been done to evaluate the quality of the correlation of toxic effects to the luminescence
intensity on which Microtox® is based. These studies concluded that the correlation is
satisfactory, although not perfect [11, 55, 74]. Good correlation between cell viability and
the luminescence intensity has also been demonstrated for recombinant bacteria having the
luminescence phenotype [41]. The luminescence intensity measured in lieu of counting the
population of cells affected appears to be acceptable, and allows considerable
simplification of the toxicity assay. The measurement of the emitted light intensity, which
is proportional to the viable fraction of the population, is typically performed using a
luminometer capable of low-intensity light measurement.

8

The combined speed and convenience of an instrumental method for counting the
bacteria, give rise to another important factor making the Microtox® system attractive, its
relatively low operating cost. The costs related to the physical facilities and maintenance
of the population for conventional toxicity testing are far greater than those associated
with the Microtox® system. Since the bacteria required for the Microtox® assay can be
stored as a lyophilized powder, there are practically no population maintenance costs.
Since the Microtox® assay can be performed with small amounts of the reagents and
compound to be tested, the overall cost is much smaller than, for example, the fish assay
which requires much larger volumes of everything necessary. One economic analysis of
the Microtox® system concluded that the cost of this assay is about 5% of the estimated
cost associated with an acute fish assay [17].
Even though the Microtox® system offers some significant advantages, it still
possesses some disadvantages. The assay suffers from an extreme sensitivity to the assay
protocol that leads to weak reproducibility, and hence comparability, of results obtained
from different laboratories. Even though the correlation between the Microtox® system
and other bioassays has been shown to be fairly good in many cases, the low
reproducibility of the toxicity data obtained for the same compound by different
laboratories is a definite weakness [17, 55, 74]. For example, the 5-minute EC50 for
phenol, a common biocide compound, is reported in many publications and exhibits a
variance of more than a factor of two in the reported values [13, 17, 44, 55, 74].
Interestingly, even though the system offers this low precision, many users that perform
routine toxicity tests have adopted the Microtox® system.

It is apparent that the

compromise in precision is worthwhile and acceptable to a majority of users for
economical reasons.
1.1.3. Biosensor s for toxicity measuremen t base d on engineered bacteri a
Early bacteria-based biosensors were developed for the detection of metabolized
substances such as C0 2 , ethanol, sugars, etc. [45, 46]. These biosensors usually use an
9

oxygen or pH probe [9, 45] onto which the bacteria are immobilized or trapped. This
setup limits the type of substance that can be detected and it is not practical to adapt these
devices to detect toxic or non-metabolized agents.

But with advances in genetic

engineering, it has become possible to improve or adapt these types of biosensors so that
some of the limitations can be overcome.
Bioluminescence is one useful characteristic that can now be engineered in
bacteria. This phenotype is of special interest for biosensor development because of the
high sensitivity with which we can detect its manifestation.

Modern light detection

technology allows us to detect single photons which translate, in bioluminescence terms,
to being able to monitor the occurrence of single biochemical reactions. The greater
understanding of cloned lux genes (responsible for light production) has led to the
development of bioluminescence reporters for the study of genes promoters [4, 24, 25, 30,
47, 77, 81, 86, 93, 96]. These reporters are very important tools that aid in the study of
gene expression which, in turn, basically control everything that happens in a cell.
The understanding of gene expression and its regulation has been a fundamental
goal in biology for many years and advancements in this field have yielded much
technology that can now be exploited for the development of improved biosensors. The
characterization of an increasing number of cloned genes and the development of more
sensitive solid state microelectronic devices capable of low-light-level detection has
already opened the door to new directions and applications for bioluminescent bacteriabased biosensors. Being of particular interest for us, some biosensors have recently been
developed that demonstrate the feasibility of this concept for toxicity sensors [41, 50, 57,
90, 94]. The light-producing bacteria currently used in these biosensors are Escherichia
coli (engineered bioluminescence), Pseudomonas

or Photobacterium

strains (natural

bioluminescence) [4, 92]. Most of the work done to date with these bacteria involves
simple addition of the bacteria to samples of effluent or soil to be tested. These setups
have inherent sensitivity limitations since only the bacteria in close proximity to the light
10

detector produce a useful signal. Some attempts have been made to immobilize E. coli in
a matrix {e.g. agar) adjacent to the light detector, but the stability of the cells in this
unnatural environment, combined with uncertainties about rates of movement in and out
of the matrix of the nutritional substances for the bacteria and the substances being
detected, makes this setup a non-ideal choice.
The bacterium Caulobacter crescentus, that is the subject of this thesis, offers
many advantages over previously used species. This species of bacteria can naturally
adhere to almost any material and form a dense monolayer biofilm. As opposed to other
adherent bacteria, the Caulobacters do not produce a polysaccharide "slime" that could
cause similar problems as with the agar matrix for E. coli. Furthermore, the Caulobacters
are natural inhabitants of most environments where toxicity monitoring is required [60, 70,
71]. Caulobacters are known to be robust bacteria and capable of growth under minimal
nutrient conditions [4, 72], A very important factor is that several strains of Caulobacter
crescentus have been used in molecular genetic research for many years, and it is now
straightforward to carry out all the necessary bacterial genetic manipulations [6, 20, 21,
22, 23]. These characteristics make the Caulobacters an excellent choice to address many
of the practical problems encountered with other bacteria-based biosensors.
1.2. Objective

s

Some problems still remain in the way of the development of a commercially viable
line of biosensors based on bacterial bioluminescence. First, the bioluminescence signals
emitted by recombinant bacteria need to be properly characterized in order to specify an
appropriate assay protocol and instrumentation system. Second, the nature of toxicity
monitoring requires the development of biosensors that can be used in a wide variety of
environments, a quality lacking in most bacteria-based biosensors. Third, the methods
used for coupling the light emitting bacteria to the photon detection system has to become
more efficient in order to achieve the necessary sensitivity and reproducibility. Finally, the
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complexity of most of the bacteria-based biosensor systems limit their use to laboratory
conditions with specially trained technicians. It is in the interest of most potential users of
a toxicity monitoring system to develop a portable instrument capable of field operation
without the skills of a microbiologist. The main goals of this work are oriented toward the
development of a biosensor system, based on an engineered strain of Caulobacter
crescentus, that will address some of these problems encountered by other biosensors.
The specific objectives of this thesis are treated separately in each of three
chapters. The objective of Chapter 3 is to characterize the engineered bioluminescence
signals from the C. crescentus transducer on which the proposed toxicity biosensor is
based; this will allow a better understanding of the processes involved in generating the
bioluminescence and will provide the necessary knowledge to design a future optimized
system. The objective of Chapter 4 is to demonstrate the potential and feasibility of a
toxicity testing system based on the C crescentus transducer by obtaining sample toxicity
data and comparing it to other toxicity assays. The objective of Chapter 5 is to investigate
the feasibility and advantages of a prototype system based on a flow-cell configuration that
would take advantage of the inherent ability of the C. crescentus to self-immobilize in a
monolayer biofilm.
1.3. Overvie

w

Since the project described in this thesis is highly interdisciplinary, Chapter 2 aims
to introduce readers coming from other fields to the biological and biochemical aspects of
this work. Chapter 2 will also present the reader with essential definitions and technical
terms used in cell biology in describing the biochemical processes involved in the
production of bioluminescence, and in describing the genetic engineering required to
produce the construct used as a transducer in this thesis. A description of the important
physiological characteristics of the Caulobacter crescentus strains will also be presented.
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Chapter 3 will detail the experimental characterization of the "transducer" element,
C. crescentus, used in the remainder of the thesis. The effects of different protocol factors
such as the reagent concentrations and control of the formation of intermediate species
will be linked to specific changes in the luminescence signal obtained. The correlation
between in vitro and in vivo results will be used to interpret and better understand the
complex luminescence signals from the transducer. The results of Chapter 3 enabled the
development of a practical toxicity assay that will be presented in Chapter 4 to
demonstrate the potential and feasibility of a toxicity testing system based on the
characterized transducer.

Toxicity data for several different toxic compounds will be

presented and compared to those obtained using other toxicity assay systems. Chapter 5
will discuss the design of a prototype flow-cell system that is intended to eventually be
used for the development of a toxicity testing instrument based on the C. crescentus
transducer.

Finally the main conclusions derived from this body of work will be

summarized in Chapter 6, along with some comments and suggestions for further work.
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CHAPTER 2 . BACKGROUN D BIOCHEMISTR Y AND MICROBIOLOG Y
To build up a base of knowledge that will allow the reader to more easily
understand the biological subjects applied in this thesis, some background material will be
presented and a number of terms will be introduced and defined.

The section will be

separated into three main parts: The first part will contain descriptions of material related
to the biochemical aspects of bioluminescence, followed by material that is relevant to the
genetic aspects.

The second part will be an introduction to the bioluminescence

mechanism, and the last part will provide a brief description of the life cycle of
Caulobacter crescentus.
2.1. Definition

s an d descriptions o f importan t biologica l term s

2.1.1. Biochemica l aspects
The enzyme involved in the biochemical reactions leading to the emission of light
in bioluminescence is called luciferase. An enzyme is a polypeptide or protein having a
catalytic effect on biochemical reactions.

The bacterial luciferase is formed of 2

polypeptide subunits, named a and |3, encoded by the hixA and hixB genes respectively; its
ensemble molecular weight is about 79 kD (where one Dalton, D, is defined as the mass of
one |H atom). It is found in several naturally bioluminescent bacterial strains such as
Vibrio harveyi, Vibrio fisheri, Photobacteiium phosphor-eum, to name only a few. Each
strain has a specific type of luciferase, although they all have similar structures and the
same basic function.
One of the substrates for the luciferase reaction is reduced flavin mononucleotide
(FMNH2). This molecule binds to the luciferase to start the sequence of reactions leading
to bioluminescence. The FMNH2 molecule is not very stable, being vulnerable to auto
oxidation, leading to the formation of FMN. In cell biochemistry, both forms of flavin
mononucleotide are involved in the electron transport chain as a coenzyme for the
flavoproteins located in the membrane.

The complexity of this process makes its
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description beyond the scope of this thesis.

However, we can say that the electron

transport chain is responsible for the formation of adenosine tri-phosphate (ATP)
molecules, which are the energy "currency" units of the cell. The FMN and FMNH2 are
therefore members of a set of molecules that are directly related to the well being of the
cell. Thus, if a toxic substance enters the cell and interferes with any of the processes
leading to the availability of FMN and/or FMNH2, then the dependence of the luciferase
reaction on FMNH2 provides a potential mechanism for assessing the toxic effect on the
cell. The structures of FMN and FMNH2 are shown in Figure 2.1.
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Figure 2.1. Chemical structure of flavin mononucleotide. The oxydized form (FMN) is
shown on the left and the reduced form (FMNH2) on the right.

The second substrate molecule involved in bioluminescence is decanal or n-decyl
aldehyde. This molecule reacts with a luciferase-substrate intermediate to increase the
photon emission efficiency of the light emitting reaction. It can either be generated by the
bioluminescent bacteria (if the required genes are present) or can be added exogenously
for recombinant constructs (if the required genes are lacking). The availability or amount
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of decanal is not known to be biochemically linked to any other important reactions in the
cell as in the case of FMN. Decanal is a 10-carbon aliphatic aldehyde with the structure
shown in Figure 2.2.
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Figure 2.2. Chemical structure of n-decyl aldehyde (decanal).

The luciferase enzyme requires the reduced form of FMN (i.e. FMNH2) to catalyze
bioluminescence. Since FMNH2 is known to be unstable, it is relevant to introduce the
enzyme responsible for maintaining an adequate level of FMNH2, derived from the stable
FMN; this enzyme is NADH:FMN oxidoreductase.

This enzyme reduces FMN by

oxidizing a reduced molecule of nicotinamide adenine dinucleotide (/3-NADH). The /?
-NAD+ molecule is also an electron carrier, like FMN. In addition to its role in reducing
FMN, it is also involved in the respiratory chain, or electron transport chain and other
oxidative processes occurring in the cell. The structures of /3-NAD+ and /3-NADH are
shown in Figure 2.3.
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Figure 2.3. Structure of nicotinamide adenine dinucleotide. The oxidized form (j6-NAD+)
is shown on the left and the reduced form (/3-NADH) on the right.

2.1.2. Geneti c aspects.
Since we work with a genetically engineered strain of bacteria, it is important to
become acquainted with a few terms relating to the genetic mechanisms involved in
bioluminescence.

In what follows, we will introduce and explain some of the terms

required to understand the mechanisms involved in genetic engineering, in general, and in
the expression of genetic information leading to bioluminescence, in particular.
A gene is a segment of DNA (deoxyribonucleic acid), the structure of which
encodes the information necessary to synthesize a particular protein or polypeptide chain.
The genes essential for cell growth are grouped together to form the chromosomal DNA
of a cell.

DNA can also take the form of so-called plasmids, which are smaller,

circularized DNA molecules not linked to the chromosome(s).

In bacteria, natural

plasmids usually contain genes that convey antibiotic resistance. Plasmids are stable,
easily manipulated/modified and can be transferred into (or between) cells using well
developed techniques, hence plasmids can also be used as a vehicle (or vector) for
introducing some foreign DNA into the cell.
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The expression of genetic information leading to the production of a protein starts
with transcription.

This is the process during which a messenger ribonucleic acid

(m-RNA) molecule containing the complementary genetic information of a certain DNA
segment {i.e. one or more genes) is synthesized. The mRNA strand will then connect with
a ribosome where the process of translation takes place. Translation is the process during
which the genetic information contained in the mRNA structure is translated into
polypeptide sequences.

The polypeptide chains undergo a complex folding process

leading to a 3-dimensional configuration (or conformation) that gives the protein its
biological activity..

Some proteins may be complete at this stage, however some

polypeptides may subsequently undergo further maturation that involves addition of
smaller molecules. The processes described are illustrated in Figure 2.4.

mmmmm
DNA

Transcription

Y
mRNA

A/V

Protein
Translation

Figure 2.4. Expression of genetic information from DNA to the production of a protein.
Some proteins may also undergo some additional (post-translational) modifications (these
are usually very simple in bacteria).

Some needs of the cell require the activity of several enzymes and/or proteins. The
genes encoding the enzymes and/or proteins involved in a specific function are often
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linked together, along with DNA sequences required for their regulation, in a section of
DNA called an operon. During transcription, the synthesized mRNA will contain the
information of the whole operon. Therefore, during translation, the same mRNA molecule
can produce multiple copies of several different polypeptides encoded in its structure.
The control sites of the operon include a promoter region and an operator region.
These two regions regulate the transcriptional mechanisms.

The promoter is the site

where an RNA polymerase molecule (an enzyme catalyzing mRNA synthesis) binds to
start the transcription process. Different promoter sequences can influence the rate of
initiation of transcription by a factor of more than 1000 [95]. Next to the promoter is a
region called the operator which, in some simple regulatory modes, is the binding site of a
repressor molecule. The repressor can physically block mRNA synthesis by binding to the
operator site. There are many other regulation mechanisms involved in gene expression,
and the overall processes are much more complicated than we need to discuss here, but
suffice it to say that gene expression can not only be repressed but also induced. The
repression and induction processes may involve several regulatory genes that, in turn,
involve many proteins which can interact with molecules that enter the cell from the
environment. Gene expression might be induced in a simple way by a specific molecule
(which, for example, interferes with the binding of the repressor) or in a more complicated
way involving physical or environmental signals such as heat.
Recombinant DNA techniques can be exploited to create genetically engineered
strains of bacteria that express (i.e. produce and use) proteins that are not present in the
natural (i.e. wild type) bacteria.

The details of this approach are presented in many

popular texts [80, 95]. Briefly, the two main processes involved are cloning and selection.
Cloning involves submitting a population of bacteria to treatments resulting in the
"implantation" of desired foreign genes (typically on a plasmid vector) into some fraction
of the population.

Selection involves separating this fraction from the non-implanted

bacteria and ensuring that the new population retains the genetically engineered
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characteristics. The type of plasmid is chosen according to the strain of bacteria and
selection mechanism desired. Selection is usually based on plasmid-conferred resistance to
an antibiotic. The desired genes can be inserted into the plasmid along with specific
regulatory genes and control sites, thereby allowing their expression under specific,
desired conditions. The plasmid also contains DNA sequences that allow the plasmid to
be replicated in the host bacterium and thereby passed onto its progeny. The engineered
plasmid construct with which we did the work described in this thesis uses a constitutive
expression system where the lux genes (responsible for bioluminescence) are expressed
constitutively (i.e. at a constant rate that does not involve the action of an inducer).
2.2. Th

e bioluminescenc e mechanis m

In naturally bioluminescent bacteria, there can be up to seven genes in the hoc
operon [64], These genes encode four different enzymes: the luciferase (hixAB) and three
other enzymes (hixC, hixD, luxE) involved in the generation of the aldehyde substrate.
The luciferase also requires FMNH2, which involves other enzymes not encoded in the lux
operon; these other enzymes are naturally present in all cells. The involvement of these
many enzymes makes very difficult the interpretation of the resulting temporal behaviour
of the luminescence signal, since each enzyme has a different kinetic behaviour. However,
luminescence can be obtained from a simpler gene construct containing only luxAB, if the
long chain aliphatic aldehyde substrate is added exogenously (i.e.

instead of being

synthesized by the cell). The use of the hixAB genes simplifies the kinetic modeling as it
excludes the enzymes related to the production and recycling of the decanal, and also
allows experimental control of the decanal concentration.
Even though our knowledge of the bacterial bioluminescence system has
progressed sufficiently to allow its use as a genetic reporter, not all aspects of the
mechanism are yet folly understood.

There is some disagreement amongst research

groups concerning the model of the molecular biochemistry [56], however it can be
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adequately described (for our purposes) using the following set of 5 reactions [1, 35, 36,
43, 100]:

E,+FMNH 2
E r FMNH 2 + 0 2

> E r FMNH 2
> E r FMNHOOH

E r FMNHOOH + R-CHO
[E r FMNHOH]*
Ej-FMNHOH

(2.1)
(2.2)

> [E,-FMNHOH]*+R-COOH

> E,-FMNHOH + hv (light)
> E, + FMN + H20

(2.3)
(2.4)
(2.5)

where the luciferase is represented by El; the reduced form of decanal is represented by
R-CHO, and the oxidized form of the decanal is represented by R-COOH. The exact
mechanism of light emission in this model, and the identity of the emitter, is still the
subject of much discussion and research [1, 52, 59, 61]. However, the difference amongst
the available models has very little effect on our discussion.
The bioluminescence cycle starts with the binding of the reduced FMN to the
luciferase (Reaction 2.1). The intermediate complex is then oxidized in the presence of
oxygen (Reaction 2.2). The decanal is required at the next step to obtain maximum
efficiency of the bioluminescence. The decanal is not essential to get bioluminescence, but
the intensity of the resulting luminescence is so dim that the reaction without aldehyde was
thought to be dark for many years [32, 33]. The decanal therefore becomes oxidized by
the luciferase complex that is then left in an excited state (Reaction 2.3). The excited
intermediate then releases a photon as it relaxes, giving rise to the bioluminescence
(Reaction 2.4).

The relaxed complex then releases the remaining substrate, and the

luciferase becomes free to restart the cycle (Reaction 2.5).
With the aldehyde added exogenously, and the 0 2 present in the broth, FMNH2 is
the only other substrate required for luminescence. FMNH2 has a relatively short life since
it is susceptible to auto-oxidation [33, 40, 100]. The principle enzyme responsible for the
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reduction of FMN to FMNH2 for the luminescence [65] is NADH:FMN oxidoreductase.
Therefore a coupled-enzyme set of reactions containing the NADH:FMN oxidoreductase
and the luciferase is appropriate to model in vivo bioluminescence in cases where the
aldehyde is added exogenously, such as in the case of the C. crescentus transducer
described in this thesis. The kinetics of such a coupled-enzyme system more accurately
describes the complex kinetics of the in vivo luxAB system than does a single enzyme
system.
In the coupled model, the five biochemical reactions, (1) through (5), are linked
explicitly to the function of the luciferase. In order to complete the biochemical model,
we append the following reaction, linking the function of the NADH:FMN oxidoreductase
(symbolized by E2) required for the production of the necessary substrate FMNH2:

FMN + NADH + H+ + E2

> NAD+ + FMNH2 + E2

(2.6)

This two-enzyme model, involving these six reactions, will also be used to analyze results
from in vitro studies using a crude extract of bioluminescent bacteria containing the two
enzymes. The inter-relationships between the six reactions are illustrated schematically in
Figure 2.5.
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o,
FMNH,

-> E

r FMNH 2

P-NAD
E r FMNHOOH
4

R-CHO

(3-NADH + H
FMN

H20

R-COOH
[E r FMNHOH]*

E r FMNHOH <-

hv
Figure 2.5. Schematic diagram of the biochemistry involved in bioluminescence. The
coupling between reactions involving the bacterial luciferase (Ej) and the NADH:FMN
oxidoreductase (E2) with their respective substrates is illustrated.

Not surprisingly, many factors can influence the kinetics of the bioluminescence.
FMN concentration, often ignored in the conventional luciferase assays, causes inhibition
of the luciferase when used at concentrations higher than a few [xM [2, 8, 40]. For
example, the protocol for light production provided by the supplier of the commercial
luciferase suggests using FMN at an inhibiting level of 40 fiM [87]. The aldehyde chain
length, as well as its concentration, also influences the luciferase kinetics and can cause
inhibition of the luciferase [34, 39, 56, 65]. As suggested by others [65], it may be
possible to optimize the aldehyde chain length for in vivo work as a tradeoff between light
intensity, ease of mass transport, and solubility. Reagents and conditions directly related
to the concentration of substrates are important for optimization of bioluminescence
assays. Since these effects are not yet well characterized, each researcher tends to use
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different amounts and different procedures, and it is therefore difficult to compare results.
Other constituents of the reaction mix also influence bioluminescence, such as buffers and
stabilizers. For example, the presence of inert protein such as bovine serum albumin
(BSA) has been shown to increase the in vitro luminescence intensity and shift the
optimum concentration of decanal required [62], Gelatin has been reported to have a
similar effect on in vivo bioluminescence assays using recombinant E. coli [51]. The same
group also reported effects on luminescence intensity resulting from using Hank's and N2-hydroxyethypiperazine-N'-2-ethanesulfonic

acid (HEPES) buffers as opposed to

phosphate buffered saline (PBS) and Tris buffers.

Therefore, the characterization and

measurement of the bioluminescence must be done in a very controlled way since so many
factors have an influence on it. One of the main contributions to this field resulting from
our work is, in fact, our classification and resolution of these protocol-related issues.
Bioluminescence a s a toxicity reporter . The foregoing discussions allow us to
understand the basic mechanisms involved in the production of light in C. crescentus, but
the use of these bacteria as transducers for the measurement of toxicity requires further
explanation. The relationship between the bioluminescence and toxicity is complex and
not well characterized, however the principles underlying it can be expressed in fairly
simple terms. As previously stated, the construct that we use is constitutively expressed.
This means that there is no specific inducer; if the cells are in a medium (at an appropriate
temperature) that supports growth, then the luciferase should be produced at a constant
rate in each cell. A toxic substance can influence the bioluminescence in many ways: it can
directly impair the expression of the lux genes, which would eventually affect the light
intensity, or it can indirectly affect other parts of the cell, causing metabolic stresses or
even cell death. As mentioned previously, the bioluminescence reactions require two
reagents (FMN and NADH) that are involved in many key natural biochemical processes
within the cell. Any substance affecting the viability of the cell (i.e. having a toxic affect)
does so by affecting, either directly or indirectly, the main biochemical reactions occurring
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in the cell. By this action, it will also affect the availability of the substrates involved in the
bioluminescence reactions. This briefly summarizes how the presence of toxic substances
can modulate the bioluminescence signal.
2.3. Th

e Caulobacter lif e cycl e

To complete this introduction, we will describe one of the physiological
characteristics making the C. crescentus an ideal choice for bacteria-based biosensors.
This characteristic involves the natural life cycle of C. crescentus leading to the formation
of a self-immobilizing biofilm. The cell undergoes several steps starting with a so-called
swarmer state, which is a highly motile cell that "swims" using a flagellum, similar to that
possessed by the intestinal bacterium E. coli. As the cell matures, it loses its flagellum and
pili. This step is followed by elongation of the stalk and, during this stage, the cell can
attach to a surface, thereby contributing to the enlargement of the biofilm. The stalk cells
can also attach to each other to form rosettes of various sizes. Once they are attached, as
part of a biofilm or a rosette, they can form a predivisional cell that consists of a stalk cell,
which becomes elongated to form the beginning of a swarmer cell. Cell division occurs
after the formation of a cross band between the two daughter cells. Note that this type of
division does not end with two identical daughter cells as in most cases involving mitotic
division; in C. crescentus, the process of division ends with a swarmer cell and a stalk cell.
A diagram illustrating the different stages in the life cycle of a typical C. crescentus
bacterium is shown in Figure 2.6.
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Figure 2.6. The life cycle of the Caulobacter crescentus, showing the different stages of
A) division, B) the swarmer cell, C) the predivisional cell, D) stalk elongation.
C. crescentus cells can stick to a surface to form a biofilm (left), or to each other to form
a rosette (right).
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CHAPTER 3 . CHARACTERIZATIO N O F THE IN VIVO BIOLUMINESCENCE
OF THE BACTERIAL TRANSDUCE R
Despite the widespread interest in using lux genes as a reporter system for sensors
or other applications, the characterization of the temporal behaviour of constructs with
engineered bioluminescence have not been reported in the literature. This has resulted in
poor repeatability, and difficulties in interpreting and comparing previous results published
in the literature.

Under controlled conditions, however, we have shown that the

luminescence intensity profile produced by the expression of the InxAB genes exhibits a
well defined and repeatable temporal response characteristic. In this chapter, this temporal
characteristic is investigated and analyzed in terms of the kinetic behaviour of the
underlying biochemical processes involved in the InxAB mechanism. We will propose an
interpretation of the kinetics based on data obtained both from in vivo and in vitro
experiments. This study provides insight into adapting the luciferase system for use as a
gene activity reporter for applications in toxicity sensing using Canlobacter crescentus and
Escherichia coli, and potentially for a broad range of other bacteria. Our discussion of
the in vivo bioluminescence will improve the immediate utility of current and previous
results, and significantly improve the quality of future assays. It will also facilitate the
development of better tools for scientific applications which use the hixAB genes.
3.1. Material

s an d method s

3.1.1. Measurement s o f in vivo bioluminescenc e
Bacterial strain s an d growt h conditions . C. crescentus CB2A [89] was grown
at 30°C in a peptone-yeast extract medium (PYE) [70] supplemented with CaCl2 to
0.01% and MgS0 4 to 0.02%. E.

coli

DHa5 (Bethesda Research Laboratories,

Gaithersburg, Md.) was grown at 37°C in L medium [68] consisting of 10 g tryptone, 5 g
yeast extract and 5 g NaCl per liter. Agar was added to 1.6% (wt/vol) for solid media.
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The selection agents used for the different constructs were tetracyline hydrochloride (12.5
/ig/ml final concentration) or streptomycin sulfate (50 /xg/ml final concentration).
DNA manipulation s an d geneti c constructions . The bioluminescence obtained
from the C. crescentus and E. coli strains was a result of the expression of the plasmids
RTB7 and pSW23 respectively. Isolation of plasmid DNA, restriction digests, blunting
reactions and ligations were done according to standard methods [80] and were carried
out by personnel working in the laboratory of J. Smit in the department of Microbiology
and Immunology at UBC. For completeness, these methods are briefly summarized in the
following two paragraphs.
RTB7 was constructed by J. Ajioka or M. Devan (unpublished construct) and is a
fusion of R300B(H) and pTB7 [4]. R300B(H) was constructed by the ligation of Hindlll
linkers and RSF1010 [83] that was digested with Hpal (J. Ajioka - unpublished) to form a
plasmid containing a unique Hindlll site. The plasmid pTB7, containing the luxAB gene
from Vibrio harveyi regulated by the anti-tetracyline promoter, was partially digested with
Hindlll to open the plasmid at the Hindlll site adjacent to the ampicilin resistance gene,
and ligated to Hindlll-digested R300B(H) to form the RTB7. The plasmid RTB7 includes
a gene conferring resistance to streptomycin for selection.
The plasmid pSW23 was constructed from three existing plasmids: pT7-3, pUC18
and pRK767. The luxA and hixB genes of Xenorhabdus luminescens were removed from
pT7-3 [93] by digestion with SstI and BamHI. The fragments containing the lax genes
were isolated, purified and the ends were made blunt. The fragment was ligated into the
plasmid pUC18 previously digested with the blunt cutting Smal [98]. Two different
plasmids were then produced and separated. The recombinant plasmid containing the lux
genes oriented in the opposite direction to the lac promoter was selected and digested
with EcoRI and BamHI to cut out the lux containing fragment. The lux genes were then
ligated into pRK767 downstream of the lac promoter, also digested with EcoRI and
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BamHI [48], to form pSW23. The plasmid pSW23 confers resistance to tetracyline for
selection. Plasmids were introduced by electroporation [19, 29].
Typical in vivo assays . The luminescence was measured with a luminometer
Model 1250 from LKB Wallac® (now BioOrbit®). For all luminometer assays, standard 4
ml cuvettes (polypropylene) were used. Bacteria used for the samples were grown in
fresh media and stored on ice.
In Vivo Assay #1 was used to study the effect of added decanal concentration. A
mixture of 950 /zl of media and 50 fj.1 of bacteria broth (OD 60 o ~

0.6 to 0.8 absolute

units) was placed in the cuvette and incubated at room temperature for 5 minutes. The
bioluminescence was initiated by the injection of 20 /zl of various dilutions of decanal
prepared from a concentrated stock of 5.31 M. The decanal was diluted in 50% methanol
and 50% water. A hand pipeter, Pipetman p20, was used for the injections. Immediately
after injection, the cuvette was quickly placed in the luminometer and exposed to the
photomultiplier tube (PMT). A tube for air injection (sparging) was inserted into the
cuvette in order to ensure proper mixing and oxygenation of the sample during
measurement.
The sparging system used is not a standard luminometer feature. This apparatus
was customized from a piece of stainless steel tubing (OD= 1.5 mm, ID= 1.0 mm, with a
flattened end to cause smaller bubbles) inserted into the cuvette through an injection port
located in the top cover plate of the luminometer. Air, filtered through a 0.2 tim filter,
was used for sparging. A pressure regulator was installed on the building air line to
control the sparging rate.
In Vivo Assay # 2 was used to study the effect of substitution of the PYE with
other defined media. This assay was thus used to study the effect of the presence of the
different substrates involved in bioluminescence. For this assay, we designed an injection
system that enabled injections through the luminometer head, into the cuvette while it was
exposed to the PMT. The original LKB injection system was modified as follows: The
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injection needle was custom made from stainless steel tubing (OD= 1.5 mm, ID= 1.0 mm).
A 10 ml reagent reservoir was also added to the system. The reservoir has a closure
system enabling airtightness to minimize the evaporation of volatile reagents. The 3-way
valve and syringe holder of the LKB injection system were used unmodified. We used
silicone rubber tubing to connect the needle, the 3-way valve and the reagent reservoir
together.
A mixture of 450 /xl of PYE or HEPES buffer (10 mM, pH 7.2) and 50 /xl of
bacteria broth was introduced into the cuvette. Three specific mixtures were used: 1) pure
HEPES, 2) HEPES buffer with either 40 /xM of FMN (stock 0.2 mg/ml in water) or
1.3 mM of /3-NADH (stock 10 mg/ml in HEPES buffer, kept on ice and dark), 3) all three
reagents, HEPES, 40 itM of FMN and 1.3 mM of /3-NADH together.

The mixtures

prepared in the cuvette were incubated for 5 minutes at room temperature prior to
measuring. The 10 ml injection reagent reservoir was filled with 250 /xl of diluted decanal
(0.01% v/v in 2% methanol), mixed with 100 /xl of methanol and 9.75 ml of HEPES buffer
(10 mM, pH: 7.2). The luminescence was initiated by injecting 500 /xl of this injection
reagent into the cuvette. The mixing was ensured by the injection itself and no sparging
was performed.
Gas Chromatographi c assa y o f decanal . An isotherm protocol was developed
to measure decanal with a laboratory gas chromatography (GC) apparatus.

The

instrument used was a Perkin-Elmer® Model Sigma 3B. The detection device was a flame
integration detector (FID). Helium was used as the carrier gas and hydrogen as the
combustion gas. The column used was a DBWAX® Model P/N J125-7012, 15 m long
with an inner diameter of 0.33 mm and a C18 coating film of 1 /xm thick. The injector and
detector temperatures were set at 190 °C. The column temperature was set at 75 °C.
The standard used for internal calibration was linalool (C10H18OH), which was
added to the samples to a final concentration of 135 /xM. The test calibration samples
consisted of various defined concentrations of decanal in PYE or water and 1% methanol.
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The injection of 2.5 /xl of sample was performed using a 10 /xl Hamilton® syringe. The
decanal concentration of the unknown test samples were determined by comparing the
ratio of the decanal peak area to the linalool peak area, with a set of ratio values obtained
from standard samples containing known amounts of decanal.
3.1.2. Measurement s o f in vitro bioluminescence
Two slightly different in vitro assays were developed.

All the reagents were

obtained from Sigma Chemical Company and used as received, without further
purification. The assays were based on the Sigma assay [87] and carried out using the
LKB 1250 luminometer. The same injection system described in the previous section and
standard 4 ml polypropylene cuvettes were used for both assays.
In Vitro Assay #1 . A mixture of 25 /xl of decanal (in concentrations varying from
0.0001 to 20% diluted in methanol), 50 /xl of 2-mercaptoethanol (0.01% in water), 350 /xl
of HEPES buffer (pH 7.2, 50 mM), and 100 /xl of 0-NADH (10 g/ml in 0.6% BSA and 10
mM HEPES, kept on ice and dark) was placed in a cuvette. The 10 ml injection reagent
reservoir was filled with 40 /xl of bacterial luciferase (extract of Vibrio harveyi from Sigma
10 g/ml in 0.3% BSA and 10 mM HEPES), 2 ml of FMN (0.2 g/ml in water), 7.96 ml of
0.6% BSA in 10 mM HEPES. The luminescence was initiated by injecting 500 /xl of the
injection reagent into the cuvette. The injection ensured proper mixing and no sparging
was performed.
In Vitro Assay #2. A mixture of 25 /xl of decanal (in concentrations varying from
0.0001 to 20% diluted in methanol), 50 /xl of 2-mercaptoethanol (0.01% in H20), and 450
/xl of HEPES buffer (pH 7.2, 10 mM) was placed in the cuvette. The 10 ml injection
reagent reservoir was filled with 40 /xl of bacterial luciferase (10 g/ml in 0.3% BSA and 10
mM HEPES, pH: 7.2), 2 ml of FMN (0.2 g/ml in distilled water), 2 ml of /3-NADH (10
g/ml of 0.6% BSA and 10 mM HEPES, kept on ice and dark), 5.96 ml of 0.6% BSA in 10
mM HEPES. The luminescence was initiated by injecting 500 /xl of the injection reagent
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in the cuvette.

Again, the injection ensured proper mixing and no sparging was

performed.
3.2. Result

s an d discussio n

A typical luminescence response profile of our recombinant Caulobacter
crescentvs transducer is shown in Figure 3.1 (A) (obtained using In Vivo Assay #1). The
initial phase of the response profile features an immediate, high intensity peak (referred to
here as the first or primary phase) that decays rapidly and is followed by an extended,
lower intensity phase referred to here as the secondary phase. These qualitative features
of the typical bioluminescence profile produced by our assay are highly reproducible and
well behaved. Figure 3.1 (A) and 3.1 (B) show prototypical response profiles obtained
when the assay is carried out in media that (A) supports growth or (B) does not support
growth; both types of assay were used in the characterization reported here.

The

maximum intensities of the primary phases are indicated by I t and I/, and the maximum
intensities of the second phases are indicated by I2 and I2'. The time of occurrence of the
secondary phases, following the injection of decanal, are indicated by T and T'. We will
use these parameters to show the effects of other factors influencing the luminescence
profiles.
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Figure 3.1. Typical bioluminescence intensity profile of the recombinant bacterial
transducer. (A) shows the complex in vivo kinetics of the hixAB system when the assay is
carried out in PYE medium. (B) shows the effect of the substitution of PYE by HEPES
buffer without addition of any exogenous substrates other than decanal. I1? I/, I2and I2'
indicate the maximum intensities of the primary phase and secondary phase responses
respectively. T indicates the time of occurrence of the secondary peak.

Note that a subsequent injection of an identical dose of decanal, after completion
of the luminescence response resulting from the initial injection, results in the reproduction
of a virtually identical two-phase luminescence profile.

We hypothesize that this

repeatability is evidence that the luminescence profile (and therefore the secondary phase
decay) is due to decanal limitation.

We will verify this hypothesis using the results

obtained during the characterization studies. We will also bring to light several protocolrelated factors, often neglected (by others), that significantly affect the kinetics. These
neglected factors make difficult the interpretation and comparison of the different results
33

previously reported in the literature.

Figure 3.1 (B) illustrates the impact that some

factors can have on the luminescence profile. We will further discuss these factors later in
this chapter.
3.2.1. Characterizatio n o f in vivo bioluminescenc e
Decanal dependence .

Since exogenous decanal is required to produce

luminescence in our assays, and its concentration must be specified in the protocol, the
study of the effect of variations in the decanal concentration was an important first step in
the overall characterization. These experiments were further motivated by the fact that
many assays described in the literature are performed with poor experimental control [14,
15, 75, 82, 97] and are often misinterpreted due to various effects deriving from such a
lack of control. The following set of results will demonstrate the importance of a well
controlled assay.
The compiled data relating the effect of variations in the decanal concentration to
the maximum intensity and time of occurrence of the maximum intensity of the second
phase are shown in Figure 3.2. These results illustrate that a sufficiently low decanal
concentration will cause a complete merging of the secondary phase with the primary
phase. In this case, the absence of the secondary phase can be explained by the complete
depletion of the decanal during the production of light forming the primary phase. This
would leave no decanal to sustain luminescence during the second phase.

Increasing

decanal concentration delays, proportionally, the time of occurrence of the secondary
peak, while broadening the profile of the entire secondary phase. It also has the effect of
drastically decreasing the intensity of the second peak above a concentration of a few /xM.
Further increase will eventually lead to the total inhibition of the second phase of the
response. At levels of decanal higher than the value causing total inhibition of the second
phase, a subsequent injection does not result in the reproduction of similar kinetics (as is
the case for lower concentrations). This behaviour is attributed to a combined effect of
the luciferase enzyme decanal inhibition and (potentially lethal) damage to the cells. This
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hypothesis is further supported by other results (not shown) illustrating that the cell
number is proportional to the luminescence intensity of the secondary peak. Therefore, a
decreasing luminescence intensity is consistent with a decrease in cell population {i.e. cell
death).
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Figure 3.2. Effect of varying the decanal concentration on the secondary phase of the
luminescence response profile. The data shows the high and low of duplicate experiments.
The curve fit passes through the average of the duplicate points.

Note that the relation between bioluminescence and decanal concentration can be
further influenced by the fact that the decanal is volatile and not very soluble at high
concentrations.

This may influence the mass transport of decanal through the cell

membrane and its distribution inside the cell, as well as affecting the chemical kinetics
through (for example) enzyme inhibition or substrate limitation.

This factor almost

certainly influences the observed behaviour of the intensity of the secondary phase in the
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case of high decanal concentration. Further experimentation to differentiate between these
various influences could be carried out, but the results showing qualitative inhibition at
high concentrations are satisfactory for our purposes here. A detailed characterization of
the transducer at high decanal concentration has no immediate significance, since it is not
practical to operate the transducer in the inhibited regime (high concentrations of decanal).
The intensity of the primary phase of the response is not observably inhibited by
low or high decanal concentrations. Due to the very short duration of this phase, coupled
with limitations in our instrumentation system, we could not detect any conclusive trend
regarding changes in the peak intensity of the primary phase as a function of the decanal
concentration.
Media dependence .

It is also important to study the effects of the media

composition on the response characteristics. These experiments involved substituting the
PYE medium used in the previous study with a series of defined media that permit
elucidation of the specific effects contributed by the presence of each of the principle
components. In

Vivo Assay #2 was used to perform this set of experiments.

The

substitutions were defined by the following cases:
1)HEPES buffer only.
2) HEPES with /3-NADH and FMN.
3) HEPES and FMN.
4) HEPES and /3-NADH.
5) PYE with no incubation time.
6) PYE with 5 minutes incubation time.
The resulting kinetic behaviour observed in each case were analyzed in order to obtain an
understanding of the significance and the biochemical origins of the two phases of the
luminescence response.
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Figure 3.3. Comparison of the effect of different diluent and incubation time on the in vivo
bioluminescence signal. The histogram gives the variation in peak intensity of the first and
second phase.

When bacteria are diluted using HEPES buffer only, a very low initial
luminescence level is observed, followed by a broad secondary phase response as shown in
Figure 3.1 (B).

This behaviour corresponds to the previously described kinetics

(Figure 3.1(A)) with the primary phase absent, and suggests that a necessary substrate for
the primary phase is missing in the buffer as opposed to the PYE medium. We therefore
experimented with the addition of the two essential substrates (which are jS-NADH and
FMN according to the biochemical model described in Chapter 2) to the buffer. When the
bacteria were diluted in HEPES buffer with both /3-NADH and FMN, the luminescence
profile recovered the primary phase that was absent in the previous case. This result
supports the hypothesis that at least one of the substrates, /3-NADH or FMN, is linked to
the presence of the primary peak. The next two cases (HEPES plus FMN, and HEPES
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plus /3-NADH) were performed to identify which of the two substrates was responsible for
the occurrence of the primary phase. HEPES plus FMN allowed the primary phase to
form, but HEPES plus (S-NADH did not. The conclusion, therefore, was that the primary
phase is dependent on the presence of FMN in the media. Note that PYE is a complex
media that normally contains FMN.
An additional experiment was performed to examine the effect of the incubation
time of the bacteria in the presence of exogenous FMN on the primary peak. Using the
PYE medium, we performed the same in vivo assay with various incubation times. It was
found that a minimum incubation time of 5 minutes is necessary for the primary phase to
completely form. Zero incubation time prior to the decanal addition results in an initial
luminescence level comparable to the level obtained when no external FMN is present.
Hence, incubation is necessary to allow the primary phase to form.
Interpretation o f the primary phase . The requirement of a minimum incubation
time provided an important clue to the understanding of the kinetics involved in the
formation of the primary phase. Understanding the origin and kinetic behaviour of the
two phases is essential for interpreting the luminescence signals, and hence for sensor
development. Recall that a model using a coupled enzyme system involving an FMN
reductase and the luciferase was discussed in Chapter 2.

We shall derive our

interpretation of the results presented here from this previously described model of the
biochemistry (Reactions 2.1-2.6 introduced in the Chapter 2), along with other results
reported in the literature.
Based on the fact that luciferase-substrate complexes are believed to lead to the
formation of long-lived intermediates [34, 39], and by looking at the biochemistry, it is
reasonable to hypothesize that Reaction 2.1, as well as Reaction 2.2, would reach
equilibrium in the presence of oxygen prior to the decanal addition. If this is indeed the
case, then, preceding the decanal addition, a certain proportion of the luciferase is present
as a luciferase-FMNHOOH complex.

The injection of decanal then allows the fast
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reactions leading to luminescence to proceed, as shown in Reactions 2.3 and 2.4 [39].
Consequently, the initial luminescence intensity should be proportional to the amount of
pre-formed luciferase complex. This hypothesis is supported by the following analysis.
The experiment with buffer dilution (Figure 3.3) shows that the initial level of
luminescence is related to the presence of exogenous FMN and the incubation time. The
low peak intensity of the first phase obtained from simple buffer dilution (no FMN added)
corresponds to the actual in vivo equilibrium concentration of the luciferase-FMNHOOH
complex.

By adding FMN exogenously, we allow more complex to form therefore

leading to a higher intensity initial peak.

This implies that the in vivo equilibrium

concentration of complex is less than the concentration present when exogenous FMN is
added. Furthermore, if the amplitude of the primary peak is directly related to the amount
of luciferase-FMNHOOH complex, then the concentration of the complex ought to take
some time before reaching equilibrium when exogenous FMN is added to the sample.
Therefore, if insufficient incubation time is allowed for the complex to form before
injecting the decanal, the primary peak should not be amplified.

This situation is

represented in cases 5 and 6 (Figure 3.3.) using PYE as the diluent, where we can see the
expected effect of incubation time on the primary phase.
In summary, the low intensity of the primary phase in both cases 1 and 5
corresponds to the in vivo equilibrium level of the enzymatic complex. Thus, the primary
phase requires the presence of exogenous FMN and some incubation time to allow the
formation of the complex. This supports the hypothesis regarding the direct relationship
between the presence of luciferase-FMNHOOH complex and the initial intensity of the
first phase.
Interpretation o f the secondary phase . The experiment examining the effect of
variations in the decanal concentration also supports a relationship between the primary
peak and the presence of pre-formed luciferase complex. In contrast, however, to the
observed modulation of the secondary peak with decanal concentration, we observed that
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the primary peak was not inhibited by high decanal concentration.

This absence of

inhibition of the primary peak is explained by in vitro results from other published studies
[38, 66, 67], in which it has been recognized that luciferase is more resistant to decanal
inhibition when in a complexed state. One group reports that there are actually two
binding sites for the aldehyde on the luciferase enzyme, one catalytic and one inhibitory
[38]. Evidence suggests that the inhibitory binding site of the aldehyde is made inactive or
inaccessible by the binding of the flavin substrate (FMNH2). As expected from their
model, their study showed that luciferase complexes were less easily inhibited by high
aldehyde concentrations. Our data indicates that the luciferase-FMNHOOH complex has
a higher resistance to inhibition, which is consistent with the other groups' observations for
the luciferase-FMNH2 complex. From these experiments, we conclude that the intensity
of the primary phase was directly related to the amount of luciferase-FMNHOOH complex
present.
Immediately following the decanal addition which gives rise to the initial peak, the
previously mentioned equilibrium between Reaction 2.1 and 2.2 in our model is disturbed.
A new equilibrium involving all six reactions has to be reached. When the equilibrium is
reached (i.e. the minimum following the initial phase), the secondary phase of the profile is
observed.

The transition between the two equilibrium states leading to the minimum

between the phases will be discussed following the interpretation of the second phase
kinetics.
The modulation of the intensity of the luminescence due to changes in decanal
concentration has been observed in vitro during other published luciferase studies [5, 38,
62]. The studies show that the luminescence intensity is maximum at an optimum decanal
concentration, above which an effect known as substrate inhibition occurs.

These

experiments were performed with different decanal concentrations (negligibly changing in
time) leading to a pseudo-steady-state level of luminescence.

By doing a similar

experiment with a constantly changing decanal concentration, one should observe a
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temporal modulation of the luminescence, where the intensity would correspond to the
instantaneous concentration of decanal. The observed bioluminescence should show an
inhibiting, optimum, and a limiting regime. Our analysis of the luminescence profile will
show that, during the second phase of the luminescence, the intensity is dictated by and
reflects, the constantly varying amount of decanal.
If the initial amount of decanal is sufficient to cause inhibition, the luminescence
will begin with an inhibited intensity. This inhibited intensity corresponds to the minimum
between the two peaks.

The subsequent increase of the luminescence intensity

corresponds to the steady decrease in the decanal concentration due to consumption and
out-gassing (due to sparging). A maximum in the second peak occurs when the decanal
level reaches an optimum concentration.

The decanal concentration, being constantly

decreasing, would then cause the final luminescence to decrease corresponding to
substrate (decanal) limitation. This is consistent with our previous conclusion that the
secondary phase ends by decanal limitation, because subsequent addition of decanal leads
to the reproduction of a similar luminescence profile.
The intensity profile of the luminescence during the secondary phase basically
reflects the decrease in the concentration of decanal with time, and hence an initial
addition of higher decanal concentration implies that the decanal requires a longer time to
deplete.

The time taken for the decanal to decrease to the optimum concentration

(corresponding to the secondary maximum) is related to the amount of decanal initially
added, and hence the observed delay, T or T', of the secondary phase increases in response
to higher decanal concentration (Figure 3.2) as expected.
In the case where the initial addition of decanal corresponds to the optimum
decanal concentration, there will be no inhibition period between the two phases. This
situation corresponds to the lower limit value of the delay that can be practically detected
(the two phases are merged).

The smallest delay resolved during the experiment

corresponded to a concentration of 50 juM. Therefore, we conclude that the in vivo
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optimum decanal concentration is somewhat less than 50 ^M because this concentration
barely causes any inhibition before the secondary phase maximum is reached.
The optimum decanal concentration was also observed (by the same groups
studying the decanal inhibition) to depend on several other potential medium components,
such as BSA, phosphate ions and probably others. The addition of a stabilizer such as
BSA, and/or a buffer such as PBS, usually increases this optimum concentration from
values close to 1 IJM to values close to 100 fiM.

We observed the in vivo optimum

concentration to be between these limits, as expected.
Interpretation o f the transient period . The transient period following the initial
primary phase maximum exhibits two distinct kinetic behaviours. In the case where we
exogenously add FMN (and adequate incubation time is allowed), the initial intensity
corresponds to the amount of luciferase-FMNHOOH complex present at equilibrium prior
to the decanal addition. As the luminescence proceeds (Reaction 2.4 of the model), the
luciferase releases the remaining molecule of FMNHOH (Reaction 2.5) in order to later
reform a complex with FMNH2 and restart the cycle. The luciferase, no longer in a
complexed state, is no longer protected against decanal inhibition.

The decay of the

luciferase-FMNHOOH population, combined with the decanal inhibition of the freed
luciferase, causes a decrease in the overall luminescence intensity. Hence, a luminescence
minimum is observed as a new biochemical equilibrium involving all six reactions is
reached (after decanal addition). This minimum corresponds to the inhibited level of
luminescence. In the case where no exogenous FMN is added, the amount of luciferase
complex is much less than in the former case. As the experiment with buffer dilution
shows, the PYE remaining in the broth containing the bacteria is obviously mostly
depleted of FMN. The luciferase can not form a large amount of complex, since the
substrate (FMN) is limiting. The small amount of complex then present is close to the
amount corresponding to the equilibrium intensity following the initial peak (when FMN is
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added exogenously). Consequently, the luminescence profile does not show any primary
maximum and begins at the inhibited level.
Consequences relatin g t o toxicit y analysis . Collectively, these results indicates
that the intensity of the primary phase is basically a measure of the amount of luciferase
complex present, and that only the second phase is meaningful for equilibrium
luminescence measurements. This has very important consequences with regard to further
development of sensors and scientific tools using the luxAB genes. For example, if we use
our recombinant bacteria for biocide assays, then we would not get a very good
correlation between the efficiency of the biocide and the maximum intensity of the initial
phase, since the primary phase is related to a very stable enzyme complex which is formed
before the biocide can take effect. Any noticed effect would be more likely related to
luciferase inhibition than to toxic effects on the cell. Measurement of the secondary phase
would, on the other hand, give information which is directly related to toxicity, since this
phase requires the presence of vital substrates such as /3-NADH and FMN.

These

substrates are linked to reactions that are essential to the survival of the cell (e.g. electron
transport chain), and anything influencing the availability of these substrates can
undoubtedly be considered as having a toxic effect. In addition, the reproducibility of the
bioluminescence profile is very good and is a definite advantage for biosensor
development. The maximum intensity of the secondary peak of ten profiles (obtained
using In Vivo Assay #1 on independent cuvettes) showed a mean value of 1.507 ALU with
a standard deviation of 0.046, corresponding to a coefficient of variation of 4.39%, which
is excellent for biological data.
We should also mention that profiles obtained using a recombinant Escherichia
coli are qualitatively similar to those presented here using C. crescentvs. The fact that it is
possible to obtain similar profiles using a different species of bacteria is important to
demonstrates that the processes underlying the bioluminescence, and leading to the
profiles observed using C. cresceritiis, are not specific to this bacteria. Rather, these
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processes are linked to the specific genetic manipulations leading to bioluminescence and,
therefore, the characterization of the bioluminescence performed using C. crescentus
should be applicable to other recombinant systems resulting from similar genetic
modifications.
3.2.2. Characterization of in vitro bioluminescence
The in vitro experiments were designed to verify and strengthen the credibility of
our in vivo model. Two types of in vitro experiment were performed. The modulation of
the kinetics in relation to changes in the decanal concentration was studied. The effects on
the kinetics of the presence or absence of FMNH2 prior to decanal injection was also
studied. Since the in vitro results are based on a commercially available two-enzyme
system extracted from Vibrio harveyi, the in vitro results could be interpreted in terms of
the same model used to described the in vivo reactions. The advantage of the in vitro
system, however, is that the experimental conditions and concentrations of all reactants
can be more precisely controlled. The first experiment was intended to verify that the
observed modulation of the intensity of the in vivo secondary phase is, in fact, linked to
the effect of decanal on the luciferase, and not to other biochemical reactions occurring in
the cell. The second experiment was intended to verify the link between the formation of
a luciferase-FMNHOOH complex and the initial primary phase peak of the in vivo kinetic
profiles.
Assay with pre-formed complex. The first set of results were obtained by mixing
a sample containing all the substrates necessary for luminescence with the exception of
decanal (In Vitro Assay #2). Injection of this sample into solutions containing various
amounts of decanal then initiated the luminescence. The sample containing the different
substrates was given sufficient incubation time to reach equilibrium before contact with
decanal. The typical response starts with a sharp and high intensity peak. The peak
quickly decreases to a lower intensity plateau-like profile. These data are summarized in
Figure 3.4.
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Figure 3.4. Effect of variations in decanal concentration on in vitro bioluminescence. The
concentration dependencies of the initial peak intensity (square) and the subsequent
plateau intensity (circle) are shown for the case where the luciferase-FMNHOOH complex
is allowed to form prior to the decanal addition. Experiments were done in triplicate; the
fit is calculated from the average of triplicates at each concentration.

The behaviour of the plateau intensity as a function of decanal concentration was
as expected and as described in the literature [38, 62].

This is essentially the same

behaviour as seen in the in vivo case. At low decanal concentrations, the peak intensity
increases with decanal concentration for the same reason as does the plateau intensity
(i.e. decanal limitation).
concentration.

This behaviour continues up to the optimum decanal

Once the optimum decanal concentration is reached, a decrease in the

plateau intensity is observed, corresponding to decanal inhibition.
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The initial peak

intensity is not affected by decanal inhibition, as expected (i.e.

since the luciferase-

FMNHOOH complex is resistant to substrate inhibition).
The increasing scatter in the peak data at higher decanal concentrations is
attributed to the conditions of the experiment. The decanal is not completely soluble at
higher concentrations, causing the sample to become turbid and inhomogeneous.
However, triplicate experiments adequately confirm that the peak intensity is resistant to
inhibition at high decanal concentrations. This behaviour of the initial peak is the same as
that observed for the in vivo behaviour of the primary phase. Since the complex is not
inhibited at high decanal concentration [38], such a correlation between the in vivo
primary phase and the in vitro initial peak supports the conclusion that the luciferaseFMNHOOH complex is also responsible for the in vitro initial peak.

As previously

mentioned, we could not observe the in vivo kinetics of the first phase with sufficient
accuracy us to allow quantitative measurements at low decanal concentrations. Therefore,
we were not able to directly observe the behaviour of the primary peak at low decanal
concentrations and compare them with the in vitro results in this range. However, we
could observe the absence of inhibition of the in vivo primary phase at high decanal
concentration, which is consistent with the in vitro results.
Assay without pre-forme d complex . The second set of results were obtained by
mixing a sample containing all of the necessary substrates, with the exception of jS-NADH
and decanal (In Vitro Assay #1). To initiate luminescence, the sample was injected into
the /3-NADH solution with various amount of decanal.

In this case, the luciferase-

FMNHOOH complex could not form prior to being mixed with decanal. The kinetics
observed by this method differed from the previous case only with regard to the primary
phase. The initial high intensity peak is absent in this case; the luminescence increases
rapidly to reach a plateau-like behaviour.

The plateau level of the two different

experiments correspond quite well as shown in Figure 3.5.
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Figure 3.5. Comparison of the different kinetics obtained by controlling the formation of
the luciferase-FMNHOOH complex prior to the addition of decanal. The same decanal
concentration is used in both cases (13 juM). The open square/dotted line corresponds to
the profile obtained from the first type of in vitro experiment (complex formed). The solid
circle/solid line corresponds to the profile of the second type of experiment (no complex
formed).

The observed modulation the plateau intensity as a function of the decanal
concentration in the second case is very similar to the modulation observed in the previous
experiment. This similarity in the secondary phase response is expected since, after the
primary phase ends, the same biochemistry takes place in both cases. The correlation
between the plateau intensities observed in both experiments is shown in Figure 3.6.
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Figure 3.6. Effect of variations in the decanal concentration on the intensity of the plateau
region of the in vitro kinetics.

The solid squares describes the behaviour when the

luciferase-FMNHOOH complex is not allowed to form prior to the decanal addition. The
open circles describes the behaviour when the same complex is allowed to form.

The only protocol difference between these two experiments was that the /3-NADH was
added as a component of the injection mixture in the first case, and as a component of the
decanal sample in the second case. The jS-NADH is necessary for the oxidoreductase to
reduce FMN to FMNH2 and, without it, the luciferase can not form a complex capable of
resisting decanal inhibition. When the decanal and the /3-NADH are added at the same
time, there is no time for the complex to accumulate since the decanal reacts with the
complex as quickly as it is formed. The absence of the initial peak under these conditions
confirms that the luciferase-FMNHOOH complex is linked to the initial sharp peak of both
in vivo and in vitro bioluminescence profiles.
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Interpretation o f the in vitro results. In the experiment using In Vitro Assay #1,
the luciferase had available FMNH2 prior to its contact with decanal. With an adequate
incubation time, an equilibrium amount of the luciferase-FMNHOOH complex was
formed. Upon addition of decanal, the initial peak was produced, corresponding to the
accumulated amount of complex, as in the in vivo case. Our model thus explains the
behaviour of the in vitro primary phase and its correlation with the in vivo primary phase
quite well. However, in the in vitro system, the secondary phase as described in the in
vivo system does not appear to exhibit the same behaviour.

A closer analysis of the

kinetics and the experimental conditions will show that this behaviour is, in fact, present,
but is characterized by a much longer time scale, making it impossible to measure during
this experiment.
For the in vitro system, the optimum decanal concentration is shown to lie
between 20 and 40 /xM. Therefore, below this concentration, no secondary peak should
be observed. This is analogous to the observed "merging" of the secondary phase with the
primary phase in the in vivo system as the decanal concentration approaches the optimum
value. As discussed for the in vivo case, the secondary phase reflects the changes in
concentration of decanal over time. The intensity reaches a maximum when the decanal
concentration reaches the optimum. When the initial decanal concentration used in the
in vitro experiments is higher than the optimum value, we should expect an initially
inhibited luminescence intensity, increasing to a maximum, analogous to the in vivo
secondary peak. A behaviour similar to this was observed for all repeats with an initial
decanal concentration of 130 /xM in experiments performed using In Vitro Assay #2. In
the first in vitro experiments (at inhibiting levels of decanal concentration), most of the
inhibition that precedes the secondary maximum was masked by the large primary peak,
which is inhibition resistant. At a decanal concentration of 130 ttM, however, the initial
peak decreased quickly, and the secondary phase exhibited the peak behaviour typical of
the secondary phase seen in the in vivo profiles. For even higher decanal concentrations,
49

the fast decrease of the initial peak was also observed, but no secondary maximum could
be observed due to the limited recording time. Note that time of occurrence of the
secondary peak of the in vitro and in vivo kinetics are different because the in vivo
samples were sparged, which accelerated the loss of decanal by out-gassing (as verified by
the gas chromotography results reported in Section 3.2.3).

However, the qualitative

behaviours of the second phase of both in vivo and in vitro experiments are comparable to
each other and are consistent with the model presented earlier.
To obtain reproducible results throughout the in vitro experiments, measurements
had to be made in the minimum time possible due to the inherent instability of the reagents
(especially /3-NADH). Therefore, throughout most of these experiments, slowly occurring
effects were not observed.

However, one experiment was done (with a decanal

concentration of 130 /xM) where the response was recorded until the secondary maximum
occurred (approximately 2.5 hours to reach the peak) and could be identified clearly.
Following this result, the notion of a "plateau" becomes relative to the length of time of
the observation. Therefore, we should refer to the plateau intensity as "the intensity after
X elapsed time units" (typically in the order of one minute for the experiments represented
in Figures 3.4, 3.5, and 3.6). The intensity of the secondary maximum was slightly lower
than the intensity corresponding to the optimum decanal concentration. This difference is
attributed to the limitation of substrates other than decanal. The instability of substrates
over the two and a half hour period of time required to reach the maximum may result in
multiple substrates becoming limiting, making a quantitative analysis impractical.
3.2.3. Ga s chromatography result s
In order to verify the loss of decanal by out-gassing due to sparging in the in vivo
experiments, we proceeded to measure the decanal concentration changes by gas
chromatography (GC). A standard curve (Figure 3.7) was first obtained for decanal
concentrations varying from 6 to 127 ^M. The end points of this range correspond,
respectively, to the low-concentration detection limit of the GC and to the decanal
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concentration initially injected in the in vivo assay used to produce the reference in vivo
bioluminescence profile in this experiment.
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Experiments involving the direct measurement of the decrease in decanal
concentration over time due to sparging were performed in parallel with experiments
showing its effects on the bioluminescence. The bioluminescence profiles were obtained
using In Vivo Assay #1, with sparging controlled by a constant flow-rate pump, instead of
the previously used air line in order to decrease the error due to variations in the air line
pressure. The data relating the bioluminescence intensity of the secondary phase to the
sparging time were obtained from independent samples measured using In Vivo Assay #1.
By using different sparging rates, we confirmed that sparging was the primary cause of the
continuous decrease in decanal concentration by out-gassing. Recall that sparging needs
to be used during In Vivo Assay #1 in order to ensure proper mixing.
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The variations in decanal concentration caused by uptake and consumption in the
bioluminescence reactions are not significant compared to the loss due to out-gassing.
Therefore, the decanal evaporation measurement was done with sparged samples that did
not contain bacteria in order to simplify the experiment and ensure compatibility with the
GC instrument. The samples injected into a GC column have to be as clean and free of
debris (such as cells or cell debris from microorganisms) in order to avoid damage to the
column. Filters can be used in some cases, but in our case did not yield reproducible
results and hence bacteria-free samples were used instead.
The relationship between the decanal concentration in the sample and the sparging
time is shown in Figure 3.8. Each data point on the curve was obtained from independent
samples, all sparged at the same rate as for the data obtained from the bioluminescence
assay. The GC analysis was done using the GC assay described in Section 3.1.1. The
decanal concentration data is well behaved and fits an exponential decay function as
expected for an evaporation/out-gassing process.
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The

variation of decanal concentration (solid line, solid square) and the bioluminescence
intensity (dotted line, open square) are shown as a function of sparging time.

The results obtained from the GC analysis support our interpretation of the
bioluminescence temporal profile. The results support conclusions coming from both the
in vitro and in vivo experiments. In addition to showing that the change in intensity of the
bioluminescence is directly related to decanal decrease, it has revealed an approximation
of the optimum decanal concentration necessary for maximum peak bioluminescence
intensity during the secondary phase. This optimum concentration of 28 /JM is of major
importance for getting the maximum signal out of the C. crescentus

transducer.

Maximizing the signal from the transducer is essential for the development of sensor
instrumentation giving the best signal qualities possible (i.e.
signal/noise ratio).
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high sensitivity, high

3.3. Conclusion

s

The observed bioluminescence due to the expression of recombinant luxAB genes
in C. crescentus was characterized and interpreted. The observed in vivo bioluminescence
consisted of a complex two-phase intensity profile. To elucidate the processes underlying
this complicated response, the behaviour of its different phases has been studied in relation
to several factors indicated by the biochemistry describing the luxAB mechanism. The
variations in the concentration of exogenously added decanal had a characteristic effect on
the secondary peak.

An approximate value was determined for the optimal decanal

concentration (i.e. 28 /JM) corresponding to the maximum intensity of the luminescence
observed for the in vivo case. The peak intensity of the primary phase can be controlled
by using hepes buffer (with or without FMN) instead of PYE medium. The primary phase
was found to be the appropriate parameter to measure in order to obtain information
concerning the amount of luciferase present. However, it is not an appropriate parameter
to measure for biocidal studies because of the stability of the complex responsible for its
presence. These studies lead to the development of a biochemical model based on a
coupled-enzyme system explaining the observed results. The validity of this model was
established by the good correlation found between in vivo, and in vitro experiments
(where conditions and reagents could be better isolated and controlled).

We also

elucidated the non-negligible effects of important protocol-related factors influencing the
kinetics of the bioluminescence produced by bacterial luciferase. The adequate control of
the different concentrations of substrates, the time allowed for complex formation, the use
of buffers and stabilizers, and the method of measurement of the luminescence are
important in order to obtain meaningful results. The temperature is another important
influencing factor for biochemical studies. All experiments reported here were performed
at room temperature unless indicated otherwise. In our experience, however, the slight
variations in temperature that may occur during the course of an experiment at room
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temperature do not produce noticeable effects. Nevertheless, biosensor instrumentation
based on the luxAB mechanism (see Chapter 5) will include provisions for thermostatic
control. The understanding and regulation of the mentioned factors are critical for any
quantitative measurements involving genetically engineered bioluminescence using the
luxAB system.
We have presented results indicating that careful control of the solution
environment of the bacteria, combined with a knowledgeable interpretation of the results
using the described model, have a definite impact on our application, as well as other
(gene reporter) applications using the luxAB system. For example, the coupled-enzyme
luxAB system has been studied in vitro by another research group [54] that concluded that
the kinetics should vary in relation to the ratio of the two enzymes. The luminescence was
observed to increase to a plateau level when the reductase/luciferase ratio was low; with a
high ratio, the luminescence was observed to peak and decay. It was also stated, in the
same publication, that the commercial luciferase had a reductase/luciferase ratio leading
only to continuously decreasing luminescence. We have studied in vitro luminescence of
the commercially available coupled-enzyme system and were able to obtain plateau-like or
peak-like response behaviours without changing either the ratio of the enzyme, nor the
other substrate concentrations, but only their order of combination with each other. Our
results showed that the general conclusions of this group are not entirely correct. This
underlines the importance of an adequate model for interpretation of the response, and
adequate knowledge of the influencing factors.
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CHAPTER 4. TOXICIT Y ASSAY PRELIMINAR Y RESULT S
As mentioned in the introduction, there are several existing methods for measuring
toxicity. In this section, we will compare the approach based on C. crescentus with some
of the other existing methods and instruments.

A short description of the available

methods and their relative advantages and disadvantages will be presented.

The

presentation of a batch assay based on recombinant C. crescentus will follow, supported
by a set of experiments demonstrating the potential of a toxicity sensing instrument based
on a Caulobacter biosensor.
4.1. Measurin

g toxicit y

The conventional approach used to assess the relative toxicity of a chemical agent
involves exposing (or administering) subgroups of a known population of living organisms
to a predetermined set of concentrations (or doses) of the toxic agent, and recording the
number of deaths that occur in a fixed amount of exposure time at each dose. In general,
with experimental support in some cases, the relative toxicity assessed in relation to one
species can be correlated in a meaningful way to other species.

This motivates the

development of alternative methods of toxicity testing (i.e. non-animal) that would address
the concerns raised by animal's right activists, and would decrease the cost of toxicity
testing as bacterial organisms are much cheaper to maintain than higher organisms.
Conventional types of assays (described in the literature review) have debatable
advantages and disadvantages. Considered advantageous is the fact that they have been
widely used for many years, so it is very easy to compare the toxicity of different
compounds based on these "conventional" organisms (e.g. fish, rats, mice). Data on a vast
array of compounds of interest are available in the literature and/or material safety data
sheets. However, the cost of these tests can be a major burden, especially for industrial
users that are required by law to perform such tests on a routine basis. One factor that
contributes significantly to this cost is the time required by personnel to perform these
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tests (e.g. a standard fish assay can take several days). In addition, the high cost of special
facilities, and the overall running cost of such an assay can be prohibitive for industries
(e.g. pulp and paper) required to monitor their effluent. Also, increased public disapproval
has arisen with the recent concern for laboratory animal's rights. There is now a growing
demand for alternative means of measuring toxicity.
In the late 1970's, a group of researchers proposed to use bacteria as an alternative
organism instead of fish, mice, rats or others. Their research resulted in the development
of a toxicity monitoring system which they later marketed under the trademark of
Microtox® [11, 12, 13]. The principle of operation of this system is quite similar to the
fish or mice assays and is described in Chapter 1. The Microtox® system has many
advantages when compared with the fish and mice assays. The most important factor, as
far as industry is concerned, is its much lower overall cost. The assay can be performed
on a few millilitres of sample, using small quantities of the Microtox® reagents and the
toxic compound of effluent sample under test. The assay of a particular compound might
require up to 10 assay cuvettes, and can be performed in under an hour. A well-trained
technician can test on the order of 10 compounds in a day.

For these reasons, the

Microtox® system has gained a lot of popularity with industry, and has therefore become a
very successful product.
Despite the above advantages, however, the Microtox® system has some serious
limitations. The reproducibility of the data, from assay to assay, is very poor. In some
instances, there are differences of two orders of magnitude in the data reported from
different laboratories [44]. This is mainly due to the high sensitivity of the assay to small
variations in the protocol used. It is apparent, therefore, that the microbial "transducer"
(i.e. the P. phosphoreiim Microtox® reagent) used in this test has not been adequately
characterized to refine the protocol, and thus permit a consistent measurement and
interpretation of the bioluminescence signals.
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The fact that the Microtox® system is still widely used, despite its limitations, is
due to its relative convenience and low cost compared to tests using fish or other higher
organisms. The acceptance of this test, despite the low reproducibility of its results, is a
strong indication of the need (and market demand) for practical alternatives to vertebrate
animal testing. There is presently no competitive microbial system on the market, let alone
one that gives reproducible results. An engineered Caulobacter-based biosensor system
has the potential to offer better and more reproducible results than the Microtox® system,
while preserving the same convenience and cost advantages. Furthermore, the potential
exists to genetically modify the sensitivity of a Caulobacter assay, and even to engineer
Caulobacter strains that are expressly sensitive to specific agents. Further development of
a microbial toxicity assay, based recombinant strains of Caulobacter, are thus highly
motivated.
The first step toward the development of a toxicity monitoring system, based on
Caulobacter, is to investigate its sensitivity and precision (i.e. repeatability). A series of
experiments were done to realize this objective using the knowledge acquired during the
characterization of the construct reported in Chapter 3. A protocol was developed to
produce data, relating to specific substances, that can be compared to similar data
obtained using the Microtox® system. Signal versus concentration (i.e. dose-response)
curves were obtained for three different toxic compounds. The precision of this doseresponse data demonstrates the feasibility of a microbial toxicity measuring system, based
on Caulobacters, that could be optimized in order to realize significant advantages over
the Microtox® system.
4.2. Material

s an d method s

APMT-based luminometer Model 1250 from LKB Wallac® (now BioOrbit®) was
used to measure the bioluminescence intensity as described in Chapter 3. Standard 4 ml
luminometer cuvettes were used to present the samples to the PMT. A fresh culture of
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C. crescentus expressing the plasmid pRTB7 was prepared for each test as described in
the previous chapter.
The assay samples were prepared in the following way prior to the introduction of
the toxic agent to be tested: 975 JX\ of medium (PYE kept at room temperature) was first
mixed with 25 yi\ bacteria broth (culture is in exponential phase with OD600 of 0.6-0.7 and
kept on ice) and left to incubate for 5 minutes (at room temperature).

The cuvette

containing the diluted bacteria was then placed in the luminometer and injected with 20 JX\
of decanal reagent dissolved in methanol and distilled water, leading to a working
concentration of 130 /xM of decanal and 1% methanol in the cuvette. A small tube was
then quickly inserted into the cuvette for sparging. The bioluminescence intensity was
translated into a potential by the luminometer, and a chart recorder was used to record the
signal. The prototypical temporal response, using a similar protocol, was previously
characterized as having two phases. Once the luminescence intensity of the second phase
had decreased to within 5% of the baseline, the sample was removed from the
luminometer to allow a 20 p\ injection of a predetermined dilution (in water) of the toxic
agent to be tested. The injection was followed by a 5-minute incubation period (at room
temperature). The sample was then replaced in the luminometer and a second dose of
decanal was injected to produce another bioluminescence profile. The pair of profiles thus
obtained formed a single data point. The measured decrease in luminescence intensity of
the secondary phase peak in relation to the first one corresponds to the toxic effect of the
injected concentration of the toxic agent.
Pairs of profiles were obtained following the above protocol for a series of
different toxicant concentrations. The data were displayed by plotting the ratio of the
maximum intensities of the second phase of the bioluminescence profiles (i.e. after poison
injection/before poison injection) versus the concentration of the compound being assayed
for toxicity. The data points were not obtained by injecting the toxic compound in a
sequential (increasing or decreasing) order of the concentration, but in a pseudo-random
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order. The three compounds tested were phenol (C6H5OH, stock solution was 90% in
water), mercuric chloride (HgCl2, stock was a pure powder) and sodium hypochlorite
(NaCIO, stock solution was a 6% commercial bleach).
To determine the sensitivity of this protocol to sample incubation time, a series of
experiments were also performed where one toxin was tested with varying periods of
incubation of 5, 10, 15 and 20 minutes.
4.3. Result

s an d discussio n

The toxicity assay for the three compounds lead to the expected sigmoidal shaped
curves of standard dose-response studies and were well-behaved as shown in the
presented graphs. The phenol dose-response data exhibited the best behaviour of all three.
The 5-minute EC50 of phenol was found to be 6.5 mM as shown in Figure 4.1. Figure 4.2
shows the sodium hypochlorite dose-response characteristic. For this compound, the 5minute EC50 was found to be 0.36 mM. The third compound assayed was mercuric
chloride and Figure 4.3 shows the 5-minute EC50 to be 0.011 mM.
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Figure 4.2. Sodium hypochlorite dose-response characteristic.

The Profile Ratio and

EC50 are defined as in Figure 4.1. Recombinant C. cresceiitus exhibits a 5-minute EC50 of
0.36 mM for sodium hypochlorite, corresponding to 24.6 ppm in the test sample.
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An additional set of experiments were performed in order to determine the effect
of the incubation time on the dose-response characteristic. We chose sodium hypochlorite
to test whether or not the response would decrease significantly with longer incubation
times. Data were collected for several different incubation times performed at three
different sodium hypochlorite concentrations as shown in Figure 4.4. The variations in
Profile Ratio obtained at each of the concentrations tested were within the range of
variation observed at zero concentration for all incubation times. The results indicate that
the assay is essentially independent of the exposure/incubation time up to 20 minutes (the
longest incubation time tested) in the case of sodium hypochlorite.
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The dose-response curves obtained are all qualitatively similar. The specific shape
observed is an indication of an adequate assaying technique as the sigmoidal shape is
typical of dose-response behaviour [58, 73], This also implies that the parameter chosen
for measuring the effect of toxicity (i.e. the maximum intensity of the secondary phase) is
an appropriate parameter. Validation of the parameter also provides some support to the
interpretation of the bioluminescence mechanism that we developed and discussed in
Chapter 3.
Each response curve can be divided into three zones that all have distinct meanings
in regard to toxicity.

The initial "flat" zone at low concentrations is known in the

literature as the NOEL (No Observed Effect Level), and corresponds, as the name
suggests, to the safe zone where the concentration of the compound causes no toxic
effect. The second zone is called the responsive zone. It corresponds to the range where
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the toxic effect varies in proportion to the concentration of the compound under test. In
the responsive zone, there is always an unaffected component of the population. The third
zone is located at the extreme upper level of the concentration scale. It corresponds to the
zone in which the toxicity can not cause any additional effect, and hence is called the
saturated zone. In this range of concentration, all of the population is affected.
In addition to exhibiting excellent qualitative features, the quantitative qualities
also appear promising when compared with other toxicity testing methods such as the
Microtox® assay. For example, an important feature of these results is that they yield
relative toxicity rank order for these compounds that agrees with the literature.

The

C. crescentits-based transducer shows the same order of relative toxicities as does the
Microtox® system. The evaluation of the relative toxicities of different compounds is one
of the major applications for this kind of system.

The Microtox® system has been

compared to a fish assay (fathead minnows [17]) and even though the relative toxicities of
a broad range of chemicals did not correlate very well with the fish assay (with a R2 =
0.65), the correlation for semihomologous chemicals was much better (R2 = 0.96 for a
series of alcohols). Since the Microtox® system is accepted and widely used in industry
(despite poor correlation,

in some cases, with other toxicity tests), then a

C. crescentus-bastd system that agrees with Microtox® in terms of relative toxicity,
would very likely be accepted too.
The sensitivity of our C. crescentiis transducer for phenol (5-minute EC50 = 570
ppm) and mercury (5-minute EC50 = 3 ppm) is somewhat inferior to the sensitivity of the
fish (rainbow trout, 96-h LC50 = 7.5-14 ppm), daphnid (small crustacean, 48-h LC50 =
24-43 ppm) and Microtox® (5-minute EC50 = 18-42 ppm) assays according to one study
comparing the three methods [74], but can be compared to the S. volutcins toxicity assay
(5-minute MEC90 = 400 ppm, MEC90 is based on the motility inhibition of 90% of the
bacteria [74]). The sensitivity of our C. crescentiis transducer for sodium hypochlorite
(5-minute EC50 = 25 ppm) is also inferior to the Microtox® system (5-minute EC50 = 0.1
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ppm), but we found only one reference treating this compound [11], and therefore the
confidence on this value is unknown, especially given the variability that exists in the other
Microtox® results reported in the literature. The apparently inferior sensitivity of our
assay has only a small impact on the evaluation of a C. crescentus transducer for
measuring toxicity. The first reason supporting this affirmation is that the parameters are
not absolutely comparable.

For example, comparison of 5-minute EC50 (for C.

crescentus) to 96-hour LC50 (for fish) should not be taken too literally, since it is known
that the sensitivity of many organisms to a toxic compound is related to the time of
exposure to the compound. This is precisely why there are 24, 48 and 96-hour LC50 fish
assay protocols. It should also be born in mind that the C. crescentus transducer can, in
principle, be further optimized genetically to be more sensitive.

To conclude this

discussion on sensitivity, we should say that its importance also depends on the
application.

For quantitative detection of toxic chemicals, the sensitivity is of major

importance and great care must be taken in the choice of the parameter and protocol, but
for relative evaluation of the toxicity of several compounds, the sensitivity per se is not
critical.
The precision, and hence reproducibility, of the results is a more important factor
than is the sensitivity. Even though we have not carried out an extensive study at this
stage to evaluate the reproducibility of our toxicity testing assay, the collected results
obtained throughout the work forming this thesis demonstrated that, despite the nonoptimized conditions under which the assays were performed, we can obtain results that
are more reproducible than those obtained using the Microtox® assay. We are confident
that, with better control of parameters such as temperature (our results were obtained at
room temperature, which can vary slightly from day to day), and optimization of the assay
conditions (as reagent concentrations and incubation time), techniques used (as injection
and mixing) and the genetic optimization of the bacteria itself, we would obtain even
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better precision then demonstrated here and possibly better than other highly characterized
toxicity tests.
We could have chosen to further investigate the quality of our assay by generating
extensive data on several additional compounds for comparison with the existing toxicity
tests, but this would be superfluous at this point in time since further development of the
C. crescentus assay is planned (as discussed in the following chapter). Our initial goal
here was to demonstrate that the principle of toxicity testing using a recombinant
C. crescentus had significant merit and could potentially be used in a further optimized
toxicity testing system. The results obtained satisfied these objectives and opened the
door for the next phase of the project.
Although many features of the results obtained using the present protocol are
comparable with other commercial systems, the main drawback of the batch protocol used
here is the time required to assay the toxicity of a given toxicant. Even though much
faster than the conventional fish assay (24 to 96 hours), the protocol used here required up
to 30 minutes per data point, for a total of 6 hours for a 12-point dose-response
characteristic. This places the protocol used here behind that of the Microtox® assay.
However, again, further work could be done to optimize the time required to generate
meaningful toxicity data. An injection of a lower concentration of decanal, combined with
a better controlled sparging/mixing system could easily cut in half (and probably more) the
data generation time by directly diminishing the duration of each luminescence profile.
Such an improvement would place the existing C. crescentus system in a better position to
compete with the Microtox® system, even without the additional (genetic) optimization
and fine environmental control mentioned previously.
Even though it may be possible to develop a system with somewhat better
performance than the existing Microtox® system, it would offer fundamentally the same
features, if used in its present form.

The protocol used in this chapter did not take

advantage of the biofilm-forming qualities of the biological transducer. The possibility of
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self-immobilization of the bacteria makes possible their use in a flow-through system,
which can offer different and additional features from those of the "batch" protocol used
here. Furthermore the use of a flow-through system to immobilize the bacterial transducer
would facilitate the fine control of the environment surrounding the bacterial transducer.
It would also allow the study of an inducible (or chemically specific) transducer, where the
exposure to the target chemical must be transient and tightly controlled.

It is the

preliminary work toward the development of such a flow-through system that is treated in
the next chapter.
4.4. Conclusion

s

In this chapter we developed a toxicity assay protocol based on our understanding
of the bioluminescence mechanism gained in Chapter 3. The batch protocol was based on
the temporal profile of the bioluminescence that changes in intensity in relation to the
continuous decrease in decanal concentration due to sparging. The maximum intensity of
the second phase of the profile was found to be related to the viability of the cells in the
sample (e.g. cell number).

Dose-response curves were compiled from the observed

correlation between the second phase maximum and the toxicity of the compounds tested,
allowing extraction of relative toxicity data.
The assay was used to generate preliminary toxicity data for the sake of assessing
the feasibility of the transducer as a toxicity sensor, and for evaluating the potential for
developing a more elaborate toxicity assay based on a flow-through system. The results
obtained satisfactorily met these objectives and exhibited some encouraging features. The
dose-responses characteristics were well-defined and exhibited the expected shape. The
relative toxicities of the different compounds tested was in accordance with other results
generated by existing toxicity assay methods. The batch protocol clearly demonstrated the
feasibility of toxicity measurements based on the microbial transducer.

However, our

experience and knowledge acquired throughout the studies presented here suggested that
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a flow-through protocol would be more appropriate and would have several advantages
over the batch-mode assay used here. Further discussion of a system involving such a
protocol will be treated in the next chapter.
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CHAPTER 5 . FLOW-THROUG H SYSTE M DESIG N
The concept of applying the C. crescentus transducer in a flow-through system had
been considered during the very early stages of this project, but some indications of its
feasibility and potential had to be demonstrated before focusing on the development of
such a system. The characterization of the transducer performed in Chapter 3 allowed us
to predict that the transducer could produce a meaningful steady intensity signal if it was
used in a flow-through configuration.

The toxicity data obtained in Chapter 4

demonstrated the value of the bacterial transducer when used as a toxicity sensor. These
two important features were essential to prove that the bacterial transducer could be
implemented in a complex flow-through toxicity assessment system. In order to reach this
goal, a simple prototype flow-through system, comprising the most basic design
requirements, had to be developed first. The design and development of such a prototype
instrument, which takes advantage of the self-immobilizing characteristics of C. crescentus
as well as the inherent advantages of flow-injection analysis technology, is the subject of
this chapter.
5.1. Motivation

s fo r the development o f a flow-through syste m

Compatibility o f the transducer with a flow-through system. The assumption
that the luminescence signal is stable when a constant decanal concentration is maintained
was previously verified. Recall that we performed an experiment (based on In Vivo Assay
#1 in Chapter 3) with a very slow decanal decay {i.e. we used the luminometer without
sparging the sample) and the intensity of the second phase of the bioluminescence profile
was virtually steady over several minutes. The overall shape of the temporal profile of the
bioluminescence intensity was conserved, but the time required to go through the process
was on the order of 20 times longer than with the sparging. Although this experiment is
not likely to yield to quantitative results, due to the concerns raised previously regarding
oxygenation and proper mixing, it did show that the bacteria were capable of sustaining
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the bioluminescence signal over a long period of time (over at least one hour, possibly
more). As we showed in Chapter 3, the decanal concentration dictates the intensity of this
secondary phase luminescence, and hence by exposing the bacteria to a constant level of
decanal, one will obtain a constant level of bioluminescence.

The actual hardware

(luminometer system) did not allow us to maintain a perfectly steady concentration of
decanal during the bioluminescence assay. However, a flow-through system would allow
us to maintain a constant decanal concentration around the bacteria by preparing a fixed
concentration of decanal in the flow stream, and would thereby cause the transducer to
produce a steady signal.
Advantages o f a flow-through

system.

A flow-through system can take

advantage of the already well-developed technology and methods of flow injection
analysis (FIA) [8, 78, 79]. FIA technology also allows precise control of very small
samples and reagents. This feature, combined with the self-immobilizing capability of the
biofilm-forming C. crescentus, allow almost total control of the environment surrounding
the bacterial transducer (and much better control than a batch protocol can offer). For
example, the exposure to toxic compounds can be limited, and can be introduced with
different dose rate characteristics (e.g. gradually or by steps). This type of control can
ease the task of maintaining a "healthy" transducer that can perform for a longer period of
time, and therefore allow the system to produce data of better quality in terms of both
accuracy and precision. In addition, FIA technology allows a certain level of automation,
which further improves the efficiency of FIA methods. The assessment of toxicity can be
a lengthy and complex process that involves multiple steps in the preparation of the
sample, and can significantly benefit from automation. A flow-through system, using FIA
technology, would be much easier to automate and would show great potential for good
reproducibility due to the high degree of accuracy that is available in the control of the
reagents.
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One of the main weaknesses of the batch protocol used in Chapter 4 to generate
the preliminary toxicity data was its slower speed compared to the Microtox® system.
The protocol was lengthy due to the fact that we had to wait for the decanal concentration
to decrease between each step of the assay. Hence, we could have a much faster protocol
if we did not require the decay of the decanal. This is possible by taking advantage of the
possibility of generating a steady intensity signal when appropriately used in a flow
through system (as discussed previously). This would allow much easier characterization,
and faster data acquisition, since the detection and monitoring of the effects of toxic
compounds on a steady signal is easier than the way it was done using the protocol of
Chapter 4.
In addition, the general approach of submitting the test population to a specific
sample dose in a stagnant (e.g. batch) system is acceptable for most compounds, but does
not necessarily produce meaningful results for chemicals that are not stable in an aqueous
environment [76]. For example, halogens such as chlorine and bromide chlorine rapidly
decrease in concentration due to reaction with ammonia, normally found in aquatic
environments. The products thus formed can further decay by several complex reactions,
and hence the concentration of the target compound (in the original form) and its
toxicological effects will remain in question. All of the above factors support the case for
development of a flow-through toxicity system.
5.2. Desig

n and development o f a flow-through prototyp e instrumen t

The physical development of a complete flow-through system involves a number of
sub-systems: 1) the development of a flow-cell unit that will contain the biofilm, 2) the
development of a fluid handling system that will regulate the content of the flow-cell, and
3) the development of adequate photodetection and signal conditioning instrumentation.
A block diagram of such a system is shown in Figure 5.1. A realistic objective, at this
stage, is to build a simple and inexpensive prototype of a flow-through system that will
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allow the desired control of the decanal concentration and be able to detect with
acceptable precision and accuracy the light output generated by the biofilm. These two
features will yield capabilities lacking in the previously used PMT-based luminometer, and
give us an essential tool to perform further tests and studies for the development of a
toxicity biosensor system based on C. crescentus.

Photodetection
Instrumentation

Figure 5.1. Block diagram of the flow-through system. Illustrated are the three main subsystems that will be developed and treated separately.

5.2.1. Flow-cel l desig n
The prototype described in this chapter was designed using glass microscope slides
as the primary structural elements for the flow-cell and as carrier/substrates for the
Caulobacter biofilms.

We required a flow-cell which facilitated the easy exchange of

biofilm slides for experimental flexibility and ease of characterization. Each biofilm was
grown on a separate slide. The flow-cell was designed to accept the slide (covered with a
biofilm), and enclose it in a transparent, non-permanently sealed cell for operation.
Producing a reliable, non-permanently sealed enclosure was a major challenge and several
early designs were rejected before all of the problems were solved. The final working
prototype is depicted in Figure 5.2. This design uses silicone rubber tubing glued with
silicone adhesive to large paper clamp as a convenient, removable closure device. The
strength of the paper clamp was sufficient to press the tubing against the opening of the
flow-cell and prevent leakage due to the pressure of the liquid flow stream. This pressure
was the main reason for failure of the previous closure designs. The main body of the
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flow-cell was also assembled using silicone adhesive (Silastic®) and two sizes of glass
microscope slide (2.5 x 7.5 cm and 5.0 x 7.5 cm sizes).
A future prototype of the flow-cell may not require the option of being easily and
frequently opened. For such use, we investigated the feasibility of fabricating a flow-cell
using silicon micromachining techniques. A small cavity can be etched in a wafer and
covered by an anodically bonded Pyrex wafer or glass microscope slide (or cover slip).
The biofilm could be grown on the interior wall of the flow-cell. A single wafer could
potentially accommodate several small flow-cells that could be subsequently separated for
individual use.

The advantages of such a design are further miniaturization and the

potential for large scale production of inexpensive disposable flow-cells. The details of
this method of fabrication of a flow-cell are presented in Appendix A. A micromachined
prototype flow-cell was fabricated and the flow characteristics were found to be suitable,
but this approach was not pursued further due to the impracticalities of working with this
type of flow-cell during the prototype development and characterization stage.
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Figure 5.2. Schematic diagram of the flow-cell fixture for supporting the biofilm and
exposing it to the flow stream. The dimensions of the microscope slides used as outside
covers are 5.0 x 7.5 cm. The biofilm support is a regular microscope slide of dimension
2.5 x 7.5 cm. The two guides for the biofilm support consist of three regular microscopes
slides "sandwiched" together with a 1-2 mm offset on the middle slide. The reagent flow
is introduced via silicone tubing (ID = 4.0 mm, OD = 6.0 mm).
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5.2.2. Flui d handlin g system desig n
The fluid handling system is perhaps the most simple sub-system of the overall
flow-through instrumentation system previously described. The essential parts required to
assemble such a system are: 1) tubing that will carry the flow stream, 2) a pump, 3) a
controlling valve system allowing the choice of different solutions for the carrier flow
stream, and 4) an injection valve for introducing compounds to be tested, into the carrier
stream.
Tubing an d flow contro l components . The tubing must be as inert as possible
due to the wide variety of possible compounds and solvents that can be present in the flow
stream. For this reason, all tubing was specified as Teflon® (PTFE), silicone rubber, or
PVC. The valves also must resist a wide variety of chemicals, hence all valves were
purchased with PTFE wet parts (Hamilton® low pressure valves). A 4-way distribution
valve ensures adequate flexibility in switching between multiple carrier stream. A 6-port
injection valve was necessary to allow introduction of a well defined sample plug into the
flow stream.
Pump specification .

The pump must maintain aseptic conditions in the flow

stream. A peristaltic type of pump would ensure that no parts of the pump directly
contact the flow stream. The pump should also be dual-channel in order to be able to
handle two parallel independent flow systems that will be required in later protocols using
one reference and one test channel. However, the most important parameter to consider
in the choice of the pump is its required range of flow rates. We will develop an estimate
for this parameter in the following.
One of the main concerns in designing this flow system was to be able to ensure
viability of the biofilm by flowing the essential substrates for the bacteria.

The main

stream will contain PYE medium containing required nutrients, but a dense biofilm
contained in a small volume flow-cell (potentially smaller once optimized) can exhibit
much higher uptake rates than regular broth cultures because of the artificially high cell
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density due to the confinement factor. Most nutrients can be provided in correspondingly
larger concentrations in the flow stream. However, oxygen, which is essential, has a low
solubility that limits its influx. Therefore, higher uptake has to be compensated by faster
flow rates.
The oxygen uptake rate of C. crescentus could not be determined experimentally
with our instrumentation. A realistic, conservative estimate of the required flow rate can
be derived by assuming an oxygen uptake rate equivalent to that of some other organisms
known to have large oxygen uptake rates such as some yeasts [3]. The rate assumed here,
in terms of grams of oxygen per gram of cell per hour, is:
Oxygen Uptake Rate = 0.3 g 0 2 /(g cell hour)

(5.1)

The cell mass per area of biofilm was calculated based on a biofilm of maximum cell
density {i.e. no void space between cells):
Bacteria Cell Standing Height = 10 /xm
Biofilm Cell Volume per Unit Surface Area = 0.001 ml/cm2

(5.2)

Cell Density = 1 g cell/ml

(5.3)

therefore:
Cell Mass per Unit Surface Area = 0.001 g cell/cm2

(5.4)

By multiplying together Equations 5.1 and 5.4, we obtain the oxygen uptake rate per unit
of surface area of biofilm:
Oxygen Uptake Rate per Unit Surface Area = 0.0003 g 02/cm2 hour

(5.5)

The practical concentration of oxygen that a typical medium can carry in aqueous solution
is:
Dissolved Oxygen = 0.000007 g 02/ml medium

(5.6)

The pumping rate requirement per unit of surface area of biofilm is obtained by dividing
Equation 5.5 by Equation 5.6:
Required Medium Influx Rate = 43 ml/cm2 hour = 0.7 ml/min cm2
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(5.7)

The flow-cell can contain up to 34 cm2 of biofilm; the maximum required flow rate can
then be calculated by multiplying by Equation 5.7 by this area:
Maximum Flow Rate Required = 26 ml/min
A Gilson® Minipuls 3 peristaltic pump was chosen which can produce flow rates up
to 34 ml/min. This model also offers digital (RS422A/485) or analogic external control,
dual channel pump head, digital readout of the RPM value, and fine adjustment of the flow
rate. The external control option facilitates future automation of the system, although the
present system is controlled by manual settings.
5.2.3. Optica l and electronic system design
The first step in choosing a light detection system was to evaluate the optical flux
intensity that the detectors would have to measure. From our preliminary tests, we knew
that photomultiplier tube (PMT) devices had adequate sensitivity to be considered as one
of the possible choices. PMT's are capable of photon counting, however it would be more
desirable to use semiconductor devices such as photodiodes, since these devices require
simpler, low-voltage circuitry and are physically more robust than PMT's. These factors
are important when considering devices to make an instrument capable of field operation.
In addition, they can be more easily coupled to the flow-cell due to more flexibility in the
size and geometry of available devices. Photodiodes are relatively inexpensive and yet
offer adequate sensitivity for quantitative measurements of fairly low light levels. Charge
coupled devices offer many of the same advantages as the simpler photodiodes, but the
cost of each unit, along with the instrumentation required to operate at low light levels,
sufficed to orient our choice toward photodiodes.

To establish the feasibility of this

approach (photodiodes based instrumentation), we needed to find the expected emission
flux intensity of a biofilm to know if the commercially available photodiodes were
sufficiently sensitive. We will first derive the luminometer instrument transfer function,
relating the photon flux to the output voltage. This calculation will then be used to derive
the photon flux per bacterium in a suspension culture, which can then be used to estimate
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the flux per bacterium in a biofilm. This parameter dictates the required sensitivity of the
semiconductor detection devices.
Evaluation o f the transfer function o f the Iuminometer.
In all of our previous experiments, we used a Iuminometer made by LKB Wallac®
(now BioOrbit®).

The Iuminometer light detection device is a photomultiplier tube

(PMT). It has a built-in standard for calibration and is setup for detection of luminescence
in liquid samples held in a 4 ml cuvette. The relationship between the photon flux (<£x)
seen by the PMT and the output voltage of the Iuminometer instrument can be expressed
as

^(p^(o
sec

U

,pu,(V).GF
Gvj/Gi^

) (

1

1

)

(5g)

QE^ hc/A

Where:
Gv0i0 = Current-to-Voltage Gain of the Iuminometer amplifier (V/A).
GI 0 I ;

= Current Gain of the PMT (A/A).

GF

= Geometrical Factor taking into account the non-detected portion of the
photon flux emitted by the sample due to the geometry of the apparatus.

QEX

= Quantum Efficiency of the PMT at a specified wavelength X (AAV).

hc/X

= Energy of a photon of wavelength X (J/photon).

The instrument has to be calibrated so that the built-in

,4

C standard causes a 10 mV

output signal. From the specifications of the instrument, we can obtain the QEX and
estimate the hc/X value for the photons emitted by the standard. The calibration protocol
can be used to deduce the value of <&420 corresponding to 10 mV using the 14C standard.
The combined value of the three remaining factors can then be deduced by substituting the
values of QEX, hc/X, $ 420 , and the calibrated output signal into Equation 5.8.
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We will first obtain the value of $ 420 that results in a 10 mV output signal. The
specifications of the apparatus state that the 14C standard has an activity of 0.26 /^Curies,
for which the scintillation process produces photons at a rate of 250 photons/decay. The
emission spectrum of the 14C standard is centered at 420 nm. For our purposes, we will
neglect the shape of the spectrum and assume that a single wavelength is emitted at 420
nm. An approximation for the photon flux ($420) of the standard can then be made as
follows:
1 Curie = 3.7xl010 - ^ Z
sec
1 decay = 250 photons

By definition:

14

0.26x10"6 Curie
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14
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"

(5.9)

sec

The specifications of the PMT reveal a quantum efficiency of:
QE420 = 40xl0-3 AAV

(5.10)

The energy of each photon emitted by the standard can be evaluated as follows:
h = 6.62xl0'34 J-s

By definition:

c = 2.998xl0 8 m/s
(6.62xl0"34 J-s)(2.998xl0 8 m/s) 4 „ t n . 1 9 r / £ n .
^-r
=4.73x10 iy J (5.11)
420x10"9m
By combining Equations 5.9, 5.10 and 5.11 into Equation 5.8, we obtain the following:
,„™
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output (V)
2.4xl0 6 photon/sec
(5.12)
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With this value, we can now deduce the efficiency transfer function of the luminometer at
the wavelength emitted by our bacteria which is 490 nm. From the specifications of the
instrument we obtain:
QE490 = 22xl0-3 AAV

(5.13)

and we can calculate the energy per photon at 490 nm as
, A
(6.62xl0-34 J-s)(2.998xl0 8 m/s)
,„ri„.l9l,L
hc/\= ^ - '=4.05x10 19 J /photon
(5.14)
490x10"9m
By substituting Equations 5.12, 5.13 and 5.14 into Equation 5.8, we obtain the following
expression for the photon flux at 490 nm:

*« ( £ ^ > " ( 7^ ) ( r7I ) ( 7T^><°utput (V))
sec

QE490

hc/X

GVJ/GIJ,
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sec
sec • v

)

Equation 5.15 yields the approximate relationship between the output signal of the
luminometer and the actual photon flux (at a wavelength of 490 nm) seen by the PMT. It
is important to note that this is only an approximation for the photon flux captured and
detected by the PMT, and not the total photon flux emitted by the sample. The accuracy
of this transfer function is affected by the error present in the values used for the quantum
efficiency of the PMT and the 14C standard emission rate. Unfortunately, it is not possible
with the means available to us, to improve on the accuracy of these values, and they are
not available from the manufacturer. However, the accuracy is sufficient to obtain a rough
approximation that enables us to determine the feasibility of employing a photodiode
detection system for the flow-cell.
The bioluminescenc e flux densit y fro m a biofilm . An estimate of the photon
flux density (photon/(sec-cm2)) emitted by a biofilm is required in order to determine if the
sensitivity of the photodiode devices is sufficient. The photon flux emitted per bacterium
can be estimated by measuring the cell density of a culture of C. crescentus and using the
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luminometer transfer function (Equation 5.15) t o calculate the photon flux emitted by the
measured number of cells.
Our evaluation of the cell density of a typical broth by microscopic visual count
using a microcytometer is:
Cell Density = l.OxlO 9 cell/(ml-OD 6 0 0 )

(5.16)

A conservative value, obtained in our experiments, of the output signal of the luminometer
per O D 6 0 0 units for a volume of 1 ml of broth is:
Signal Density = 25 Volt/(ml-OD 6 0 0 )

(5.17)

Therefore, the normalized output signal per bacteria cell is:
Signal Density
Cell Density
Signa DenSity

'

=

25 V o l t / ( m l - Q D 6 0 0 )
lxlO 9 c e l l / ( m l - O D 6 0 0 )

= 25xl0-9 ™

Cell Density

(5.18)

cell

By substituting Equation 5.16 into Equation 5.81, we obtain a value corresponding to the
photon flux per bacterium:
*'490 = ( 5 x 1 0 * * ^ X 2 . 5 x 1 0 - * ^ )
sec • V
cell
* ' « » = 1 3 ^
(5.19)
*yu
sec-cell
Multiplying this factor by Equation 5.14 will give us the equivalent power per cell:
Power , , , / photon NW h e , J
——=(*'49o(-—n^T^-^-^
cell
sec-cell
A photon
Power
,8 W
=5xl0 4 8
cell
cell
A realistic (but non-optimized) value for the biofilm density is:
cell
Biofilm Cell Density = 107 — cm
Therefore, an estimate of the power density emitted by a biofilm is:
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(5.20)

(5.21)

Power Density = (5xl0"18
cell

)(10' —=-)
cm

n W
Power Density = 5x1 CT 11 —2

(5.22)

cm

This value of power density is a conservative, rough estimate of the potential
power density that a biofilm can emit. This calculation contains parameters that are not
optimized, such as the signal density (Equation 5.17) and the biofilm density (Equation
5.21). These parameters could lead to a considerably larger value for the optical power
density once optimized.
Choice o f bioluminescenc e photodetectio n instrument .

The conservative

estimate of the power density from a biofilm is within the range of detection of
photodiodes. Commercial photodiodes are available with a detection limit of 10 12 W.
The designed flow-cell accommodates a microscope slide that has about 17 cm2 of area
per side, and both sides can be covered by a biofilm for a total available area of
approximately 34 cm2. Photodiodes are commonly available with active areas of up to 6
cm2. Therefore, with a few cm2 of active area exposed to a larger biofilm, we could
measure the bioluminescence with acceptable sensitivity.

We chose to use a

photodetection instrument based on photodiodes used in a photovoltaic mode. This mode
allows low noise and high sensitivity. Two instruments were chosen: a single-channel
Tramp® multi-gain amplifier, and a dual-channel multi-gain optometer Model 380 both
instruments were manufactured by UDT Instruments® (now Graseby Optronics®). The
single-channel multi-gain amplifier has the advantages of being smaller and battery
operated, therefore it can be easily placed in a light tight Faraday cage (which will contain
the flow-cell and photodiodes for light detection) in order to be less affected by external
noise for high sensitivity light detection. Unfortunately, it only offers a 0 to 5V analog
output, nevertheless it will be used in the early trials of the flow-through system due to its
slightly higher sensitivity. The dual-channel optometer offers many features such as built-
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in memory containing photodiode calibration data, IEEE 488 communications port, 0 to
5 V analog output, digital readout of the value of the signal in various scales and units,
baseline signal subtraction and others. This instrument will be used once the preliminary
characterization of the protocol produces optimum luminescent signals. It is an instrument
compatible with more complex protocol (e.g. eventual toxicity assay protocol) which
could be automated to some degree. The diodes chosen were PIN photodiodes Model
pin-25D manufactured by UDT Sensors®, which are designed to be operated in a
photovoltaic mode and are compatible with the described amplifier and optometer
instruments. They have an active area of 613 mm2 and have a detection limit of lO 12 W as
required.
Instrument modification s fo r improve d signal-to-nois e ratio . The first tests
done with the newly acquired instrumentation revealed more noise than expected. We
proceeded to design a filter to remove noise from the signal at the output of the
instrument. Before the description of the filter, we will introduce a simple method to
further improve the signal-to-noise ratio (S/N) using several photodiodes in parallel. This
type of set-up allows ensemble averaging of the summed signals, which improves the S/N
ratio.
The effectiveness of ensemble averaging can be explained as follows: Assume that
one photodiode produces a signal SP. By connecting n photodiodes in parallel their signals
are summed to n-SP. Each signal SP contains a noise component Np. It can be shown
that, provided the noise components are uncorrected, then the n noise components will
add together as the square root of n (i.e. Vn-N p ) [88]. Therefore, by combining n
photodetectors together in parallel, the signal-to-noise ratio is improved by a factor of Vn
as shown below:

N

Vn-N p
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Np

We calculated the signal-to-noise ratio improvement factor based on the maximum noise
amplitude of an assumed constant intensity dark current signal.

The result of the

measurement of S/N obtained when diodes are connected in parallel, divided by the
measured Sp/Np obtained with only one diode, leads to a value of 1.4 (i.e. 7/5), which is
identical to the theoretical value of v 2 .
We will now describe the design of the noise filtering instrument that was designed
in order to remove excessive remaining noise at the output of the photodiode amplifier.
Since our bioluminescent signals are expected to be steady or very slowly changing with
time in the flow-cell, a low-pass filter would address the noise problem with a minimum
impact on our signal. The necessity to incorporate a filter also brought the opportunity to
incorporate into the design a few additional features to enhance the flexibility of the
instrument. These additional electronics were designed, fabricated, and tested with the
assistance of S. Jubenvill and D. Robinson as part of their fourth year project laboratory
(see Appendix B).
We required the filter to have a cut-off frequency of 0.5 Hz to obtain adequate
noise reduction in the output signal. To allow the option of using the filter for signals
changing faster than 0.5 Hz, we added 3 more selectable cut-off frequencies (1.0, 10 and
100 Hz). The UDT Instrument® Model 380 optometer has two channels, hence we
decided to incorporate into the design a two-channel summation option. The only other
addition to the design was the implementation of a variable gain option for each channel
(0-100 V/V).

These modifications would give greater flexibility for future use, and

provide compatibility with the luminometer.

The final instrument was a dual-channel

filter/amplifier with summation option [42]. It is capable of accepting 0-10 V input, and
produces 0-5 V output. The output of our filter/amplifier also has a limiter circuit for
surge protection to provide future compatibility with an A/D board that will be used for
data acquisition. A block diagram of the instrumentation is shown in Figure 5.3.
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Figure 5.3. Diagram of the filter/amplifier. The instrument features various selectable cutoff frequencies and infinitely adjustable amplifier gain (0-100 V) options on two channels
that can be summed. The output signal is limited to a maximum of 5 Volts.

The instrument can be described as a set of parallel sub-systems connected
together at the input of the summer.

Each channel input passes through an

instrumentation amplifier of unity gain that provides high input impedance and high
common-mode rejection ratio. The next amplifier stage provides infinitely variable gain
between 0 and 100 V/V. The amplified signal then passes through the filtering stage,
which consists of a two-pole, active, low-pass Butterworth filter. Four different cut-off
frequencies are available as mentioned above. The filtered signal passes through a voltage
limiter that ensures the 0 to 5 V output required for compatibility with the A/D board.
The summation option is a standard "weighted summer", with both inputs weighted
equally. Additional clipping detection was implemented with a LED to provide warning of
limited signal.
The performance of the instrument in terms of signal-to-noise improvement was
tested following the same basic protocol used for evaluating the effect of parallel diodes.
The evaluation of the S/N obtained when filtering the signal, divided by the Sp/NP,
obtained when filtering was not used, gave the corresponding improvement due to the
filter. The signal-to-noise improvement was calculated in two different situations using
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two cut-off frequencies for comparison. In the first case, the ratio was obtained from the
dark current signal of the photodetectors placed in the light tight box, while the Tramp®
amplifier was outside of the box (also used as a Faraday cage). The ratio of S/N divided
by Sp/Np was found to be 4.3 for the 0.5 Hz cut-off filter and 2.5 for the 1.0 Hz filter. In
the second case, the ratio was obtained from actual bioluminescence signals from a
biofilm, while pumping reagents through the system. The pump motor introduced a large
noise component into the signal. The ratio of the S/N (while pumping) divided by Sp/Np
(without pumping) was 0.2, which corresponds to a five fold decrease in the signal-tonoise ratio. The use of the filter was almost essential in this case. A signal-to-noise
improvement ratio of 3.3 was measured when using the 0.5 Hz cut-off filter, and 1.7 when
using the 1.0 Hz cut-off filter.
The combination of the custom filter/amplifier and the UDT® Model 380
optometer represents the complete photodetection apparatus used in the flow-through
system to measure the intensity of bioluminescence signals emitted from the biofilm. One
pair of photodiode detector heads, connected in parallel, is installed on each side of the
flow-cell to allow maximal detection of the bioluminescence (illustrated in Figure 5.4).
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Figure 5.4. Photodetector coupling to the flow-cell.

The parallel connection of the

photodiodes is illustrated with each diode facing the biofilm. The distance separating the
diode active area from the biofilm is approximately 4 mm. Two similar set-ups could be
implemented in parallel and connected to the two channels of the optometer.

5.3. Preliminar

y tests of the flow-through syste m

A complete prototype of the flow-through system has been assembled in order to
determine experimentally whether or not such a system is adequate for detection of the
biofilm bioluminescence. The prototype includes a flow regulation system consisting of
two reagent bottles (one neutral buffer or PYE media and the other containing the decanal
solution) linked to the flow-cell via PTFE, PVC and silicone rubber tubing. The Gilson®
peristaltic pump is used to control the flow of one of the reagents chosen by a multiport
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distribution valve. The waste is collected in a container directly linked to the outlet of the
flow-cell. The photodiodes are fixed on both sides of the flow-cell, which is placed in a
light-tight box made of aluminium. The ports allowing the tubing and wiring to enter and
exit the box were carefully inspected to be light-tight. The photodiodes are linked to the
photodetection apparatus consisting of the optometer and our custom made filter/amplifier
instrument. The output signal of the photodetection apparatus is recorded using a chart
recorder. A schematic of the system is illustrated in Figure 5.5.
Light-Tight
Enclosure

Distribution
Valve

Waste

Photodetection
Apparatus

Chart
Recorder

Figure 5.5 Diagram of the overall flow-through system. The reagent bottles contain a
neutral solution for rinsing/flushing the system and a solution containing a decanal solution
for the bioluminescence process. The flow is driven by a peristaltic pump. The injection
valve is used to insert defined amounts of a compound to be analyzed, into the carrier
stream for exposure to the biofilm. The outflow is collected in a waste bottle. The
photodetection amplifier is shown and can have one or two channels depending on the
application.

This system satisfies all the instrumentation requirements necessary to allow the
detection of bioluminescence from a biofilm (c.f. bacterial suspension), and to allow
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control of decanal and other reagent concentrations. It is a simple configuration that
allows for easy modification to facilitate future characterization of different types of
biofilms and could eventually be automated by using computer controlled pumps, valves
and data acquisition.
5.3.1. Material s and methods
Biofilm growth .

The bacteria were grown at 30°C in PYE media with

streptomycin sulfate as described in Chapter 3. Microscope slides were placed in the
media and immobilized in a customized slide holder to allow bacterial growth on both
sides.

The bacteria were allowed to grow until an OD600 of the suspension culture

reached 0.6 to 0.8. The culture containing the biofilm was then put on ice while awaiting
to be used.
Measurement o f bioluminescenc e fro m biofilms . The described flow-through
system was used with two different carrier stream reagents. One reagent consisted of 1%
methanol in PYE media (air saturated) containing 28 /xM decanal, and the other was a
blank solution consisting only of 1% methanol in PYE media (air saturated). The flowthrough system was flushed with the blank reagent prior to insertion of the biofilm
(attached to a microscope slide) in the flow-cell. Once the biofilm was in place in the
flow-cell, the light tight enclosure was sealed and monitoring of the bioluminescence was
started and continuously recorded on the chart recorder.

The reagent containing the

decanal was then pumped at a fixed flow rate of 26 ml/min. The bioluminescence was
detected with two circular photodiode photodetectors of 6.13 cm2 active area located on
either side of the flow-cell. The signal from the photodetectors was added by connecting
the photodiodes diodes in parallel and amplified with the Graseby Optronics® a low-noise
Tramp® amplifier (adjustable transimpedance between 103 to 1010 V/A).
5.3.2. Result s and discussio n
The results obtained in this simple experiment provided important experimental
validation of the flow-through system approach, and of the use of semiconductor
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photodiode detectors for biofilm measurements.

The experiment was designed to

demonstrate the capacity to produce and detect a steady light output signal from a real
biofilm.
Decanal presen t i n the carrie r stream. When first inserted in the flow-cell, the
biofilm is exposed to the blank reagent (1% methanol in PYE). At this point, the decanal
concentration in the flow-cell should be very close to zero, but trace amounts remaining
from an incomplete flushing of the flow-cell (i.e. dead volume) between independent
biofilm luminescence measurements leads to a non-zero initial bioluminescence intensity.
Once the flow is switched to decanal-containing reagent, the bioluminescence intensity
quickly increases to a maximum and shortly after, stabilizes to a lower level, as illustrated
in Figure 5.6.
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Figure 5.6. Biofilm bioluminescence monitoring.

"Decanal inflow" indicates that the

bioluminescence was recorded while pumping (26 ml/min) 28 piM of decanal in 1%
methanol in PYE in the flow-cell. "No decanal inflow" indicates that the bioluminescence
was recorded while pumping PYE only. The dark signal level indicates the limit of
detection of the photodetection system. The error bars illustrate the maximum noise
amplitude of the signal.

The dynamic shape of the signal is once again related to variations in the decanal
concentration seen by the bacteria. As the decanal containing reagent is pumped through
the flow-cell, the concentration of decanal in the flow-cell increases gradually until
reaching the reagent concentration of 28 piM. Once the concentration reaches steady
state, the bioluminescence signal exhibits the same behaviour as discussed earlier. The
reason that the steady signal intensity is less than the maximum intensity is that the
previously determined optimum decanal concentration for in vivo bioluminescence was
slightly over estimated. Therefore, the decanal concentration increased to a constant, but
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inhibitory, level.

By supplying a lower (constant) decanal concentration in the flow

stream, the steady signal intensity increases toward the maximum value corresponding to
the true optimum. This level (data not shown) was found to lie between 10 and 20 fiM.
Another experiment was performed that submitted a biofilm to an almost optimum
concentration of decanal for an extended period of time. The flow rate was decreased to a
value of 5 ml/min which was found to be sufficient to maintain a steady bioluminescence
signal. The experiment lasted 2.25 hours, during which the bioluminescence intensity was
maintained practically steady with slight variations of less than 5% (due to flow rate
perturbation) of the total signal amplitude.

This experiment clearly showed that the

biofilm was capable of producing a steady intensity bioluminescence signal while exposed
to a constant decanal concentration for a prolonged period of time.
Decanal absen t fro m th e carrie r stream . The use of a decanal concentration
larger than the optimum decanal concentration allowed us to measure the maximum
intensity of the biofilm bioluminescence signal, which allowed a meaningful comparison
with the predicted maximum intensity estimated in Section 5.2.3 (vide infra).

The

reproducibility of the signal was verified by rinsing the biofilm with the decanal-free
(blank) reagent and repeating the procedure. We recorded the signal while rinsing it
(Figure 5.6), and observed the expected release of inhibition by decanal as evidenced by an
increase in signal intensity immediately following the beginning of the rinsing operation.
Once again, the decrease of the decanal concentration from an inhibiting value to a limiting
value causes the bioluminescence signal to pass through a maximum. The lower intensity
of this maximum, compared to the maximum intensity obtained when the decanal
concentration passes from non-inhibiting levels to inhibiting levels is attributed to a
difference between the kinetics associated with the onset of inhibition and the release of
inhibition. If the changing decanal concentration due to the rinsing process decreases at a
faster rate than the release of inhibition, then the optimum decanal concentration could be
reached before all of the inhibition effect is reversed.
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This would lead to a lower

maximum intensity going from high to low concentrations than would arise going from
low to high concentrations, even though the decanal concentration passes through the
optimum value in both cases. This explanation is only hypothetical at this stage, but now
that a working FIA system is available, these processes can (and will) be investigated in
future studies involving the biofilms.
Quantitative analysi s o f the signal . Repeated bioluminescence signals obtained
from the same slide were very reproducible and stable. Averaged triplicates yielded a
maximum intensity signal (decanal inflow) of 0.256 V, with a standard deviation of 0.017
and a coefficient of variation of 6.6%, which is excellent for biological signals. Similarly
repeatable signals were obtained from different biofilms, and the variations in intensities
from film to film were relatively small; the maxima of the signals ranged between 0.22 and
0.32 Volts. The difference in intensities are mostly due to the differences in cell density of
the biofilms, which varied between 6.7 and 8.2xl06 cell/cm2. Methods of addressing these
variations in the cell density will be a subject of further studies planned for the
optimization of the growth protocol.
A photomicrograph of a typical biofilm prepared according to the procedure
described in Section 5.3.1 is shown in Figure 5.7. The measured intensities allow us to
derive a better estimation for the emitting power of the biofilm:
Biofilm Density = 7xl0 6 cell/cm2

(5.23)

Measured Signal = 2xl0"12 A/cm2

(5.24)

Photodetector Efficiency = 0.25 AAV

(5.25)

* ™ * = !<>-» Wcell
cell

(5.26)

Power Density = 7x1012 - ^ cm"

(5.27)

Our preliminary estimation of the power density was 5xl0- n W/cm 2 for an estimated
biofilm density of 107 cell/cm2 which leads to a cellular emitted power of 10"17 W/cell.
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The experiment revealed a power density of 7xl0"12 W/cm2 for a biofilm density of 7xl0 6
which leads to a cellular emitted power of lO 18 W/cell. The difference between our
previous estimation and the measured signal is mostly due to the rough estimation of the
PMT-based luminometer transfer function, although some component of the discrepancy
is also due to uncertainties in the cell density, the biofilm density and the effective active
area of the photodiodes. The luminometer instrument can not be accurately calibrated
without an external standard, which was not available, however we can now use both
instruments to obtain a relative calibration between the PMT and the photodiode devices.
The quality of measured biofilm signals is very good in terms of signal-to-noise
ratio. The use of the filter/amplifier instrument with a cut-off frequency of 0.5 Hz yielded
satisfactory results. Further optimization of the protocol is expected to improve the
signal-to-noise ratio even more since, for example, the density of the biofilm could
realistically reach as high as 108 cell/cm2. This would increase the signal significantly
compared to the noise level.
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Figure 5.1. Photomicrograph of a section of a typical biofilm used in the flow-through
system. The width of the frame is 81 um. The image was acquired with a CCD camera
mounted on a microscope.
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5.4. Conclusion

s

A flow-through bioluminescence measurement system for use with Caulobacter
biofilm has been designed, fabricated and tested. The system performed according to the
design parameters. The flow-through system allowed us to generate a steady intensity
bioluminescence signal, and permitted much greater control over the microenvironment of
the bacteria than did the cuvette-based luminometer system. The results presented here,
combined with the toxicity results presented in the previous chapter, confirm the feasibility
of a toxicity assessment system based on a flow-through mode of operation. The choice
of device used for photodetection was also shown to be adequate from the point of view
of the signal-to-noise ratio of the observed (steady) bioluminescence signal. The project is
now ready to be launched into the next phase focusing on the characterization of inducible
genetic constructs ,and on the development of a refined protocol for a toxicity sensing
instrument based on the flow-through system. Specific directions for this future work will
be discussed in the next chapter.

97

CHAPTER 6. CONCLUSION S
The work accomplished during this project has brought many insights concerning
the development of a bacteria-based toxicity biosensor using engineered bioluminescence
in C. crescentus. Our results helped to proceed one step closer to the development of a
practical flow-through toxicity assessment system. These results can also be applied to the
characterization and understanding of useful scientific tools based on similar genetically
engineered in vivo bioluminescence constructs. In this section, we will present a summary
of the main conclusions coming from our work, and will discuss some of the future work
to be addresses in subsequent phases.
6.1. Summar

y o f mai n conclusions an d scientific contribution s

The experimental work presented in this thesis was divided into three main parts:
1) the characterization of the luminescence signals obtained from the C. crescentus
transducer, 2) the acquisition of some preliminary toxicity data using the C. crescentus
transducer in a suspension culture, and 3) the design of a flow-through system prototype
that will enable us to efficiently measure the bioluminescence of C. crescentus immobilized
in biofilms.
Characterization o f the C. crescentus transducer . The results obtained in this
phase of the project helped us to furtherer our understanding of the biochemical
mechanisms of in vivo bioluminescence. The characterization studies involving In Vivo
Assays #1 and #2 showed that the engineered in vivo bioluminescence caused by the
luxAB genes exhibits a complex two-phase temporal behaviour that can be adequately
explained in terms of a coupled enzyme model involving six net biochemical reactions
leading to the emission of light in C. crescentus. The intensity profile during the so-called
first phase is directly due to the depletion of the luciferase-FMNHOOH complex. This
complex is formed in the bacteria (provided FMNH2 is available) prior to its contact with
exogenously added decanal, which is one of the principal substrates of the luciferase
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reaction.

Following the initial high-intensity peak, the decay seen throughout the

remainder of the first phase is due to the effect of decanal inhibition on the uncomplexed
luciferase enzyme. The inhibition slows the formation of new luciferase-FMNHOOH
complex, resulting in lower light emission, even though the same amount of luciferase
enzyme is present; the excess decanal thus acts like an "overdose" to the enzyme that is no
longer resistant due to complexation with the other substrate FMN. The intensity profile
of the second phase reveals the recovery of the luciferase from decanal inhibition with an
accompanying increase in the intensity of the bioluminescence as the decanal concentration
decreases.

The maximum intensity of the second phase corresponds to the optimum

concentration of decanal, after which the luminescence intensity decreases again due to
decanal limitation as the decanal concentration continues to decrease; the opposite
situation to the overdose effect that occurs at decanal concentration higher than the
optimum. The eventual depletion of decanal turns off the bioluminescence reaction cycle
and the light emission drops to very nearly zero.
The relative positions of the maximum intensities of the two phases depends on the
initial amount of decanal present and its rate of change. We established that out-gassing
was the principal cause of the decanal concentration decrease in our case. The rate of outgassing can be influenced by sparging and/or mixing the sample. Therefore, the overall
shape of the profile can be modified by appropriate control of the environment or protocol
involved.

The understanding of the bioluminescence signal that was acquired in this

project is crucial to the efficient development of biosensors, or gene expression reporters,
based on the luxAB

system.

It allowed us to understand which parameters were

meaningful for a particular application, and how to control the experiments in order to
achieve the most precise or repeatable results. For our specific application as a toxicity
biosensor, the second phase can be used as it is linked to the "real-time" availability of the
two substrates, FMN and 0-NADH, that reflect the viability of the cell, which is
influenced by the effects of toxic compounds. The first phase indicates luciferase activity
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and the intensity of this phase thus correspond to the amount of luciferase available in the
sample. This is a good indicator for molecular biologists as it gives some indication of
quality and/or efficiency of the construct and its expression as it reflects the total amount
of luciferase that has been produced; it can also act as a reporter of heterologous gene
expression {i.e. if the htxAB genes are co-transcribed with some other recombinant gene(s)
of interest). It was also found that the maintenance of a constant level of decanal could
lead to a constant level of bioluminescence intensity and that such a constant level was
sustainable over a prolonged period of time.
Generation o f toxicit y data . The development of a simple poisoning protocol
was facilitated by the results and conclusions derived form the previous section. The
toxicity of three different compounds was assayed and their toxic dose-response
characteristics were obtained. The dose-response data were well-behaved and the typical
sigmoidal characteristic provided evidence that the results were meaningful in
toxicological terms. This further helped to validate our choice of secondary phase peak
intensity as the appropriate measured parameter to relate to toxicity. The protocol used
here lead to results comparable to established assays such as the Microtox® system. The
relative toxicity of the three compounds tested were in agreement with published results
and the range of sensitivity was comparable to some of the other systems. The amount of
reagent required was much smaller than the conventional fish assay and comparable to the
Microtox® assay. The time involved in producing the data was less than the conventional
methods, although slightly longer than the Microtox® system. The quality of the results
obtained in this section confirmed the feasibility of a toxicity sensor based on engineered
bioluminescence in C. crescentvs. The design of a flow-through system was then seen as
the next logical step.
The conclusions from both previous sections were indicators of the feasibility of a
toxicity monitoring instrument based on a flow-through system. It was established that
such an instrument could be based upon the monitoring of a constant light output from a
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biofilm. The biofilm could be submitted to controlled sample test conditions using FIA
techniques and any detected changes in the luminescence would indicate a toxic effect.
Design o f a prototype flow-through system. We developed a first prototype of a
flow-through system for use with biofilms. The flow-cell offered a large area available for
the detectors in order to obtain the largest signal possible.

Our evaluation of the

bioluminescent power density emitted by the biofilm lead us to conclude that photodiodes
operating in a photovoltaic mode could yield sufficient sensitivity for light measurement.
The light detection system was supplemented by a custom made filter/amplifier instrument
that significantly improved the signal-to-noise ratio. The flow control system is still at the
manual stage, but after further characterization of the ensemble system, a high degree of
automation should be possible and should yield an efficient and rapid toxicity assay with
several advantages over the commercial Microtox® system.

In summary, the system

under development showed many promising qualities and our objective of designing a
prototype flow-through system for subsequent work was fulfilled.
Contribution o f thi s research .

The bioluminescence mechanism is currently

being applied toward the development of many kinds of novel scientific tools (such as
gene expression reporters), and various biosensors (including sensors for toxicity, as well
as specific toxic agents). The reasons are manifold, but one of the most important factors
is the great sensitivity with which one can detect and measure the light produced. This
sensitivity of detection allows a very direct and accurate way to monitor the mechanisms
involved.

However, the attempts so far directed toward the development of novel

applications of the luxAB system have yet to yield reproducible data.

This lack of

precision is undoubtedly a result of the lack of adequate characterization of the
mechanisms underlying the bioluminescence, and hence of the signal itself. This thesis
presents the only detailed characterization of a bioluminescent organism expressing the
luxAB genes, and should therefore greatly help the development and/or improvement of
many kinds of biosensors or other applications. In fact, the results presented already
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permit a more accurate interpretation (see Chapter 3) of some of the current literature
results concerning the analysis of the bacterial luciferase mechanism. In addition to this
signal characterization, the dose-response characteristics presented here are the first
known toxicity data obtained from a recombinant bacterial transducer (biosensor), thus
demonstrating the feasibility of this approach.

The demonstrated compatibility of the

bacterial transducer with FIA technology makes possible many desirable features for the
development of a toxicity assessment system.
6.2. Futur

e wor k

Considerable research and development remains to be done in order to realize an
instrument for toxicity assessment that can potentially be commercialized. First, further
optimization of the prototype flow-through system should be done in order to improve the
efficiency of toxicity data acquisition.

This should be followed by the complete

characterization of the system in terms of the accuracy and reproducibility of the
generated data. This will be performed by generating a toxicity data-base and comparing
it to the other toxicity testing methods. In the following, we will briefly describe some of
the specific tasks planned for the next phase of this work.
The capacity to maintain a steady decanal concentration, and to detect the light
output of practical biofilms, will enable us to characterize the behaviour of the biofilm
under tightly controlled conditions.

This will lead to a better understanding of the

(immobilized) bacterial transducer and will facilitate the further optimization of the
instrumentation system. The actual genetic construct used as a transducer is functional
but has not been perfected. More molecular (genetic) work in this field could lead to
higher performance constructs. Improvements in terms of signal-to-noise ratio, sensitivity
of detection, and specificity for particular chemicals are some examples of what should be
possible. A set of bacterial transducers having different attributes could be developed
specifically for use in different applications, such as general toxicity sensing or specific
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compound sensing. In parallel with the development of these different constructs, the
bioluminescence mechanisms which could vary from one construct to another, have to be
re-characterized to ensure the development of optimal protocols for each case. This recharacterization (of new constructs) should be much more efficiently accomplished, based
on our present knowledge, and using the flow-through system for experiments.
In addition to the development of better constructs, the development of protocols
for producing the biofilms has to be studied in order to ensure optimum biofilm density,
reproducibility of the results, and maximum signal output. The results obtained from the
re-characterization of different constructs and their biofilms may bring about the design of
a better flow-cell. Another factor influencing the flow-cell design is the efficiency of
coupling the light output to the photodetection system. Total volume, flow capacity, and
geometry are some examples of other flow-cell features that may have to be optimized.
The use of a flow-cell is made further attractive by advances in the CCD imaging
systems capable of high sensitivity and resolution. The combined use of better flow-cells
and a high-sensitivity imaging system could make the study of single cells possible. In our
case, the use of a high-sensitivity CCD camera, capable of low-light-level detection, and a
"laser tweezer" instrument could be of great benefit with regard to biofilm characterization
and optimization; this could help to elucidate some of the physical properties of the biofilm
and the two-dimensional spatial variations in the bioluminescence emitted by the biofilm.
For example, some of the fluid dynamic properties of the flow-cell (in terms of mixing,
availability of nutrients, edge effects, etc.) could be visualized with a CCD camera and
would aid in the design of a better flow-cell. Strength of adhesion of the bacteria to the
glass substrate could be directly measured with laser tweezers and could also indicate
some appropriate design modifications for the flow-cell in terms of flow rate limit and
turbulent stress limits. All these factors will have a direct effect on the development of an
efficient, cost-effective and highly repeatable FIA toxicity instrument.
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A flow-cell prototype based on silicon micromachining technology was designed
and fabricated. The initial motivation for doing this work was to investigate the feasibility
of making flow-cells using a technology that could allow easy and inexpensive large-scale
production. The precision offered by this technology for small-dimension machining is
also attractive since it could allow miniaturization of some FIA components and could
thereby lead to a smaller and more easily portable overall flow-through system.
The flow-cell described here is a first generation prototype, and is therefore very
simple. The design is configured to support the growth of biofilm only on its interior
walls. Therefore, it can not be opened as the one used in Chapter 5, where the biofilm
could be removed from the cell for further study (e.g. microscopy). Figure 8.1. illustrates
the photolithographic mask layout for the etching of a 3-inch silicon wafer, and Figure 8.2.
is a scale drawing of the assembled flow-cell.
The glass windows shown in Figure 8.1 and 8.2 were made of a glass microscope
slide and a glass cover slip fixed to the wafer using a parafilm membrane that was heated
to ensure adhesion and a good seal. The windows have the double function of allowing
photodetection of the luminescence that would be emitted from the inside, and ensure the
closure of the open silicon structure. The tubes used for flow outlet and inlet were also
made of glass and were attached with silicone rubber adhesive (Silastic®). The flow-cell
was successfully tested for leaks and pressure resistance. This type of design would also
allow inspection of the biofilm with a microscope (possibly fitted with a CCD camera for
light detection).
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Figure 8.1. Schematic of the photolithographic layout for the flow-cell. The upper part
represents a view from the top, and the lower part represents a side view of the cut
chamber. The filled zones illustrate the glass added to form windows for photodetection
and to close the cell.
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Figure 8.2. Scale drawing (side view) of the flow-cell.

The filled zones are the glass

windows used to seal the chamber. The scaling is different for the x-axis than for the
y-axis.
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Even though miniaturization is an important factor, it is not the only factor
influencing our decision to investigate the potential of flow-cell fabrication using
micromachining technology. This technology offers many options in terms of tools and
devices that can be implemented on a silicon wafer. Flow control devices (such as valves
and injection ports), temperature control devices (such as heaters and thermocouples)
could be built-in, along with a network of micro-channels that could be configured to form
a miniature flow-injection analysis system. Therefore, most of the components of a future
generation of the flow-through system could be integrated into a single micromachined
device.
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1. INTRODUCTION
Following is a brief description of the design and fabrication of a filter/amplifier
instrument that was used to improve the signal-to-noise ratio at the output of the
photodetection system used in the flow-through system described in Chapter 5 of this
thesis.

The design parameters and specifications were given to S. Jubenvill and D.

Robinson, who proceeded to build the filter/amplifier instrument under the supervision of
the author of the thesis. The instrument was required to be dual-channel, capable of
handling input signals ranging between 0 and 10 Volts, and ensure a limited output signal
ranging between 0 and 5 Volts (for compatibility with a commercial data acquisition
system used in the laboratory). The filtering capabilities of the instrument were required
to feature a low-pass filter with four selectable cut-off frequencies (0.5, 1.0, 10, 100 Hz).
The amplification capabilities of the instrument were required to offer an infinitely
adjustable gain ranging between 0 and 100 V/V. In addition, a summation option was
required in order to add together the output signals from the two channels of the
instrument. The following is excerpted from the technical report submitted by S. Jubenvill
and D. Robinson detailing the design and testing of the built instrument.
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2. SYSTEM OVERVIEW

A block diagram of the custom amplifier/filter system is shown in Figure 9.1.
The system is a two input system, with optional summation producing a third
output. The instrumentation amplifier provides high common-mode rejection
ratio, and high input impedance. The instrumentation amplifier's gain is unity.
The second amplification stage, labeled "Gain Amp", provides an infinitely
variable gain of 0 to 100 V/V. A clipping detector then looks at the output of the
gain amplifier, and activates an LED if the voltage is in excess of 5.0 V. A twopole active low-pass filter stage is capable of filtering 0.5, 1.0, 10, or 100 Hz
noise. A limiter then ensures output voltage is limited to 5.0 V and provides a low
system output impedance. The summer is switch activated, and is provided with
clipping detection and a limiter.

INSTRUMEN-j
TATION
AMP.

GAIN
AMP.

FILTER

LIMITER

CLIPPING
DETECTOR
SUMMER

LIMITER

CLIPPING
DETECTOR
INSTRUMENo— TATION
AMP

GAIN
AMP

LIMITER

FILTER

CLIPPING
DETECTOR

Figure 9.1

Block diagram of amplifier/filter.
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3. DESCRIPTION OF FUNCTIONAL BLOCKS

In this section, each of the blocks in the block diagram of Figure 9.1 are
broken down and discussed.
Instrumentation Amplifier
The instrumentation amplifier chip is shown symbolically in Figure 9.2, This
amplifier is a commercial i.e., and was chosen because it provides high input
resistance and high common mode rejection for the input signal. The data sheet for
this i.e. is in Appendix C.

Figure 9.2

Instrumentation amplifier.
Gain Amplifier

Figure 9.3 depicts the gain amplifier. A precision 100k ohm potentiometer
with rotary counting dials is responsible for gain adjustment. The linear accuracy
of the 100k ohm pot is 0.25 %. A 100 ohm pot on the input terminal of the amp in
series with the 953 ohm resistance makes it possible to calibrate the amplifier to
compensate for component tolerances and input offset voltage. The resistor from
the "+" terminal of the op amp to ground reduces the effects of input bias currents.

100K.TI

iooa 953n
AA/V

Figure 9.3

Gain amplifier.
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Clipping Detector
In Figure 9.4 the clipping detector is shown. A less expensive, quad op amp
i.e. is employed. The 10k ohm in series with the 20k ohm pot enables the voltage
at the input of the "-" op amp terminal to be exactly 5.0 V by voltage division.
When the input to the clipping detector is less than 5.0 V, the LED has no voltage
across it, and thus does not illuminate. If the input swings slightly greater than 5.0
V, the LED is forward biased and lights up, letting the user know the signal is
greater than 5.0 volts.

+15 V

Figure 9.4

Clipping detector.
Filter

Figure 9.5 depicts the filter. The filter is an active two-pole low pass
Butterworth filter. This filter's gain in the passband is unity. A pole order of two
was deemed to be sufficient, and helped keep the cost and complexity from
becoming unnecessarily high.
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SI

Figure 9.5

Filter

Limiter
The limiter circuit is shown in Figure 9.6, The limiter circuit is provided with
a 500 ohm input potentiometer in series with the nominal 9760 ohm input
resistance so the gain of the limiter circuit can be adjusted to unity, compensating
for the 10k ohm resistance tolerance. As in the case of the gain amp, the
resistance in the "+" terminal of the op amp is there to reduce the effects of input
bias currents. It can be determined that its value should be equal to the parallel
equivalent of the feedback resistance and that of the input resistance. The diode in
the feedback path is a 5.1 V zener diode. If it was desirable that the 0 to 5
V limitation should be expanded to, for example, 0 to 5.6 V, the clipping detector
circuitry could be adjusted by adjusting the 20k ohm, and the 5.1 V zener in the
limiter circuit could be replaced with a 5.6 V zener

500n 9K76tt
-yxfv-—Wv

Figure 9.6

Limiter.
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Summer
The summer is shown in Figure 9.7. This summer is the standard "weighted
summer", with both inputs weighted equally in this case. A single on/off switch
activates the summation.

IOKTI
AAAr

]OKSl

-AAA/

J<

10KU

Figure 9.7

Summer.

Power Supply
Figure 9.8 shows the power supply circuit. The power supply was designed
for simplicity and low cost. The input is fused to protect against excessive
currents which might be caused by accidental shorting of the power supply. The
outputs are +/- 15 volts, regulated by two regulator i.c.'s. The common is
connected directly to earth ground.

o-

1A

1/2A

&

1

128:28

-I

VAC

Figure 9.8

7815
220quF
2200/yF
7915

Power supply.
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4. FABRICATIO N DETAIL S

The system is contained in an aluminum box. The chassis is connected to
earth ground. Holes were punched, drilled, and filed for component mounting.
Channel inputs and outputs are of the banana plug variety. LED's are mounted
with grommets. The power supply and main circuitry are on two different boards
with a removable cable taking power from the power supply to the circuit board.
Both boards are mounted to the chassis with nylon bolts. Gain adjustment is
facilitated with precision lockable dials, and self-canceling selection switches are
provided for filter selection. All user interface components are clearly labeled on
the box.
The front view, top view, and rear view of the box are shown in the figures
9.9,9.10and9.11below.

Output A Ou-fyJ-

A-hB Output
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Top view of box.
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Figure 9.10 Front view of box.

Fuse

Figure 9.11 Rear view of box.
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5. SYSTEM PERFORMANCE

The amplifier/filter system was tested in many stages. The functional
blocks which did not require any specialty components that were on order were
tested on a breadboard. This consisted of testing of the limiter, summer, and the
filter. Noise immunity was looked at as well as functionality, and in each case the
design performed well.
In the construction stage, each functional block was tested as it was built.
The instrumentation amps and the gain amps perform noise-free and meet
specifications. The gain amps were calibrated. The clipping detectors were seen
to be accurate, and were calibrated to activate at 5.0 V (easily adjusted with 20k
ohm pots). The filters were tested at each break frequency. InFigure 9.12below,
the test results for a signal of input frequency just over 2 Hz are shown. This
frequency was the lowest frequency attainable by the function generator available.
Figure 9.12 shows the attenuation achieved with each filter selection.
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Figure 9.12 Filter test results (cont. on next page).
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Tests were performed on the limiter circuitry, and the results are shown in
Figure 9.13. The top trace is the limiter transfer characteristic, and the bottom
shows a sample input and output of the limiter. Note: the noise present in the
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limiter output was eliminated in the construction stage by tightening the
component layout. From the tests, the limiter is shown to perform very well.
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Figure 9.13 Limiter test results.
The overall system was tested, and was found to perform as required.
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6. CONCLUSIONS

The implementation of the proposed design was successful, at a total cost of
$ 292.54, itemized in Appendix A. The implemented analog network satisfies the
functionality requirements for the project.
The amplifier/filter system built provides infinitely adjustable gain with a
range of 0 to 100 V/V, optional filters with selectable break frequencies of 0.5,
1.0, 10, and 100 Hz, 5.0 V voltage limiters, clipping detection circuitry for
overvoltage indication, and is powered by a built in ± 15 V power supply that
runs off the standard 120 VAC, 60 Hz line.
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