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C. Technical Content

1. Hdentification and Significance of the Opportunity.

There are two very special molecules that play unique and central roles in biology;
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide (NAD) and its phosphate
form (NADPH). NADPH is a ubiquitous electron donor and ATP is generally recognized as one
of the key energy currencies in biology. The two molecules act in a cyclic manner and can be
regencrated or recharged. "They are the basic coupling agents of cellular metabolism.” (Harold),
A very large number of biochemical enzyme processes involve one of these two molecules,

It is very fortuitous that biology has evolved two bioluminescent processes dependent on
these two molecules: the firefly luciferase reaction, which acts on firefly luciferin in the presence of
ATP to produce an oxidized product which chemiluminesces: and the bacterial luciferase reaction,
which in the presence of alkyl aldehydes, such as decanal, together with NADPH. also produces
an excited chemiluminescent product. Both reactions produce photons with high efficiencies in the
presence of oxygen. However, both the luciferases and luciferins involved are chemically very
different (Naval Research Reviews, Lee. Hastings).

There is a large body of literature on the development of biosensors for ATP and ATP-
dependent processes and for NADPH and NADPH-dependent processes, using the firefly and
bacterial luciferase enzymes, respectively. Such biosensors generally employ fiberoptic or other
wave guided means of delivering the luminescence to a device which can accurately measure light
intensities (Roda, Blum, Coulet, Worsfold, Qollenberger, Griffiths, Nabi, Gautier, Ugarova).
Although one of the most portable and most sensitive photon detectors available to the scientist or
physician is his or her own eye, the eye is notoriously difficult to calibrate for accurate
measurements of even relative light intensity. The hiuman two di mensional photon detection
system, however, can reliably and accurately measure changes in spatial position.

We propose to exploit the human eye's spatial detection capabilities as the readout system
for quantitative, inexpensive, disposable, analytical devices for the anal ysis of carbohydrates using
ATP-dependent, kinase-based phosphorylation reactions. Although the work proposed with this
application is focused on the several carbohydrates of most immediate interest and importance to
food and dairy industries, it is important to note that there are literally hundreds of
phosphorylation-dephosphorylation enzymes whose substrates and whose activity are of growing
importance in food quality, nutrition, and related areas (Werner).

Thus, by proving the applicability of this technology to the assay of
monosaccharides, we demonstrate the feasibility of applying our sensors to the
assay of numerous substrates that are acted upon by kinases in phosphorylation
reactions, providing the assay has sufficient sensitivity to provide accurate results in the range of
inlerest.

2. Background & Rationale

Protein Solutions, Inc. (PST) was founded in carly 1988 to develop and produce innovative
science educational products and personal sensors. We now manufacture a bioluminescence-
based science kit designed for students and their teachers, parents, and other genuinely inquisitive
human beings.

Bioluminescence is an enzyme-dependent chemical oxidation process which results in
photon emission (Naval Res. Reviews, Les). The photoproteins involved in these processes, the
luciferase series of oxidative enzymes, are now readily available in inexpensive form, produced by
recombinant means (Wood). PSI, itself, has developed, along with the University of Utah, a
recombinant process that has allowed us to produce luciferase at 1/100 of commercial cost

For the last 5 years, PSI has been involved in numerous scientific inves tigations and
development projects covering a wide ran ge of bioluminescent phenomena, including several
studies dealing with applications of bioluminescent reactions for sensin g applications. We funded
a study at the Center for Biopolymers at Interfaces at the U niversity of Utah 1o characterize the
interfacial behavior of firefly luciferase, the photo protein/enzyme responsible for catalyzing
bioluminescence in the North American firefly, in which its adsorption at solid/liquid interfaces,
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airfwater interfaces, and denaturability or stability in solution (Wang), were examined. Recently a
similar set of studies was initiated to characterize bacterial luciferase, the enzyme responsible for
bioluminescence in various species of marine bacteria. These studies, together with our
commercial work on bioluminescent phytoplankton (the dinoflagellate Pyrocystis lunula) have
provided a deep and diverse background in practical bioluminescence.

Luciferases are extensively used as labels for a wide range of clinical diagnostic chemical
tests (Kricka, Baldwin, Griffiths). Since the firefly luciferase reaction is dependent on an
adenosine triphosphate (ATP) co-factor, it has been extensively used in the development of
biosensors for the measurement of ATP. Likewise, bacterial luciferase utilizes NADPH and has
therefore been widely applied for biosensor applications that include a need for assay of NADPH.
Until very recently such applications were frustrated by the instability of luciferases and the
difficulties encountered in atiempts to incorporate them into commercial devices exhibiting required
reliability, accuracy, and shelf life (Ugarova, Roda).

Several years ago PSI researched a new science education product based on another unique
biological phenomenon - the ability of certain plants and animals o survive almost total
desiccation for extended periods of time and to spring back to life when rehydrated, a phenomenon
called anhydrobiosis (Crowe). In developing our new science educational product,

Resurrection™, we learned that many of these plants and animals depend on a unique disacchanide,

trehalose, for their ability to withstand severe desiccation stress without denaturation of their
Erchtzir;s and enzymes or disruption of their cell membranes (Arakawa, Carpenter, Crowe, Colaco,
aber).

Trehalose apparently serves two major functions. In high concentration it tends to
1) prevent phase separation and crystallization, and 2) substitute for the water normally hydrogen
bonded to proteins and cell membranes, thereby stabilizing their structures when the last molecules
of water are removed by desiccation or drought. Trehalose is now being widely applied to the
stabilization of enzymes and antibodies and is being studied for the stabilization of air dried cells,
tissues, and organisms (Arakawa, Carpenter, Crowe, Colaco).

Mr. C.Y. Wang, a Ph.D. student in the Department of Bicengineering at the University of
Utah, has been working on the trehalose stabilization of firefly luciferase for the past year under a
contract between PSI and the Center for Biopolymers at Interfaces. Mr. Wang has succeeded in
stabilizing firefly luciferase in agarose gels for periods of up to six months, More importantly, the
agarose/luciferase gels he has formulated can be dehydrated and desiccated, and retain their clarity
and transparency when rehydrated. Full enzyme activity returns with rehydration, even after
extended periods of dehydration (Wang). If such rehydrated luciferase gels are exposed to
solutions containing ATP and luciferin they luminesce.

We have initiated several projects to develop this gel preservation technology for
educational and commercial purposes. In one of these, Mr. Dong Min is performing studies with
bacterial luciferases with the goal of producing stable gels of these bioluminescent reactants.

PSI has collaborated closely with researchers at the Center for Biopolymers at Interfaces
and the Dept. of Bioengineering at the University of Utah for the past five years. PSI's existing
Technology Transfer agreement with the University of Utah allows for transfer of jointly
developed technologies, and is relevant to all topics covered in this SBIR application (patent
reference).

Joe Andrade, CSO of PSI, has accumulated a wealth of experience germane to the
pmpug«:d work. He has worked with Dr. V. Hlady and Mr, C-Y Wang at the University in
investigations and development of fluorimmunosensors (Andrade), thin film and waveguide
optics, protein and enzyme immobilization (Andrade, Wang), protein and enzyme stabilization,
protein and enzyme purification and characterization, and, more recently, bioluminescence of both
intact organ isms and purified luciferases (Andrade, Wang). Additionally, Joe has relevant
experience with dry reagent analytical systems. Studies addressing capillarity and spreading
primarily directed to develop dry reagent systems for bioluminescent sensors, performed by Dr.
Scheer of PSI, provide additional experience and the basic knowledge base to support the
proposed investigation.

The extensive multi- and inter-disciplinary background of PSI personnel and its .
collaborators has enabled PSI to successfully develop its spatial bioluminescent sensor, and is
essential to ensure the successful completion of this feasibility study and the deve lopment of a

mercially viable product. ) _
OO BSI recently submittcd a STTR Phase II proposal to the NSF enitled, "Direct Reading _
Quantitative Biosensors for ATP-Dependent Processes” which focuses on enhancing the sensitivity
of our bioluminescent spatial sensor by the three or four orders of magnitude. We established
feasibility of the spatial detection sensors via a National Science Foundation STTR Phase I grant
which ended on August 15, 1995, Our current device is suitable for quantitatively determining
ATP concentrations as low as 10-7 molar (109 g) . Increasing device sensitivity by three orders of
magnitude will enable it to be applied as a hygiene monitor to determine the bacterial load on
surfaces in sensitive food, beverage, and pharmaceutical processing areas (Fung). Al

The carbohydrate analyses proposed in this application do not require enhanced sensitivity
of PST's luciferase-based sensor. The sensor is more than sensitive enough to be used for
carbohydrate analysis, where 0 - 25 g/l is the range of commercial interest ﬁqupul of this .
scientific development project is to confer specificity for monasaccharides to PSI's spatial detection
system by employing appropriate kinases as up front enzymes. Feasibility of employing the
sensing system to accurately reflect monosaccharide concentrations will verify that the sensing
scheme is sound, and open up opportunities to develop assays for other su hstrates (vilamins,
complex sugars, etc.) that are phosporylated by kinases at the expense of ATP.

i Relarion to Future R & D - Phase Il

In Phase I we propose to demonstrate the feasibility of developing a series of sensors for
the assay of monosaccharides based on specific kinase-catalyzed phosphorylation of the
monosaccharide. Dephosporylation of ATP occurs in the reaction, resulting in a dcx“reascsj ATP
concentration which is detected through the ATP-specific firefly luminescence reaction using our
unique spatial modulation technology. (For a complete description of the spatial
detection system, please refer to page 11 of this report.) ) I

In Phase II we will optimize the technology for monosaccharide analyses, mclud ing
analysis of fructose (employing fructokinase). In addition, we will extend the sensing system (o
include assay of disaccharides. Based on our experience in Phase I, we will determine which of
the other kinase-dependent analytes is most suitable for assay by our sensors. _Currently, we
anticipate developing a series of sensors for Vitamins B-1, ('Il'hiamme}: B-2. (r_1buﬂavm); and B-6,
(pyroxidine), based on their phosphorylation by Thiamine kinase, riboflavin kinase, and
pyroxidine kinase, respectively. s ;

At the conclusion of Phase T1, we expect to have demonstrated feasibility for an entire
family of carbohydrate sensors. Each individual channel of the sensor will contain a series of gel
layers containing appropriate concentrations of enzymes and other reactants. We will incorporate
the appropriate combination of these individual channels to form multi-channel devices which will
provide a complete panel for carbohydrate analysis. Similar development of a vitamin panel is
anticipated. )

g The selection of optimal enzyme concentrations begun in phase I will be greatly aided by
theoretical models and simulation which will be developed in Phase I Models will include
consideration of capillarity-based analyte delivery, and the diffusion of analyte through the gel and
its interaction with enzymes. The various turnover numbers will be simulated. Existing enzyme
kinetic models, diffusion models and capillarity models will be used.

With the growing interest in the food, dairy, and beverage industry for more :
comprehensive analysis and characterization of the carbohydrate and sugar content of their
products, we fully anticipate that quantitative, rapid, easy L0 Use, Inexpensive and disposable
carbohydrate and vitamin panels will have a substantial market potential.
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4. Phase I Technical Objectives
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sess (he feasibility of developing a direct reading
alactose employing PSI's patented spatial luminescent
ATP detectors. The sensors have been shown capable of yieldinga v isible light output whose
position is indicative of ATP concentration. When simple sugars such as glucose and galactose are
phosphorylated by their respective kinases, they consume ATP. Itis anticipated that these changes
in ATP concentration can be sensed by our Juminescent detector, and that the decrease in ATP
concentrations will be proportional to the concentrations of the sugars present.
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Objective | _Prepare and Chancerize Kinascs

Glucokinase (enzyme 2.7.1.2) and galactokinase (enzyme 2.7.1.6) will be obtained from
Sigma Chemical Company. characterized, purified, and their respective stabilities and activities
determined. This work will be performed in the laboratory of our collaborator at the University of
Utah, Dr. Russell Stewart. Dr. Stewart will also assess the feasibility of producing these enzymes

by recombinant means, as well as continue to provide PSI with recombinant luciferase, an essential
component of our sCnSOTS.
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Our present ATP sensing technology incorporates firefly luciferase, an ATP "consumase”
(apyrase), and trehalose asa preservative and stabilizer, into agarose gels. The gels are dried and
stored. Results of previous investigations have demonstrated that luciferase and apyrase maintain
their activity when incorporated into the agarose gels. When rehydrated with an agueous solution
of an analyte sample containing ATP and luciferin, the preserved luciferase and apyrase are
activated, yielding a light signal proportional to the concentration of ATP present in the sample.

We will atiempt to preserve the kinases by incorporating them into gels containing trehalose
or sucrose as a preservative. Agarosc, trehalose or sucrose, and kinase concentrations in the gel
will be optimized along with gel preparation con ditions to obtain a dehydrated gel which can be
rehydrated with maximal kinase activity.

In previous studies, ATP has been the analyte. In the proposed work, ATP concentration
will be modulated by controlling its reaction raic with monosaccharides. Appropriate kinases
(galactokinase, glucokinase) will be used to modify the reaction rates. There fore, ATP has to be
provided in one of the device layers. We will incorporate ATP into the agarose/trehalose and
agarose/sucrose gels, and perform appropriate stability studies on the ATP gels.

The rea ion wi i illari
- p;(u;ﬁr‘lgszrl&ui:: will then migrate, by capillarity, wicking, or gravity flow, to th (
el i o m&ei??suur:?iA@I?P last layer is reached. The last layer is the lighl'_prmi::clzﬁM
i i vy e concentration, modulated by the front-end enzymes, am%
The light signal is focused i i i
e h&rlnan ot el onto a sensing element, either high speed film, or, optimally, the
i dc a_llzlimlgvce::ix‘tjc different methods for producing a laminate structure of the gels. It i
s e ot sdt easily be accomplished by pipetting the liquid gels one utug the :hm
details will have 1o be E%;Ecd“fljtgc{l)xf}l then rehydrate the dehydrated gel beneath it. ppmi‘&s;:'
oty ooy _ er configurations, discussed in detail in the Work Plan: g
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One of the configurations developed 1o meet objective 4 will undergo initial evaluation.
Known concentrations of monosaccharide solutions will be introduced to the devices, and the light
output determined. Studies will assess the sensitivity , reproducibility, and specificity of the
system. It is anticipated that the developed configuration will perform sub-optimally; however, it
is fully expected that the sensors will yield a light output whose intensity, and therefore position, is
indicative of monosaccharide concentration.

The evaluations will demonstrate feasibility and identify the elements of the technology that
need to be optimized in Phase II studies in order to arrive at a marketable product.

J. Phase I Work Plan

Glucokinase from B. stearothermophilus and galactokinase from galactose adapted yeast
will be purchased from Sigma. In addition, an attempt will be made to produce these kinases by
recombinant means. Under a subcontract from PSI, a method for producing recombinant luciferase
was successfully devised by Dr. Russell Stewart at the Center for Biopolymer labs at the
University of Utah. This has reduced our cost for luciferase by a factor of 100, and enabled us to
accelerate our investigations with this enzyme, as well as made many of our technologies much
more commercially attractive from a financial perspective. PSI is again providing a subcontract o
Dr. Stewart in hopes that he will be successful in providing us with recombinant galactokinase and
glucokinase.

The proteins will be characterized by polyacrylamide gel electrophoresis. Additionally,
their activity will be indirectly assessed by employing them in our detection system and measuring
the change in ATP concentrations that result from ATP's reaction with the respective
monosaccharides.

The initial protein purification and characterization work will be accomplished through the
University of Utah sub-contract to Russell Stewart by Mr. C. Y. Wang, who has previously
prepared and characterized proteins for PSI under subcontract agreements. (Wang, 1988-1995)

We have devised a series of simple preliminary liquid-phase experiments that enable us to
rapidly assess the feasibility of our sensing schemes. They consist of preparing a series of
dilutions of the reactants and evaluating their performance in all combinations o amrive at optimal
concentrations. We react the proteins with the firefly luciferse system in microtitration test wells,
and determine the relative light output from the wells using a CCD camera. The light profiles give
us a very graphic record of which combinations are successful (See Fig. 3), and also yield
information about the sensitivity of the assay.

In this case the test matrix will be rather large, including variations in ATP, kinase,
luciferase, luciferin, and apyrase concentrations. We will also determine if any incompatibilities
exist, which will necessitate isolating the different incompatible reactants in different gel layers, or
finding suitable chemical replacements. Dr. Phil Triolo will supervise the work which will be
performed in the laboratories of Dr. Vlado Hlady at the Center for Biopolymers at Interfaces.

We will supplement these empirical studies with attempts to model the system in Phase I1.
Experience has taught us that the empirical approach usually allows us to more rapidly reach
conclusions that enable us to proceed with our experiments than modeling, which cannot usually
predict ;he interactions of the various components of the system with the degree of certainty
required.

Trehalose has been successfully employed as a stabilizer for both luciferase and apyrase in
agarose gels, permitting them to be dehydrated and stored, and then rehydrated at a later date to full
enzyme activity. Optimum conditions for the preparation of trehalose/agarose gels containing
glucokinase or galactokinase and ATP in the desired concentrations will be explored.

In addition, the ability of sucrose to stabilize the proteins will be assessed. Sucrose is more
readily available and less expensive than trehalose, and it has been shown to be a fairly effective
protein preservative. Sucrose, however, may interfere with attempts to apply the sensors to the
assay of disaccharides. It still warrants investigation, however, because it may prove useful in
other assay systems under consideration.

Under a contract between Protein Solutions, Inc. and the University of Utah, Mr. C.Y.
Wang has been working on the trehalose stabilization of firefly luciferase for the past two years.
Righis to the stabilization procedures he developed at the University in a project funded by PSI
have already been transferred to PSI for firefly luciferase applications. Mr. Wang will, again,
perform the gel stabilization experiments with the assistance of Dr. Rob Scheer.

Although we have extensive experience with the stabilization of firefly luciferase and
apyrase in trehalose/agarose gels, we have little experience with the kinases or sucrose. Trehalose
has, however, been used by others for the stabilization of a variety of enzymes, including kinases
(6). We expect that trehalose will be an effective additive for stabilizing the proteins in
polysaccharide gels, i.e., agaroses, celluloses, dextrans, etc. Likewise, we anticipate that sucrose
can also be used as a stabilizer, and offer cost and availability advantages over trehalose.

In addition to modifying stabilizer concentration, we will modify gel density (by varying
agarose concentration) and gel composition in order to effectively mobilize the reactants in the
device. Possible synthetic gels include polyvinyl alcohol (Gautier) and polyacrylamide (Hobel).

The gels will be prepared with different enzyme/trehalose or enzyme/sucrose ratios. The
enzyme activity will be directly measured by delivering reference amounts of ATP, luciferin and
sugar to the kinase gel and detecting the resulting ATP diffusion into a luciferase gel by measuring
light output, essentially the basis of our biosensor concept. The performance of the two
preservatives will be compared.

ATP must also be included in the test system, and we will attempt to incorporate it into its
own gel layer to prevent its interaction with any of the kinases. Its stability will be evaluated by
assessing light output of sensors that incorporte different ATP gels as a function of storage time.

We will also experiment with dual and even triple enzyme gels, that is, trehalose/agarose or
sucrose/agarose gels containing both luciferase and kinase, or luciferase, kinase, and apyrase.

Gels will be dried at different rates, subjected to storage under different temperature
conditions, rehydrated at different rates, and evaluated for enzyme activity.

ived

Gel Spreading, Preparation, and Stability.

The gel solution (sol) has to be applied to, and spread on suitable supports in a uniform and
homogeneous manner. We have determined that one acceptable support material is polyester film.
This will be the first substrate examined in the proposed work.

The challenge will not be in forming the first layer of gel, but layering a second gel on top
of the first layer. The fresh, wet gel will rehydrate the already applied, underlying layer. It may be
necessary to add a small gel layer consisting of nothing but agar in between active gel layers to
absorb any water that is added during gel formation. Another possibility is that each individual
layer could be fabricated on a porous, hydrophilic membrane composed of e.g., cellulose, or some
other suitable hydrophilic substrate. These layers could then be physically stacked to form the final
gel structure, using fresh agar as a mortar to lend integrity to the entire structure and eliminate air
entrapment between the successive gel layers.
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luciferase, the apyrase quickly moderates the ATP concentration. The amount of ATP which reacts
with the luciferase to produce light depends on both the mitial ATP concentration and the
concentration of apyrase.

To demonstrate the dependence of light output on both of these concentrations, we
produced 2-D (two dimensional) matrixes with gradients in ATP concentration (5x10- to 5x10-7
mol/l ATP) and apyrase concentration (2 units/ml to 0 units/ml). The gradients were produced as
serial dilutions of ATP and apyrase, and pipetted in the appropriate patiems into test wells. At the
bottom of the test wells we had fabricated gels containing luciferase. A positive surface profile
whose height is directly proportional to light intensity was made immediately after ATP was
applied to the test wells. The image was made with a CCD camera and appears as Figure 3.

With high initial concentrations of ATP, a large concentration of apyrase is required to
eliminate emission of a detectable light signal. With low initial concentrations of ATP, only small
concentrations of apyrase are required to prevent emission of light at a detectable signal. The goal
of modulating the light signal with apyrase is (o generate a specific light cutoff point indicative of a
specific concentration of ATP in the analyte solution.

In this proposal, the intent is not to determine ATP concentration, but rather use its
concentration as an indicator of the concentration of monosaccharide. This is accomplished by
reacting the ATP with galactose or glucose in the presence of varying concentrations of
galactokinase and glucokinase, respectively. The phosphorylation of the sugar and the
dephosphorylation of the ATP occur before the ATP reaches the apyrase/luciferase gel layer where
light emission is initisted. Thus, the kinases serve as a mediator of ATP concentration by
modulating its reaction with the monosaccharides.

Two gel layers will have to built upon the already existing layers of the spatial sensor in
order to enable it to sense monosaccharide concentration. (See Figure 1.) The top layer will
consist of the ATP gel, and the second layer the kinase gel. These gels will be optimized to meet
objective 3. The sample, consisting of an unknown concentration of glucose or galactose in water,
along with an appropriate concentration of luciferin and coenzyme A, a cofactor that increases the
efficiency of light emission, will be introduced to the test system. The sample solution will wick
down through the device and begin to rehydrate the uppermost gel containing the ATP, The ATP
will be solubilized by the water, and diffuse, together with the luciferin, sugar and CoA, to the
kinase gel layer. There the concentration of ATP will be depleted in direct proportion to the
concentration of sugar present. The ATP solution diffuses further and enters the luciferase layer,
reacting there with the agueous solution of apyrase, luciferase, and luciferin.

The depleted ATP will give off a light signal inversely proportional to the concentration of
monosaccharide in the test sample. The light is focused or waveguided onto film for detection, or,
if intensity is great enough, detected by the unaided eye. Comparison with an empirically derived
table correlating monosaccharide concentration with obtained light pattern will allow for a rapid
estimation of the concentration of monosaccharide in the sample. The gradient in kinase
concentration will allow for assay of a wide range of monosaccharide concentrations.

The stability of luciferin is such that it may not be feasible to incorporate it into the device.
Preliminary attempts to stabilize it in agarose gels have been unsuccessful. We will, therefore,
investigate the use of metallized polyester film packaging materials to preserve it in a dry powdered
form and incorporated into gels. The gels have the potential of being incorporated, at a later date,
into the laminate structure of the device.

Dr.s Phil Triolo and Rob Scheer will work together to develop and fabricate prototype
devices for evaluation.

Objective 5. Evaluate Feasibility.

The prototype devices will be tested by introducing a range of monosaccharide
concentrations of commercial interest (0 to 25 g/l ) to the multilayer test strips and assessing the
ability of the strips to reproducibly and predictably generate a pattem of light which can be
correlated with sugar concentration. Light emission will be determined using a CCD camera.




These evaluations will be performed at the University of Utah's optical imaging lah:.\mlury’ at the
Center for Biopolymers at Interfaces with the assistance of Dr. V. Hlady, a consultant to PSI on
" pmic:l‘umher of disinterested volunteers will also participate in a series of experiments to
determine the detection limits of the light directly emitted from test strips, using their naked eyes in
various lighting conditions. CCD camera patterns and visually determined patterns will be
compared to see if any particular training or experience is required for disinterested, unaided
observers to accurately interpret the results. i 2 ,

In addition, short term storage, dehydration, stability, and experiments o assess the
reproducibility of the assay will be performed.
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Figure 3
Typical CCD 3-D profile of light intensity for a six by six detector array.

6. Related R & D.

In August of 1995 we completed an NSF Phase [ STTR contract titled "Direct Reading
Quantitative Biosensors for ATP-dependent Processes.” Under this contract we clearly established
the feasibility of combining the ATP-dependent firefly luciferase bioluminescent reaction with a
method of modulating ATP concentration to make a system capable of emitting photons in
proportion to ATP concentrations. ATP concentration is modulated with an apyrase (consumase)
gradient. The spatial pattern is directly related to ATP concentration (See Figure 3.)

We have also submitted a Phase I STTR 1o extend the sensitivity of this approach by
several orders of magnitude to permit the direct monitoring of bacteria on surfaces via analysis of
their ATP content. This recently submitted proposal does not consider the use of kinases to
generate analyie specificities with PSI's sensors. Evaluation of the feasibility of employing
kinases as the “up front” enzymes to render the ATP sensors specific for monosaccharide analysis
is the basis of this application.

Nevertheless, the experience gained in the Phase I STTR has established a strong
foundation for this work. The anticipated award of a Phase I NSF STTR will permit dramatic
progress to be made in our fundamental understanding of the ATP-dependent firefly luciferase
bioluminescent reaction. Everything we learn about improving the sensitivity of this technology so
that it can be used for microbial ATP detection simply enhances the practicality and feasibility of its
application for monosaccharide- and eventually disaccharide-specific detection.

D. Key Personnel & Bibliography
1. Key Personnel/Vitas

Phil Triolo, Ph.D., Principal Investigaror and President of PSL is a bioengineer with
considerable product development experience in the medical device industry. Before joining PSIin
1994, he spent seven years as a consultant, working on various medical product and drug delivery
device development projects. All of the projects involved the selection and evaluation of
appropriale materials for blood contact or drug delivery purposes, and the design, execution and
documentation of experiments in order to demonstrate the safety and efficacy of devices to meel
FDA requirements. Dr. Triolo's industrial background will enable this concept 1o be effectively
developed into commercial products. His bio-sketch is included.

Dr. Robert Scheer received his Ph.D. in Materials Science and Engineering in 1993 and is
Principal Investigator of PSI's current NSF-STTR Phase | grant on the development of ATP-based
biosensors using firefly luciferase. He has had considerable experience with the handling of native
firefly luciferase and its stabilization in agarose gels and fiber matrices. He has worked, and will
continue to work closely with Mr. C.Y. Wang, a student who will work as a post doc on this
project (see Table 1). Rob's background is in polymers, polymer structure and morphology, and
the modeling and testing of polymeric materials. His bio-sketch is included.

Dr. Joseph Andrade is founder and Chief Scientific Officer of PSI. Joe has worked
extensively with proteins, enzymes and antibodies for the past 25 years, focusing his efforts on
elucidating their behavior at surfaces and interfaces. Five years ago he became quite interested in
bioluminescence and particularly in the firefly and bacterial luminescence systems. His recent
research efforts have been directed at understanding these sysiems. He will provide much of the
interfacial biochemistry, bioluminescence, and hiosensor expertise required. Joe is three quarter
time Professor of Materials Science and Bioengineering at the University of Utah. His abbreviated
vita is also attached.

Mr. C.Y. Wang is a graduate student working under Joe Andrade's supervision at the
University of Utah, Mr. Wang has worked on the firefly luciferase system for nearly four years
and will be completing his Ph.D. studies on this system in 1995, He will be available as a post
doctoral assistant during the Phase I award period to conduct the firefly luciferase-based studies
and to transfer his rich, comprehensive expertise on that system to the others involved in the
project.
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EXPERIENCE:

1994-current Protein Solutions, Inc., President. Direct research in the application of bicluminescence for
sensing applications in the health care industry,

1983-1994 (interrupted) Independent Contractor 1o several local medical device companies. Projects have
included the design, evaluation, and development of cardiovascular and heparin-releasing catheters
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(1972-76). President, Rushing Chairman, Theta Chi Fratemity. Member, Tau Beta Pi.
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Adjunct Instructor, Dept. of Bioengineering, University of Utah. Member, Biomedical Engineering
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1.D. Andrade, P.M. Triolo, LM. Smith, RFGD Plasma Treatment of Polymeric Surfaces to Reduce Friction, U.S.
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issued to Merit Medical Sysiems, Inc.

PUBLICATIONS:
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I1. Friction Characterization,” J. Biomed. Mater. Res’17 (1983) 149-165.

I
i
I
.
1

B e T ——

2. References

Aflalo, C. and DeLuca, M., "Continuous Monitoring of ATP in the Microenvironment of
Immaobilized Enzymes by Firefly Luciferase,” Biochemistry 26 (1987) 3013-3020.

Andrade, J.D., et al., "Immuno-Biosensors: The Clinical Chemistry and Coagulation Laboratory
on a Chip," in Y. Sezai, ed., Artificial Heart: Bioanimation in the 21st Century, Saunders,
1992, pp. 89.

Andrade, 1.D., et al., "Proteins at Interfaces: Principles, Problems, and Potential," chapter in
Interfacial Behavior of Bioproducts, J. Brash and P. Wojciechowski, eds., Dekker, 1994,
in press.

Andrade, ].D., et al., "Using Bioluminescence for Integrated Science Education,” in A.A. Szalay,
et al., eds., Bioluminescence and Chemiluminescence: Status Report, Wiley, 1993, pp. 69-
73.

Andrade, 1.D., Hlady, V., Scheer, R., Triolo, P., and Wang, C.Y., "Method of Measuring
Chemical Concentration and/or Light Intensity Based on Spatial Separation and
Resolution," U.S. Provisional Patent Application filed 8/2/95.

Arakawa, T., 8.J. Prestelski, W.C. Kenney, and J.F. Carpenter, "Factors Affecting Short-Term
and Long-Term Stabilities of Proteins,” Adv. Drug Delivery Reviews (1993), in Press.

Baldwi]:J‘. "{9 et al., "...Immunoassay...Using Bacterial Luciferase,” Meth. Enzym. 133 (1986)
248-264.

Baltes, Wemner, Rapid Methods for Analysis of Food and Food Raw Material, Technomic Publ.,
1990,

"Bioluminescence in the Sea,” Naval Research Reviews 45 (1993) (#2).

Carpenter, J.F. and J.H. Crowe, "Modes of Stabilization of a Protein by Organic Solutes During
Desiccation," Cryobiology 25 (1988) 459.

Colaco, C., et al., "Extraordinary Stability of Enzymes Dried in Trehalose,” BioTech. 10 (1992)
1007.

Crowe, J.H., et al., "Anhydrobiosis,” Ann. Rev. Physiol. 54 (1992) 579.

Crowe, J.H., L. M. Crowe, D. Chapman, "Preservation of Membranes in Anhydrobiotic
Organisms: The Role of Trehalose,” Science 223 (1984) 701.

DeLuca, M. "Bioluminescent Assays Using Co-Immobilized Enzymes,” Analytical Applications of
Bioluminescence and Chemiluminescence, Academic Press, Inc. (1984) 111,

Enzyme Nomenclature, Recommendations of the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology, Academic Press, Inc., 1992,

Fung, D.Y.C., "Rapid Methods and Automation in Food Microbiology: A Review," Food
Reviews International 10(3) (1994) 357-375.

Gautier, S.M., Michel, P.E., and Blum, L.J., “Reagentless Bioluminescent Sensor for NADH,”
Anal. Lett., 27 (1994) 2055-2069.

Gaber, B.P, et al., "Interaction of Trehalose..." Molecular Modeling,” in A.C. Leopold, ed.,
Membranes, Metabolism, and Dry Organisms, Cornell Univ. Press, pp. 231.

Griffiths, M.W._, "Applications of Bioluminescence in the Dairy Industry,” J. Dairy Sci. 76 (1993)
3118-3125.

Griffiths, D. and G. Hall, "Biosensors -- What Real Progress is Being Made?,” TIBTech 11
(1993) 122-130.

Hobel, W., Papperger, A., and Polster, J., “Penicillinase Optodes: Substrate Determinations
Using Batch, Continuous Flow, and Flow Injection Analysis Operating Conditions,”
Biosensors and Bioelectronics, 7 (1992) 549-557.

Idahl, L-A, Sandstrom, P-E, Sehlin, I., "Measurements of Serum Glucose Using the
Luciferin/Luciferase System and a Liquid Scimillation Spectrometer,” Analytical
Biochemistry 155 (1986) 177-181.

Kricka, L.J., "Chemiluminescence and Bioluminescence,"” Analyrical Chemistry 67 (1995) 499R.

Kricka, L.1., et al., Anal. Applic. of Bioluminescence and Chemiluminescence, Acad. Press.,
1989,




Lee, 1., "Bioluminescence: Biochemistry for Fun and Profit,” in D.P. Valenzeno, ed.,
Photobiological Technigues, Plenum, 1991, pp. 297-321.

Manchenko, Gennady P., Handbook of Detection of Enzymes on Electrophoretic Gels, CRC
Press.

Manowitz, P., Stoecker, P.W., and Yacynych, A.M., "Galactose Biosensors Using Composite
Polymers to Prevent Interferences,” Biosensors & Bioelectronics 10 (1995) 359-370.

Park, J.K., Shin, M.C,, Lee, S.G., and Kim, H.S., "Flow Injection Analysis of Glucose,
Fructose, and Sucrose Using a Biosensor," Biotechnol. Prog. (1995), 11, 58-63.

Pons, MLN., "Biosensors for Fermentation Control,” Biotechnology (1993), 4: 183-187.

Roberts, T. and van Ravenswaay, E., "The Economics of Safeguarding the U.S. Food Supply,”
Issues in Agricultural Policy - Agriculture Informarion Bullerin No. 566 (1989) July.

Roda, A, etal,, "Coupled Reactions for the Determination of Analytes and Enzymes Based on ...
Luminescence,” J. Biolum. Chemilum. 4 (1989) 423-435.

Ugarova, N.N. and O.V. Lebedeva, "Immobilized Bacterial Luciferase..." Appl Biochem Biotech
15 (1987) 35-51.

Ugarova, N.N, et al., "Bioluminescent Microassay of Various Metabolites Using Bacterial
Luciferase Co-immobilized with Multienzyme Systems,” Analyrical Biochemismry 173
(1988) 221-227.

Wang, C.Y. and J.D. Andrade, Ibid., pp. 99-103.

Wang, C.Y. and J.D. Andrade, "Denaturation of Firefly Luciferase,” in Bioluminescence and

Chemiluminescence: Current Status, P Stanley and L Kricka, eds. Wiley, 427-432 (1991).

Wang, C.Y. and J.D. Andrade, “Purification and Preservation of Firefly Luciferase,” in
Bioluminescence and Chemiluminescence: Fundamentals and Applied Aspects, A.K.
Campbell, L.J. Kricka, and P.E. Stanley, eds. Wiley, 423-426 (1994).

Wang, C.Y., Stewart, R., and Andrade, J.D., “Purification, Stability, and Applications of
Biotinylalted Recombinant Luciferase,” in preparation (1995).

Wang, C.Y., Ph.D. Dissertation, in preparation, “Firefly Luciferase at Model Interfaces: Activity,
stability, and Sensor Applications,” expected December, 1995.

Werner, Baltis, ed., Rapid Methods for Analysis of Food and Food Raw Material, Technomic
Publishing Company, 1989, Chapter 15, "Enzymatic, Rapid Methods by G. Henniger.

Wood, K.. Ph.D. Dissertation, Department of Chemistry, University of California, San Diego,
1989,

E. Facilities and Equipment

Protein Solutions, Inc., occupies 800 sq. feet of office and lab space in Research Park
adjacent to the University of Utah Campus in Salt Lake City. Basic laboratory equipment is
housed there, including scales, stirrers, oven, cell culture facilitics, and benches with fume hoods,
along with secretarial space and computers.

Most of the proposed work will be performed at the University of Utah in the Biomedical
Polymers Research Building. Housed there are the laboratories of Dr. Russell Stewart which are
fully equipped for protein characterization, recombinant gene expression and protein purification,
and the optics lab of Dr. Vladimir Hlady. A CCD camera is located in his lab, along with
appropriate programs and computers for analyses of the data produced by the camera.
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F. Consultants

Dr. Russell Stewart, Assistant Professor of Bioengineering and PI of the University
subcontract, serves on PSI's Scientific Advisory Board. He will assist with the preparation of
recombinant luciferase and attempt to produce galactokinase and glucokinase by recombinant
means. His vita is attached.

Dr. Viadimir Hlady, Associate Professor of Bioengineering, and director of the Interface
Spectroscopy and Scanning Probe Microscopy laboratories in the Center for Biopolymers at
Interfaces, serves as a member of PSI's Scientific Advisory Board. He will provide technical
assistance to the project free of charge.

G. Commercialization/Federal Use.

_ There is rapidly growing interest in the food, dairy, and beverage industries in the more
detailed chemical analysis of their products (Griffiths, Pons, Baltis) with particular interest in
developing rapid methods for carbohydrate analysis (Park.) Rapid sugar detection is of major
importance for effective monitoring of fermentation-based processes. Although there has been
Some 1nterest in enzyme-based electro-chemical reactions for the development of sensors and
sensing systems for carbohydrate analysis, high performance liquid chromatography is still the
most commonly used analytical method.

. We have made preliminary inquiries to a number of firms that sell sensors for carbohydrate
analysis and also thosc that sell equipment and reagents for ATP analysis, generally for bacterial
hyglen_e monitoring. All are very interested in rapid, specific methods for carbohydrate quantitative
analysis. There is a strong commercial potential for such sensors, not only in the food, dairy, and
beverage processing industries, but also in the general consumer market where consumers are
taking a greater interest in the chemical composition of the foods they eat,

PSI has major interests in the scicnce education market. The availability of inexpensive
carbohydrate sensors would enable their incorporation into kits and laboratory exercises pertaining
to carbohydrate and other food chemistries.

H.  Current and Pending Support.

Dr. Phil Triolo, PI, has no current federal grant or contract support. He is PI on an SBIR
Phase [ application to the U.S. Environmental Protection Agency entitled: "Continuous Real Time
Enumeration of Airborne Microorganisms;” submitted January 19, 1995. He is budgeted for two
months on that application. There is no direct overlap with this SBIR NSF grant.

] Dr. Robert Scheer is PI of an ongoing NSF STTR grant, Direct Reading Quantitative
Biosensors for ATP Dependent Processes. He will also be budgeted on the Phase IT application,
which will be submitied in September, at a 40 % effort. He will have adequate time for the one
and a half man-months budgeted in this proposal. There is no direct overlap between the two
grants.

Dr. Russell Stewart's current support is an American Cancer Society Institutional Research
Gr.i.nl_fur $14,500 for the period 3/95 10 3/96. Itis entitled "Modulation of Microtubule Assembly
and Disassembly byl Motor Proteins.” He has a pending grant to the NSF Bioinstrumentation
Program on a scanning laser force microscope for $93,000 for the period 9/95 1o 9/98,




I. Budget Justification.

Dr.s Triolo and Scheer are PSI's key technical scientific staff members. They are each
budgeted at one guarter time on this project. They, along with a half time post-doctoral fellow who
will likely be Mr. C.Y. Wang, who has had considerable experience in firefly luciferase application
to these biosensors, will be responsible for the completion of the technical aspects of the project.

Most of the budget is self explanatory. We will initiate a sub-contract with Dr. Russell
Stewart's laboratory at the University of Utah for the provision of recombinant luciferases and for
assessment of the feasibility of producing the key kinases by recombinant means to satisfy the
needs of this project. The total sub-contract will be for $10,000. Fortunately, the University of
Utah does not charge any indirect costs on Phase I SBIR contracts o Utah companies. Therefore,
all of the $10,000 in the sub-contract will be utilized by Dr. Stewart and his staff for the
production, purification, and characterization of the proteins needed in this project.

Protein Solutions, Inc. is not requesting any indirect costs or fees. In addition, Dr. J. D.
Andrade, Chief Scientific Officer of PSI and one of its founders, will not receive any
compensation for the significant portion of his time he will devote to this project. Andrade is a
three quarter time professor of Materials Science and Bioengineering at the University of Utah.
The remaining quarter of his time is devoted to the development of Protein Solutions, Inc. The
approximately one man-month he will spend on this project will not be funded, and the salary he
will not receive can be considered matching funds provided by PSL.

Je Multiple Phase II Awards.

PSI has not yet received a Phase II SBIR/STTR award. We have a Phase II proposal now
being considered by the National Science Foundation, "Direct Reading, Quantitative Biosensors
for ATP-Dependent Processes.” There is no direct overlap between that proposal and this SBIR
Phase I application.
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