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Euach of these objectives should contribute at least one o (

Rapid, simple. inexpensive and reliable measurement of bacterial contamination wi
compliance with safe food and dairy practices. The sensors can also be applied to a range of medic:
pharmaceutical environments and products. Eventually
tor the sanitary monitoring of kitchen and bathroom surfaces.

TECHNICAL ABSTRACT (LIMIT TO 200 WCRADS)

This NSF Phase II research project is undertaken in response to the need for an inexpensive, direct reading
sensor, capable of real time measurement of bacterial contamination in sensitive areas, such as _!q-Jd and
pharmaceutical facilities and water treatment plants. During phase I of this project we demonstrated |hl- fea :
of detecting ATP in quantities as small as 109 g (2x10-'2 moles) both \ri.\t_l.t]l}lf and on photographic !-.]:1_1’ The
hnology employs the firefly luciferase catalvzed light producing reaction between luciferin and ATP. By
mediating the ATP concentration with the "ATPase" apyrase, we are able to produce a spatial light pattern which
indicates the concentration of ATP present in a san 1ple. .

In this project we focus on increasing the sensitivity of our direct reading ATP sensor to levels more suited
to bacterial detection (10-12 10 10-13 g). This increase in sensitivity will be achieved by three primary means

lity

Ih Increasing the intensity and/or duration of the luminescence for a given quantity of ATP,
2} increasing the amount of light that reaches the detector (film or otherwise), and
3 optimizing the non-instrumented detector for the system.

cr of magnitude increase in absolute ATP sensitiviry
Facilitate indust
I and

marketing ¢fforts will lead to consumer use in the h

KEY WORDS TO IDENTIFY RESEARCH OR TECHNOLOGY (8 MAXIMUM)
Microbe, AaATP, Detection, Luciferase, Direct -reading, Bacteria

areas,

HEF FAML

POTENTIAL COMMERCIAL APPLICATIONS OF THE RESEARGH
Food, beverage and water processing industries to sense levels
cleanliness. Monitoring of pharmaceutical and medical device cleanrn
hospitals, and other biological laboratories for microbial
_contamination.

Proposal Pa

SYNOPSIS OF PHASE I RESEARCH RE!

ILTS

Identification and Significance of the Problem or Opportunity: A national trend toward improving
the preparation conditions of foods, beverages, and drugs is driving research toward an InELpensive
and easy-to-use sensor for the detection of bacteria

We have developed an ATP measurement device whose primary use will be to quantify
bacterial contamination in sensitive environments. This sensor incorporates two fundamental
technologies,

1) an enzyme-based detection of ATP (luciferase/luciferin) and
2) a spatial light intensity readout proportional to the amount of ATP in the sample

Currently, real-time bacterial monitoring is carried out using expensive luminometers and
ancillary sampling devices. Besides being expensive, these luminometers are bulky and require
calibration and maintenance. Other methods of detection require long incubation times (up o 72
hours) to allow colonies to grow to detectable sizes for cnumeration.

Our real-time sensor technology does not require preconditioning of the sample (ie
concentration or culturing), but will match the bacterial sensitivity of methods currently available
which require either 24 hour culture systems or sophisticated luminometer systems costing thousands
of dollars. Further, by using high speed film as a detector, one can both increase the sensitivity of the
assay and obtain a hard copy record of the monitoring procedure.

Therefore, our system will save both time and money for industries that monitor their work
areas for bacterial contamination

Background and Technical Approach: Luciferases are extensively used as labels for a wide range of
clinical diagnostic chemical tests (1-3). Since the firefly luciferase/luciferin 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 Using luminometers and photomultiplier tubes, sensitivities

o 10°13 g are commercially available (4)

Under a contract between Protein Solutions, Inc. and the University of Utah's Center for
Biopolymers at [nterfaces (CBI), Mr. C.Y Wang has been working on the trehalose stabilization of
firefly luciferase for the past two years. Mr. Wang and coworkers have succeeded in stabilizing
firefly luciferase in agarose gels for periods up to 6 months (5). These gels maintain their optical
clarity in the dehydrated state, an be rehydrated after extended periods with high levels of
activity. With the completion of the Phase | research project, Mr. Wang, and Dr.'s Scheer and
Andrade have extended this gel preservation technique to apyrase and have developed a device for
measurement of ATP concentration based on the spatial position of light output

Our umique approach to ATP detection is to produce a spatial distribution of the emitied light
proportional 10 the analyte (ATP) concentration. The human photon detector can then be used 1o
assess spatial position rather than absolute light intensity. This positioning is achieved by carefully
controlling the ATP concentration using an ATP “filter”, a second ATP consuming enzym
In PSI's system, apyrase, with a turnover rate approximately 100 times faster than lucifer:
an ATP concentration regulator to the sensor.

Measurements of enzyme and substrate activity after prolonged siorage were performed for
different gel preparation and storage conditions. These measurements gave us preliminary
information necessary to select enzymes and substrates based on their stability, and aided with the

selection of the appropriate method of preservation.
After learning that both luciferase and apyrase could be stored for prolonged periods in a
dehydrated state, refinement of the luciferase and apyrase concentration levels for appropriate

readout were performed. Appropriate concentration levels were determined through a systematic
examination of light output relative to the concentrations of luciferase, apyrase, and ATP. Each of
the gel components including the luciferase and apyrase enzymes, and the analyte components
including the luciferin substrate and coenzyme A were reviewed. We were looking for the highest
ligh®output for a given ATP concentration

Finally, wicking, capillanity, and optical studies to determine proper device geometry for rapid
delivery of analyte to the sensor gel spots were performed, These studies gave us the information
necessary to decide on a likely test strip geometry. We were looking for a geometry which gave us a
bright readout as well as fast analyte delivery




These experiments have resulted in the following prototype design. The luciferase/apy
enzymes are deposited as circular spots along one dimension of the device, each doi of increasin
apyrase concentration.  The physical support for the device is a strip of filter paper sandwiched
between two polyester films with an agarose coating. An opening is made in the top him to allow the
delivery of the analyte. (See figure 1)

Analyte Dalivery Window Polyester Film
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Increasing Apyrase Concentration between film and paper.
(units/mi}

Figure |. Diagram of increasing apyrase concentration in consecutive sensor dots and
schematic of device design

The analyte (containing the ATP sample to be measured, luciferin, and coenzyme A) is
delivered to the analyte delivery window of the direct reading sensor and readout takes place in three
minutes. This design takes advantage of both the wicking properties of the filter paper and
capillary action of the gel film sandwich. The test strip geometry allows sample delivery to each gel
“dot” within one second of analyte delivery. The time limiting factor of the reaction is the
rehydration of the enzyme gel

The concept 1s based on the fact that, for a given luciferase/luciferin concentration, a
minimum concentration of ATP is required to produce a "measurable” light output. Above 1
concentration, light is visible; below that ATP concentration, no light is measured. If a unifc
concentration of ATP is delivered 1o a series of sensors (dots), they will either produce a measurable
signal or an immeasurable signal. By filtering or consuming the ATP before it reacts with the
luciferase we control the intensity of the light at each position along the sensor

To determine an ATP concentration, a sample containing ATP s introduced to the
luciferase/apyrase gel. The ATP is consumed by the two competing enzymes, Because the mrnover
ratc of apyrase is two orders of magnitude higher than that of luciferase, the apyrase quickly
moderates the ATP concentration. The amount of ATP which reacts with the luciferase to produce
light depends on both the imitial ATP concentration and the concentration of apyrase. A high
concentration of ATP will produce light even at the higher apyrase concentrations because eno
ATP remains after consumption to produce a measurable light output. A low concer
will produce light only at the lowest apyrase concentrations because at higher apyrase concentrations
all of the ATP is consumed before it reacts with the luciferase

To demonstrate and test the dependence of light output on both of these concentrations, we
produced 2-D (1wo dimensional) gradients of ATP (1x10-3 1o 1x10-8 g ATP) versus apyrase
concentration (2 units/ml to O units/mil), Figure 2 is a positive surface profile of this 2-IJ
height is directly related to light intensity. The image was captured with a CCD cam 1 high
inttial concentrations of ATP, a large concentration of apyrase 15 required to modulate the light
imiensity. With low initial concentrations of ATP, only small concentrations of apyrase are requirn
to modulaic the light intensity. The goal of such modulation is to generate a specific light cutoff
paint indicatng a specific concentration of ATP in the analyte solution.

The measurement of ATP concentration itself is of commercial interest as an indicator of the
presence of bacteria or other microorganisms based on the release of intracellular ATP (1.4.6-9) It
has applications in the food and dairy industry for rapid measurement of total microbial
contamination. Other uses include household use for detection of bacteria and other microbes on
eating surfaces, in the bathroom and in drinking water. The advantages of this technology aver
existing methods include a lower initial investment (no [ ter or spectrophotometer to buy|)
and simple and immediate bacterial counts. A more complete analysis of commercial potential is
contained in the Commercialization Plan ar the end of this report.

The other is the ime delay required for pre-test amplification methods (centrifuging, filtering or
culturing the sample)

Our phase [I research project will increase the absolute sensitivity of our direct reading sensor
to at least 10°!2 grams of ATP (4000 average bacteria) per sample. Research efforts will focus on the
four primary objectives outlined in Table |

Table 1. Outline showing research objectives and responsibilities

[Primary Objectives | Secondary Objectives [ University of Utah] Protein Solutions, Inc
| Maximize luminescence | Dptimize concentrations Wang Stewar
| Increase duration Wang Stewart
| Evaluate gel versus solution Wang/ Scheer
| Evaluate stahility Wang
| Prepare summary analysis Scheer
Opumize detection ]Drcrease sample to sensor Scheer
| distance
Concentrate luminescence Triolo/ Hlady
! into small area
| Utilize the optimum film Andradel Scheer
| type and exposure
| Design Tor visual reading Andrade/ Triolo
Minimize Tight Teakage Triola
Evaluate detection Scheer
Prototype Design Uptimize sheif life of Sohn Wang
| enzymes
| Optimize  shelf Tile of Wang/Sohn Wang/ Triolo
| substrates
| Evaluate shelf Tife Wang/ Triolo
| Minimize Costs Triolo/ Scheer
| Select final configuration Triolo
Prototype evaluation | Detect microorganisms Kricka
| Determine absolute Nelson Labs
| sensitivity
Suggest uses in_ other Kricka
markets
L_Maximze lu ESCENG

Qur first step in Improving the sensitivity 1s to increase the luminescence for a gIVEn amount
of ATP. This can be achieved in two ways, light intensity can be increased. or the duration of
!UI"]III:\\-'R‘I'I\'E can be Increased,

Increases in light output will be achieved by adjusting the enzyme/substrate concentrations to
their optimum values.” Optimization will be evaluated by coupling computer simulation studies with
real experiments. Faster production of light will mean an increased intensity. The University of Urah
subcontract, under the direction of Russell Stewart, will include these simulation studies. By
correlating the experimental data with the simulated results, an optimum concentration of the
enzymes will be determined and wiilized for all subsequent studies.

A second study will be performed to increase the durarion of the luminescence using enzyme
amplification Enzyme amplification refers 1o the process of “recycling” the adenosine
maonophosphate (AMP), produced by the luciferase catalyzed bioluminescent reaction, 1o ATP
Again, computer simulations will be used to identify the best enzymes and relative concentrations for
maximum enzyme amplification (at least three and up to four enzymes may be involved in
simultaneous reactions), Earl y studies in our lab have demonstrated that enzyme amplification will
imprave both the duration and the output of luminescence for a given concentration of ATP over that
of & system not employing enzyme amplification (12,31-36).

We expect, and it will be shown that, amplification enzymes can be used with our detection
system to both increase and prolong the light output from the luminescent reaction. Direct
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Figure 2. Typical CCD 3-D profile of light intensity for a six by six detector array.

extended sensitivity for

Since submission of the Phase 1 Final Report, we have su

ATP from 10-8 1o 10-°
way to achieving the sens

ams using both visual and photographic detection. Thus, we are on our
ivity required for microbial detection

PHASE Il RESEARCH OBJECTIVE

With minimum optimization efforts, our Phase I feasibility studies have shown
monitor (using both direct visual and photographic film) ATP amounts as small as 10
sensitivity equivalent to the best photographic detectors on the market or referred to in the it
(6,10-13). Detection of smaller amounts of ATP currently requires expensive electronic
devices such as luminometers or spectrophotometers, which are typically sensitive to 10
ATP (14-2
A 1994 review of automated luminometer systems available for measuring bacterial ATP
reported sensitivities in the range of 107 1o 104 ¢
of ATP) (20). However, many of these tests
culturing) prior to detection. Other methods of bacterial det
as the 3M product using Petrifilm™ which has the ability to detect
bacteria (1 cell/2
hours of culturi
A recent
The report stated that an acceptal
water, To achieve this sensitivity
PMT

6)

an average of 2.5x
(such as concentration
= cell culture readings such
ry concentrations of

5 ml) and even differentiate between cell types. However, Patrifilm™ requires 18-22
42°C (27-29)
PA summary report outlined a study of bacterial sensing of drinking water |

21)

level of sensing capability would be bacteria per milliliter of
quired a 200600 fold concentration of the water prior to assay by

e

Drawbacks to current methods, then, are two-fold. One is the inital investment required o
purchase a luminometer or a spectrophotometer as well as the training required to use them {20,30)

L o LY L T e

Lot

comparison between systems incorporating recycling enzymes and those without recycling enzymes
will be made using a CCD camera and a spectrophotometer.  Further studies will involve
photographic film detection

These studies will first be conducted in liquid solutions then transferrad tc

gel or preservation
studies -
The combined refinements of enzyme concentration and substrate concentration along with
development of substrate recycling should result in an increased luminescence of at least one arder of
magnitude for a given amount of ATP

Optimize detection of luminescence.

To optimize device sensitivity and make the most of the luminescence provided by the
ATP/enzyme reaction the generated light must be efficiently and completely detected. To optimize
the sensitivity of the device we must, therefore, increase the number and efficiency of photon capture
by the detector, be it photographic film or the human eye

Our group has gained considerable experience over the years in the development of fiber-
optic biosensors based on fluorescent technologies. These developments have included applicat
of cylindrical optical fibers and p

H
planar wavegwides. Dr. Joe Andrade, founder and Chief Scientific
Officer of PSI, and Dr. Vladimir Hlady, consultant on this project and a member of PST's Scientific
Advisory Board, have worked closely together for many vears on optical sensors for protein detection
projects. They will both advise and assist in our optical enhancement and collimating approaches to
optimizing device design and photon collection efficiency.

Our goal is to produce enough photons at the ATP sensitivity limit to generate a detectable
light emitting event. This can be at least partially accomplished by focusing or directing all the
available photons into the smallest possible area and then (in the case of film) integrating for an
extznded length of time.

One way of improving the efficient collection of luminescence is 1o minimize photon loss, by
decreasing sample to sensor distance, then all of the photons contained within the solid angle of
emission will strike the detector. This method of enhancement will alsa work with direct visual
detection, although to a lesser extent because the eye cannot get as close to the sample as the film can.

Anather technique that will be used to increase the amount of light that reaches the detection
device is to concentrate the luminescence into a small area. A minimization of the dis area for a
en quantity of sample will project the same number of photons over a smaller area, thereby
increasing the exposure per unit area

The goal 1s to increase the number of photons that strike a given area of the detector, thereby
increasing the intensity. It is expected that an order of magnitude increase in intensity will be
achieved by incorporating these device configuration modifications

Quantification of results will be made by relative light units using the CCD camera, optical
densii. using photographic film, and a 5 member review panel of uninterested individuals for direct
visual reading

-

3. Prototy pe Development
Prototype development will be divided into several studies. These include the preparation and
ervation of the reactive components as well as the development of device configuration and mode
Iperation
In order to arrive at an acceptable device, the shelf life of all the components needs to be
increased to at least 6 months.  The stability of luciferase in solution and dry
S_\ Wang et al. These studies will be extended to other enzymes and substrates
evice

ol

We intend to improve enzyme shelf life by immobilizing the enzymes in
mechanical immobilization methods of the enzymes will be evaluated

To improve the shelf life of the lucierin, a complete and rapid dehydration process is
preferred. We will evaluate two methods to increase luciferin stability: 1) incorporate luciferin in
concentration agarose-luciferase gels (or other suitable medium) and rapidly dehydrate it
Then, maintain the gels in a, moisture-free, oxygen-free, light-free anvironment until they are
needed. Luciferin stability studies will be performed for periods of at least one year :

2) Encapsulate the devices in packets. protecting them from light, oxygen, and moisture until
use. The packet is simply opened when required, and the device introduced to the analyte solution of
interest. A vacuum seal package will also be studied. These methods of preservation will be




evaluated and compared with dehydration, Final optimization of luciferin shelf life mayv requr
combination of these methods. ;
The sensing device itself is composed of several basic elements:

A mechanism for introducing a sample 10 the device,

a mechanism for ensuring that the sample is distributed to all reactants of the device,

a means of optimizing conditions so that the alyte reacts efficiently and completely with the
reagents per design, "

4 mechanism for relating the amount of ATP in the sample to a measurable light signal
employing firefly luciferase and luciferin, '

optical components that focus and puide the emitted light to the detector, and

the detector itself, which 15 either the human eve or phism;raplu: film

Evaluation and refinement of these elements will continue during this Phase 1] research
project i

Prototype luation

! Al least once a vear, both Dr. Larry Kricka and Dr. Viadimir Hlady will visit our labs to
evaluate of project progress and prototype designs. It is likely that our corporate pariner will also
visit our lab at least twice a year to discuss progress made toward reaching our mi

PHASE [I RESEARCH PLAN

Our research effort focuses on Increasing the device sensitivity and con 5 based on the
four objectives outlined below :

L_Muximize lumines Enge
Our phase [ research project established the feasibility of determin ount of ATP in a
EI.‘.E']- \..Jmple bucc_d on the spatial distribution of luminescenc We did not, however, maximize the
device sensitivity for :-\T}" Our first step in improving sensitivity will be to increase the It e
lnrr ': gven amount of ATP. There are two ways 10 achieve this goal. One is to increase the number
0 1;:1 lullom emitted per unit time \mcrease intensity). Another is to increase the duration of phato
PI’[L utrt_mr: B::‘rh will increase the exposure of photographic film. Bec
integration capability (0.1 secands) only th “reas i I
g 3 -1 seconds) o e increase in intensity will we direc sual reac
o s y case ntensity will improve direet visual reads
e These optimizations will be achieved by optimizing the concentrations of all reactants,
touple computer simulation studies with real expeniments o
+ enzyme kimetic simulations will be performed
er rates and enzyme/ substrate centratio 2
which n our case js | Faster production of light transl
Utah subconiract (o Dr, Russe . includes

alculate the

Once the simulation siudies are underway and prelimir results obtaine

detual experiments using the optimized concentrations ind by the simulation

¢ iniuated to maximize the luminescence from the luciferasefl IATP rea
"'""""_”;'_"'” of the enzymes will be determined and wtilized for all subsequent stud

i I-_I..m;_‘;‘:“l[:lt\;‘!;’f'_r‘,"‘*‘:l“ ¢d to enhance luminesc and dura

fold, Sor ueh #5 Triton and T'J.-e;:a 20 are
i __““L Polymers, such as PVP and PEG hay s0 been shown 1o ¢
-[‘_";l‘- combination of these additives should provide for optimum enhanc

Fiidtics ““"‘Z‘E:‘:‘];L\-::Jil\lh[: n.n;l- il : required enzy me and substrate concentrations are T
allwr lonaer c\pmulri}.;,;ILILMFLJ'? @uration h f the luminescence using } plificat
amplification refers rto th o ulkl ol e ¢ ‘ort. 1o maximize of luminescent intensity
from the luciferase “-”LM \LJL hb- I “recycling” the adenosine .’nn)llupl‘!_nf-sph.au.' (AMP) produce
phosphorylation rcm._'llum yie ‘..elumln\:sr:n[ reaction back to ATP through appropr
and relafive conce e st \_Uml"utr:r simulations u.|II_ be required to :dc!-ml' the best enzymes
entrations for maximum e zyme amplification {(at least three, and up

luminescent intensity and/or duration are established, photographic film detection will be used
COmparison

‘he combined refinements of enzyme concentration, substrate concentration. additive
concentration and substrate recycling should result in an increased luminescence of at least one order
of magnitude for a given amount of ATP

Another benefit of using the enzyme amplification systems described above is that they can
utilize all of the adencsine compounds available from the ruptured bacteria cell. Bacteria contain
ATP, ADF and AMP in various ratios. At different limes in the reproductive cvcle, the relative
amounts of these compounds will vary, Stress can also severely alter the ratio, rapidly depleting the
TP stores. A system which senses (otal adenosine content (not only ATP but also ADP and AMP)
ill be better suited to detect bacteria than a sensor which only measures ATP, Not only because
there will be more adenosine to detect but also because the total amount of adenosine per bactena is a
mare accurate measure of cell number than 1 ATP content. (39)

These studies will be computer simulated and conducted in solution, A summary study of
this optimization will incorporate a system for storage of the sensor mixture. This preservation
system may incorporate lyophilized enzymes/substrates or dehydrated gels (see section on prototype
development)

Close coordination of these luminescence optimization efforts is essential and will invalve
continual communication and comparison between research personnel. It will be necessary to
monitor the compatibility of enzymes on a weekly basis to insure that each modification contributes
1o the overall improvement of the sensor's sensitiv A

Quantification of results will be made by relative light units using the CCD
density wsing photographic film. and a 5 member review panel of uninterested individuals for ¢
reading

2. Optimize detection of luminescence.
To optimize device sensitivity and make the most of the luminescence provided by the
ATPfenzyme reaction the generated light must be efficiently and completely detected
the sensitivity of the device we must, therefore, increase the number of photons and efficiency of
photan capture by the detector, be it photographic film or the human eye.
It is important to note that the human eye can detect high contrast features only a millin
two apart. The detector should, then, focus and direct all of the available photons from e
analysis into a relat small detection area. whether that detector is the human eye or photographic
film. In the case of photographic film, the exposure needs to be above the photon sensitivity
threshold for that film. This exposure is more readily attained by focusing all of the photons on a
smiall area than on a la The same is true for visual detection, although the integration ti
for visual dete only about 0.1 seconds i
Our problem is to produce enough photons at the low levels of ATP that we wish to detect 1«
insure that the film is exposed. This is partially accomplished by focusing or directing all the
available phatons into the smallest possible area and then integrating for an extended length of 1
One way of improving the efficient use of luminescence is to maximize the g
ction (mininmize photon loss). The

See figure

1
Figure 4. The effect of distance on solid 3 the angle is smallest, ar distance 2
angle is larger. at distance | the angle is nearing 180°, At the farthest distance few of t

available photons are collected, At the closest distance mast of the photons are ‘collect




enzymes may be involved in simultaneous reactions). Preliminary studies in our lab have
demonstrated that enzyme amplification will improve both the duration and the output of
luminescence for a given concentration of ATP. (Also see reference 32)

The firefly luciferase catalyzed bioluminescence system utilizes one ATP and generates one
AMP (see equation 1). Adenylate kinases which convert AMP to ADP can be coupled with pyruvate
kinase to recycle AMP back to ATP (equations 2 and 3). ’

Three types of adenylate kinases are reported (33). Types | and II are myokinases, which
convert AMP to ADP (adenosine diphosphate) by consuming one ATP. The two ADP molecules
produced in this reaction are converted by pyruvate kinase to ATP by consuming
phospho(enol)pyruvate (PEP). Type Il is also known as GTP-AMP phosphotransferase (EC
2.7.4.10) which consumes GTP (guanosine triphosphate) instead of ATP in the recycling process
(equation 4)

luciferase - s
ATP + luciferin —0—> AMP + oxyluciferin (n

myokinase

AMP + ATP —> 2ADP ()
pyruvate kinase

ADP + PEP —— > ATP + pyruvate (3)
GTP-AMP
phosphotransferase

AMP + GTP —— ADP + GDP (4)

Hawronsky) et al. used the amplification system of myokinase and pyruvate kinase to
enhance their ATP detection limit (32). They suggest that the detection limit of ATP can be
improved 2000 fold. In our study of appropriate enzyme amplification systems we will look to
utilize the type [II adenylate kinase as the recycling enzyme. This system avoids the consumption of
ATP. a substrate of luciferase, which could diminish the optimum luminescence. The GTP unilized in
reaction (4) is not a substrate of luciferase and, therefore, will not decrease the luminescent reaction.
(See figure 3.)

GTP-AMP

phosophotransferase
ADP

ATP luciterase =
Types | and Il L luciferase
Type llI
Figure 3. Energy transfer cycle of luciferase and various  ~lification enzymes.
We expect, and it will be shown that, amplification enzyn n be used with our detection

system to both increase and prolong the light output from th. !uminescent reaction. Direct
comparison between systems incorporating recycling enzymes and those without recycling enzymes
will be monitored by a CCD camera and a spectrophotometer (PMT). Once an increase in

|
|
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|
|

During the Phase I research project, photographs were taken at a distance of 5 centimeters
from the luminescent source. For a 1.0 centimeter diameter exposure area, this distance translates to
i collection angle of 4 degrees or a loss of 99.9% of the photons produced. We estimate that by
reducing the sample to detector distance to 0.5 centimeters we can increase the collection angle to
nearly 90°, thereby reducing the loss by 99%, resulting in a 100-fold increase in the number
(concentration} of photons striking the film per unit time.

It can be seen from figure 4 that by decreasing sample to sensor distance the detector will
utilize more of the available photons. This method of enhancement will also work with direct visual
detection, although not to the same extent

To evaluate these detection systems we will design and build a light-tight film holder with a
mechanism for adjusting the detector to sample distance from O to 15 centimeters. Using a constant

luminescence standard in the range of 104-108 photons/secster-radian (available from Biolink
Technology), the sample distance will be adjusted to provide the greatest film exposure while still
providing adequate resolution of individual spots. Effectiveness of decreasing the sample to detector
distance will also be quantified using the CCD camera and direct visual detection with the human eye.

Another technigue used to increase exposure to the detection device is to concentrate the
luminescence into a small area, Two methods are explored:

1) Minimize the "display” area with respect to analyte volume, and
1) collimate or "focus” the luminescence to a small point (1-2mm diameter).

If we disregard scattering and absorption in the liquid for the moment, a minimization of the

display area for a given guantity of sample will project the same number of photons over a smaller
area, thereby increasing the exposure per unit ares. See figure 5

Figure 5. Once the maximum luminescence is achieved for a given sample. the efficient detection of
those photons is important to further increasing sensitivity. For a given number of photons
(represented as wavy lines) a smaller area of projection will increase both imtensity and detectability

To explore the benefits of decreasing surface area to sample size, we will examine several
sampling geometries (some of which were explored during Phase [ research for their wicking/
capillarity properties) including microtitration plates, capillary sampling tubes, wicking fibers,
“dipstick” sampling plates, and test tubes. By maintaining a constant sample volume and reagent
concentration the overall light emission should not change. However, by changing the geometry of
the sampling device, the inrensitv of the light emission will change. During our evaluation of
different geometries we will incrementally adjust the surface (projection) area for a constant volume
and concentration of sample, until a maximum intensity is found. Ewvaluation will be made with a
CCD camera. The goal is to increase the number of photons that strike a given area of the detector,
thereby increasing the exposure/intensity. Here we must keep in mind that some of the light will be
lost {scattered and/or absorbed) as it travels through the sample volume, and a longer travel distance
will mean more loss

Anather way to make the best use of available light is to focus or channel all of the generated
light into one direction and small area. (See figure 6.) '

Another method of capturing light is 1o use a system of total internal reflection. To do this
requires a transparent medium with a higher index of refraction than the medium with which it shares
an interface. Such s the case with an enzyme support such as a glass tube and air. (See figure 7)
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Scattered Collimated Focused

Figure 6. Light generated at the source is diffused in 360°. A series of focusing lenses can capure
b ~ much of the diffused light and project it toward the detector
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Figure 7. Light is generated within the solution/gel phase and transmitted to the physical support
(glass capillary or polymer film) which then “collects” the light and transmits it to the detector

We will examine both focusing and channeling of the emitted light using lenses and
appropriate “"sandwiching” materials (films and capillaries). Effectiveness of the de It
determined by sensing the intensity of emitted light with a CCD camera. Follow-t :
utilize photographic film and direct visual detection. It is expected that an order of
increase in exposure will be achieved by incorporating these device con iguration modifics

Once the maximum amount of light is directed to the smallest reasonable area |
diameter), an optimization of photographic film type and exposure w
film is generally accepted to be the most inexpensive. and among the I
of sensing photons. The activation of a silver grain with a photon to produce a laten ge | ]
then developed) results in a billion fold magnification of transformed silver atoms. This is
accomplished in a thin film format and. in the case of the Polaroid films. one in which the results are
obtained almost instantly

We are alread
with a very steep ex

collecting data on film exposure charactenistics, We will be
ure density curve or “threshold exposure level”. This will pro
signal recognition necessary to differentiate between two diffe ent amounts of ATP (ie
difference between 10710 and 5x10°!1 grams of ATP). Polaroid's ¢ (20,000 ASA)
ted to have favorable exposure characteristics (1],40). See figure
commercial ATP luminescent detectors '

also used 1

Steep Exposure Curve

al Density

Exposure (time, Intens ty)

Figure 8. For the
development, then
reading is recorded

steep exposure curve, if the exposure falls below the minimum required for film
a no reading is recorded; if the exposure falls above the minimum then a positive
For the shallow exposure curve, shades of gray will be recorded. mak positiy

determination of exposure difficult
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Enzymes

Loose Mesh Tight Mesh

Figure 9. A tight mesh gel will physically hinder enzyme migration out of the preservation medium,
) the e, physically immobilizing the enzymes.

Table 2. Comparisen of commercial gel systems for entrapment of low molecular weight proteins

Froperties/Gel Nudieve GTG | SeaPlaque | LM2Z.3 (48) | TreviGel 300 _-i:-u[_s_u| S000 |
(47) (47) (49) (49)
Gelling Temp =35°C (4%) 26-30°C 347 <36°C
(1.5%) (1
gth >500 griem®  >200 griem?  >400 er! z
2.5% - 3% 2%
entralion
- able 1o 8-50 bp 30-3000 bp - 4-400 bp 100-2000 bp
pass throug

Shelf life of the luciferin is also a concern. D-Luciferin is a substrate of firefly lucifera
tion products of D-luciferin, dehydroluciferin, oxyluciferin, and L-luciferin, are
hibitors of luciferase D-Luciferin forms dehydroluciferin in the pre ‘
nd/or maisture, or this son it is usually store desiccated, in the dark
solution a slow racemization of the D-isomer to the L-isomer occurs
) can help minimize the racemization. However, the
r optimum performance, so that storage of lucifenin in :
[ luciferin to oxyluciferin without the catalyzati
ef of the high energy barr ms that the r
luciferi n is less important (13)

To improve the shelf life of the luciferin, a rapid and complete
m'-\J:_\l'u.' process investigated in the Phase |
extended exposure to water and incomplete dryir
of UV light) is recommended and will be eval

solution (pH 6.(
I

requires i

“0 1 tion

1erj), so il se

rs are hydrolyzed to
Other luciferin derivatives include luciferin & I I
ety is removed by galactosidase action, resulting in active lucifenim (50). All of these
aest that luciferin is actua ¥ quite robust and reasonably stable, if it 15 prot
oxy

prove luciferin shell life rate 11
concentration agarose-luciferase gel, (or other s >
n a, moisture-free, oxygen-f light-free environment. Prepared and stored in ||'-I~_ fashi v
expect that luciferin will be sta until reconstituted with the analyte solution. Luciferin stabiliny
dies will be performed for periods of at least one year

in two ways, We will incorp n i
table medium), rapidly dehydrate it. and mainta




In contrast with the integrating capabilities of photographic film. the human eye only samples
photons for about 0.1 seconds before it proceeds to process the image. The human eye 1s a
photometric device ideally suited for detection of motion, rather than for ultra-low light level static
imaging. We know that low light level detection can be enhanced by up to five orders of magnitude
through suitable dark adaptation. We will assess the ability of the naked eye to detect light emitted by
the device after different periods of adaptation to optimize the conditions for direct visual
interpretation of sensor results,

Close coordination of these detection optimization efforts is essential and will involve
continual communication and comparison between research personnel. It will be necessary to
monitor the compatibility of device modifications on a weekly basis to insure that each component of
the enhanced detection capability contributes to the improvement of the sensor's sensitivity

Quantification of results will be made by relative light units using the CCD camera, optical
density using photographic film, and a 5 member review panel of uninterested individuals for direct
visual reading. All readings will be standardized using Biolink’s luminescent standard.
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totype development will be divided into several studies. These include the preparation and
preservation of the reaction components as well as the development of device configuration and
method of operation.

Shelf life of the enzymes must be increased 1o ar least 6 months., Stability of luciferase in
solution and dry gel has been studied by Wang et al. (41-43). For the enzyme amplification system
two additional enzymes, most likely an adenylate kinase and pyruvate kinase, will be used All
enzymes will likely be stabilized in gels.

The gels should be uncharged and hydrophilic to increase compatibility with the enzymes.
Preparation should involve a low temperature technique to avoid protein denaturation, The medium
should be low in viscosity during preparation to ease transfer. Finally, the support should have high
optical clarity and no air bubbies to minimize light scattering. The preparation will likely involve
dehydration, so the medium must be easy to dehydrate and rehydrate and should prevent leakage of
the enzyme into any excess rehydrating fluid.

One area of study, therefore, will be to improve enzyme shelf life by immobilizing the
necessary proteins. This may be accomplished either by chemical or mechanical immobilization of
the enzymes in the support medium.

Our lab has experience immobilizing enzymes using the 3M Emphaze activated biosupport
medium. Emphaze is a preactivated bead composed of a bis-acrylamide/azlactone copolymer. In a
preliminary study we attempted immobilization using avidin as a bridge between luciferase and the
beads. This study demonstrated the feasibility of immobilizing biotinylated luciferase on the avidin
coupled Emphaze beads with a high degree of retained activity (44). Studies of this and other
immobilization techniques will continue during Phase [l research.

Another method to avoid leakage of the enzymes from the storage medium is to trap them
within a tight and stiff matrix (physical immobilization). Dr. Sohn, a visiting professor from Korea,
will cooperate with the University subcontract to head this portion of the study (his salary is paid
through Hallym University, Korea). To develop a “tighter” gel structure, a high concentration gel
(probably near 6% wiv) is necessary. (During Phase [ studies we utilized 1% wiv gels) This will
benefit gel storage capability through reduced porosity, minimized gel shrinkage, and enhanced gel
strength.  (See figure 9 and Table 2.) Difficulties may arise from the inherent increase in gelling
temperature, lower transparency, higher viscosity, and increased aeration. which accompany increases
in gel weight percent. Most of these factors can be adjusted by utilizing special "low temperature
gelling point™ agarose and gels. Several companies produce such systems, see Table 2. Trehalose
additives have also been shown to increase gel clarity (41-43)

Gel materials other than polysaccharides (agarose) will also be evaluated. Gels made from
water-seluble synthetic polymers such as polyacrylamide and polyvinylalcohol have been shown to
immobilize enzymes in the hydrated state (45,46). To fit our requirements, which need dehydrating
and rehydrating gels, we can alter and optimize the conditions of preparation. As for the final
support matrix material, every possibility is available. It is possible that a blend of different matrices
will be needed for a given enzyme, or that different enzymes may be immobilized in different gels

; Second, a variety of technologies are available to encapsulate the device in packets protecting
it from light, oxygen, and moisture until it is ready to be used. The packet is simply np;:nfd when
required and the device introduced to the analyte solution of interes;, A vacuum seal package will
also be studied. Thcse will be studied in 2 manner similar to that for the dehydrated luciferin. In
fact. the final optimization of the luciferin shelf life study will likely be a combination of these
methods. .

The sensing device itself is composed of several basic elements:

* A mechanism for introducing a sample to the device,

*  amechanism for ensuring that the sample is distributed to all reactants of the device,

* ameans of optimizing conditions so that the analyte reacts efficiently and completely with the
reagents per design, .

= @ mechanism for relating the amount of ATP in the sample to a measurable light signal
_employing firefly luciferase and luciferin,

* optical components that focus and guide the emitted light to the detector, and

*  the detector itself, which is either the human eye or photographic film

These elements are discussed individually below. Several configurations of the individual
elements are then presented, any one of which may display advantages during evaluation that permit
its development into a commercially acceptable product. =

A critical element of the entire sensing process is the collection of the sample, elimination of
cxtraneous ATP from non-bacterial (usually referred to as “somatic”) sources, and extraction of
,-’\Ti: from the bacteria. Various methods have been employed to yield a relatively pure sample of
:\Ji]:cprcsenlan\-e of the cellular contents of the original microbe population for analysis (13,2

PSI's intent is not 1o develop an entirely new sample collection mechanism, but to adapt our
sensor for use with existing sampling vehicles.
One product that is particularly adaptable to our sensing technology is 3M's Petrifilm™,
This product already employs a gel in the sample collection film. Tt may he ,-w:wss:b!e to build our gel
layers containing luciferase, trehalose, and apyrase, along with appropriate cell lysing agents, into the
current gel. or laminate our gels as thin films on top of those existing in Petrifilm™. (See Figure 10.)
If needed, a physical barrier could be employed to separate the layers which is breached by the user
during the analytical procedure. In order to couple our sensor device with Petrifilm™, a vertical
lamellar configuration should be constructed and evaluated. iy
The remainder of the products we reviewed use luminometers to detect light emission from
the ATP-sensitive firefly bioluminescent reaction Samples are introduced as aqueous solutions. This
farm of sample is ideally suited for detection by our device. The reagent layers can be -e-.mckcc.i
vertical films, or consist of a series of layers that are adjacent to one another on a binding/wicking
substrate that provides product integrity and assists in the delivery of the sample to the different levels
of interactive gels. Eventually, the sample preparation elements can be combined with the sample
processing (elimination of somatic ATP and extraction of bacterial ATP), rransduction (utilization of
ﬂ?c?..em produce light). guiding (optical focusing elements) and detection (film) elements of the
c

Detection
Guiding
Transduction
Pracessing

Layers

Sample

Figure 10, Passible layers of bacterial detection device

-



In this development project we propose a system to accepl aqueous samp This will permit
us 1o move directly from the analysis of control ATP solutions to solutions extracted from microbes
by conventional commercial preparations. Total incorporation of our transduction 1
nto existing commercial sampling system will be accomplished in phase III using funds from
erested commercial parties

Functional Elements to employ in a prototype device:

ton, elimination of extransous ATP
echniques and commercial sample swabs will be used to obtain an ague
of ATP from microbes (52).

sample

_ Lucifenin s currently the most unstable element incorporated into the device, and it may.
therefore, be cssary to prepare a fresh luciferin solution an a8 weekly basis and store it shielded
from light in the refrigerator between uses. An alternative to be investigated will be 1o pi K the
luciferin so that it is not exposed to those environmental conditions (light, heat, oxyeen. moisture]
that render it a luciferase inhibitor. Packaging options were previously discussed -

Sample Transport and Disiribution
These hnltd been addressed in Phase I studies. The designs that produced the best results
shown in figure |1

Polyester Film Capillary Tube

Wicking Fiber

Enzyme Gel
Filter P
il oo Gel Layers "Sandwiched" betwesn
film and papar,
Figure |1, Two possible device designs, filter paper sandwich and fiber in tube

The benefit of these designs is that they provide a suitable physical support for the prote:
and a simple mechanism for rapidly deliveri ple to the active device laye Analy
delivered to the filter paper sandwich at the "open” end of the support. and o the

the |--\u‘.r end, near the gel. Delivery consisted placing the respect \ v
in a shallow tray of the analyie and allowi delivery by capillary :

A Means Of Oprimizing Conditions So That The Analyte Reacts Efficien
Per Design 2
Jpumization of reaction conditions and re:
ximizing lum
(current

T lant concentrations were explored in the s
-ence. The optimal concentrations will be incorporated in the st
arese gel), which will be disiributed on preferred surfaces of
rent conligurations .

L .l.'llw -.-|~|.-. of the early phases of this project is 1o increase light uction by optimizin
e r:]_-l:la.-u concentrations and conditions, and to employ enzyme ems to recycle ADP and AMP
ln_.-\ TP so that light emission is prolonged. Once the enzymes are selected, attempts will be o
preserve them in trehalose gels. ) i
The recycler enzymes will b C: g
¥e ERZ) £ e incorporated into the support matrix containing the |
. ; ; YIS v Ip t ont g the luciferase
\”I'ld "f‘!-l'\l.\ll.ll'.lﬂd possibly luciferin), as the AMP and ADP will be in high concentrations in this laver
udie w e @ e ap " ' f : b =
1dies will be undertaken to determine the compatibility of all of these enzymes in one laver. [f

|

Wicking Fiber and
Capillary Tube

Figure 13. Construction of fiber in capillary whe configuration

year, both Dr. Larry Kricka and Dr. Vladimir Hlady (consultants) will visit our
n of project goals and prototype designs. It is likely that our corporate partner will
also visit our lab at least twice a year to discuss progress and goals

Evaluation will occur monthly to insure compliance with expected goals. The first three
semi-annual reviews will include reporis of absolute sensitivity to ATP. We expect to reach a
of 10-12 grams of ATP within the first |8 months of this Phase Il research
icularly with photographic integration of luminescence, that a greater

clion sensit

project. It 1s lil

sensitivity can be achieved
The device designs will be thoroughly evaluated by the end of the third report period

ations will include a measure of the reproducibility of results achieved with developed

sure of achicved sensitivity. Major market areas will be identified for targeting

duct at the conclusion of the Phase [T research project

stage, the expertise of our consulting crew as well as our corporate partner, will be

most us:

cally checking that certain goals are met (such as sensitivity and reproducibility)

By periodi
all goals are met and that development proceeds in an orderly, controlled fashion.

we will insure th:

luesion
Reports in the nal of Food Protection and other biosensor type journals have point
the need for a rapid, simple, sensitive, and inexpensive bacterial screening device (15-21,28.29.3
Such a device would find use in the restaurant, the home, regulatory agencies, food pac

industries, drink packaging industries, pharmaceutical industry, and any where bacteria are not wanted

ed to

3,43
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We will develop an ATP measurement device whose primary use will be to quanmtify bacterial
itive environments. Our real-time sensor technology de require
| the sample (1.e. concentration or cultuning), but will match the bacterial sensitivity
v achievable using 24 hour culture systems or sophisticated und expensive luminometer
Ise of high speed film as a detector will both increase the sensitivity of the assay and yield a
cord of the monitoring process.

our system will save both time and money for industries that monitor their work

areas for bacterial contamination

COMMERCIAL POTENTIAL

15 qnel Business
Protein Solutions, Inc., was founded in 1988 in Salt Lake City by Drs. Peter Gerity, James
McRea, and Joe Andrade. The company’s original objective was to develop science education tools
for school and home use
Government and private funding was sought for three distinct product lines, personal sensors:
loying bioluminescent organisms; and Labless Labs®, a collection of specially
eered materials to accompany telecourses and other courses where hands-on

pSLs

educational kits em
selected and en




mcompatibilities exist, it may be possihle to form a multilaminate gel, consisting of a series of very
thin gels of varying composition. An. er possibility is to fabricate a gel which is an interpenetrating
polymer network, each constituent cc  uning different enzymes

Elements That Focus And Guide The Emitted Light To The Detector

These elements have been discussed above. Inexpensive, disposable plastic lenses are
available as focusing elements, but their expense may still preclude use in the final device. Lenses will
still be incorporated in the prototypes, however, if they have been proven to significantly increase the
sensitivi

Waveguides, on the other hand, can be manufactured quite inexpensively, especially in
micromachined devices. Micromachining will not be incorporated unless other prototype
configurations are proven inadequate. Waveguiding materials do not have to be micromachined.
however. Waveguiding occurs when light encounters two media of greatly different optical densities
If all light can be trapped in the waveguide and directed at the sensor. then the intensity of light
incident on the detector can be amplified, and sensitivity increased

] faveguiding can occur in r the gel-in-capillary configuration, or the polyester sandwich
configuration by choosing appropriate materials for the capillary and external membrane layer of the
sandwich, respectivels )

IThe Detector [iself, ' hich Is Either The Human Eve Qr Photographic Film
Optimization of the detector is discussed above. For photographic detection, a contact print
will most probably be used. or the film will be located at the focal point of a focusing element

General Characteristics of the Fabrication Procedire

Each gel layer can be thought of as a self-contained module By stacking the individual
modules in the proper order, one can create a device with appropriate characteristics for assay of the
analyte in gqueston. i

Metheds of Fabricai

The filter paper sandwich configuration is made by depositing two rows of enzyme
with their respective concentrations of apyrase on the film support. Once the gels are dehy
they are pressed into the filter paper, thus adhering 1o both the film and the filter paper. The wick
capillary tubes are made by first threading a cotton fiber through the capillary tube and securing ¢
end to avoid pulling the fiber out. The other end of the thread is trimmed 1o ease delivery of the sol
The gel is delivered into the capillary tube by simply dipping the trimmed end into the enzyme sol
and allowing capillarity and wicking o pull the sol into the tube. See figures |2 and 13 -

Mytar Film
Dehydrated Gel Dots 1o be “Sandwiched”

= betwaan N wd papo
Fillar Papar 1 lim and paper

Figure 12. Assembly of filter paper sandwich configurs
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laboratory experience 15 lacking. The common denominator to these ambitious projects is that they
all centered on the development of experience-based learning tools

Recently, the company has focused its research and development efforts on the d ‘lopment
of ioluminescent sensors, as these have the greatest immediate potential for commercialization

pplicatiens of Anticipated Results

The sensors employ a novel configuration that utilizes firefly luciferase and luciferin o sense
ATP in nanogram quantities. This type of assay is the most sensitive known for ATP, and the
ultimate goal of PSI's sensor development is to produce an assay that enables direct visual
| 1 of the picogram quantities of ATP present in a sample. This is accomplished by
istributing the light emitted by the assay so that its position is indicative of the amount of
esent in a sample. Phase | research, funded by the NSF, demonstrated feasibility of the
. and PSI is seeking funding (this proposal) to proceed with increasing the sensitivity of the
hat it can be used for assaying microbial contamination

Poteniia

assay so

Markets for Microbial Assays

Curr microbial assays are primarily employed in the food, beverage, and water
processing industries to test sanitation levels. Additional markets include sensitive areas that must be
t relatively ding pharmaceutical and medical device cleanroom areas, hospita
as where

crobe free, incl
cal laboratories. We even anticipate a military need for the sensors in arn
| warfare agents 15 suspected

Commercially Relevanr [nnovations

Throt plication of this technology, there exists the possibility of employing extremely
sensitive bioluminescent assays without an expensive luminometer. The technology can be optimized
and incorporated into a small dipstick-type device to rapidly detect microbial contamination on
surfaces, or it could be incorporated into a collection device as a rapid assay for airborne microbial
contamination, or it could be combined with appropriate up front enzymes, to selectively determine
the quantities of selected analytes.
Under a PSI funded subcontract, Dr. Russell Stewart's lab developed a method for producing
recombinant luciferase, 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 funding a subcontract with
Dr. Russell Stewart's lab to develop and characterize the myokinase and pyruvate kinase required for
substrate recycling

To our knowledge, there are no technologies currently available that allow for the sensitive
detection of ATP by non-instrumented means. The possibility exists for moving sensing assays that
normally requir phisticated laboratory equipment and trained personnel in the laboratory
environment to the consumer market.  An analogous shift was that of pregnancy tests, which were
once solely performed in hospital and clinical laboratories, and have moved into the consumer
market as a result of advances in technology

Pat

PSI has filed a preliminary patent application for the technology. The patent has been
disclosed through the University of Utah. with whom Protein Solutions has a technology transf
eement. Through this agreement, PST has rights to all technologies developed at the University
PS1 funding in exchange for a royalty payment to the University for any technologies that
loped commercially

Comperition

Existing rapid techmques for microbial detection all necessitate the use of a luminometer, the
least expensive of which costs $3500. Although portable, the luminometers can be bulky and are not
easily carried about the facility, Additionally, they require periodic calibration and maintenance. A
brief summary of competitive products follows in table 3.

[n addition to the luminometer, existing products include a special sampling ac
These assemblies range from simple ATP-free cotton swabs to fairly complex configurations
including the sampling swab, a solution to release ATP, and a means of delivering the ATP to the

sory
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reaction portion of the apparatus The cost of the collection ancillaries ranges from $1.78 1o $3.20,
and one swab is required for each sample collected.

Table 3. Description of commerial availability of bacterial detection systems.

Company Cuminometer | sample Swabs Comments
list price ($) list price ($)
[ Celsis T500 -35,000 1.78
[Cumac N/A NTA
f0-0rbit 5700 1.20
Promega WA NIA
Charm Sciences 3000 2.30 Not yet available
Analytical Luminescent Labs 10,000 1.26
Tdexx Labs 3500 2.60
Lightning Systems N/A NA

Less rapid microbial assays, although more sensitive than these rapid tests, require culturing
times up to 72 hours before results can be determined.

Competitive Advaniages
The advantages of PSI's product are that it will:

I} obviate the need for an expensive and cumbersome luminometer, ) §

2) permit direct, real-time assessment of microbial contamination and rapid detection of samples
that otherwise require plating, and )

1) provide a hard copy record (photograph) of the cleanliness of areas for documentation
purposes to help meet government and internal requirements.

4) The technique can be expanded to a wide range of analytes.

5) Once the marketplace becomes familiar with the use of the initial product, the concept can be
casily developed into a family of products to address sensing needs in parallel markets.

6) The device will be small and disposable

7] The cost of the device will be comparable to existing sampling ancillaries.

81 It will be simple to use.

Production Plan

The production plan at this stage in the product development cycle is necessarily vague. Our
goul of this proposed Phase 11 research project is to demonstrate that a device can be configured with
the appropriate concentralions of necessary analytes and enzymes 10 accurately indicate
concentrations of ATP down to at least 10°'2 grams. permitting the detection of microbial
cantamination in real-time either visually or with photographic film. We will have a prototype that
demonstrates this feasibility by the end of the Phase 11 research period.

Subsequent development will be undertaken with the assistance of our corporate partner. Al
this time it is fairly certain that, if feasibility is shown, 3M will help develop the appropriate final
package for the device, quite posgbly incorporating it into its currently marketed Petrifilm™ product
line In fact, 3M was approached®is a potential corporate sponsor, in part. because of the good match
between their existing, and our innovative, technologies,

Regardless of the identity of the corporate partner, development of a final pre-production
prototype will take | to 2 years. PSI plans to remain actively involved in the research and
development activities that suppon product development and manufacturing, but has not made a final
decision on whether o manufacture the items internally or have a corporate partner manufacture the
final product, although the latwer is more likely.

PSI intends to retain ownership of the technology and license it to companics that are
established leaders in distinct market segments. In addition, we will continue to contict corporations
that may have an interest in supporting development of the products for their applications. In all
cases we are seeking funding of n-house development through the pre-production prototype phase.

with final production decisions to be based on the capabilities we have at that time and the needs of

our corporate partners for their licensed applications

Phil Trieio
150 West 800 North, Suite 218
Salt Lake City, Utah 84103
(801) 596-2673
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1980-1983 Abbot Critical Care Systems, SLC. Manufacturing and Product Design Engineer {(1980-
'81). Responsible for cost reductions and product improvements on $4 MM annual hemodialysis product
line.

EDUCATION:
1988 P'h.D., Dioengineering, University of Utah. Dissertation, "The Controlled Release of Macromolecules
from Biodegradable Poly(lactide) Matrices,” completed under the direction of Prof. 5.W. Kim.
1980 M.S., Bioengineering, University of Utah. Completed thesis, "Surface Modification and Evaluauon of
Catheter Materials,” under the direction of Prof, J.D, Andrade,
1976 B.S., Biomedical Engineering, Rensselacr Polytechnic Instiute, Troy, NY. Minors in Psychology
and Philosophy,

APPOINTMENTS & HONORS:
University of Utah. University of Utah Rescarch Fellow (1978-79). Chairperson, Bioengineering Student
Advisory Committee and student chapter of Biomedical Engineering Society (1978-79).
Rensselaer Polytechnic Institute, Graduate cum laude. Dean's List, all semester. RPI Alumni Scholarship
(1972.776). President, Rushing Chairman, Theta Chi Fraternity. Member, Tau Bea Pi,

AFFILIATIONS:
Adjunct Instructor, Dept of Bivengincering, University of Uh. Member. Biomedical Engineenng
Society, Inicrmountain Biomedical Associauon, Center for Biopolymers at Interfaces

PATENTS:
1.D. Andrade, P.M. Triolo, LM, Smith, RFGD Plasma Treatment of Polymeric Surfaces (o Reduce Friction, .S

Patent 4,508,606, issued to the University of Utah.

s, FJ. Tedd, P.M. Triolo, Prosthesis and Methods for Promoting Nerve Regeneration and lor Inlubiung
e Formaton of Newromas, Issued 1o Research Medical, [ne.

R.H. Hoffer, J.L. Orth, P.M. Triolo, Implantable Device for the Administration of Drugs or Other Liquid Solutions
Issued to Biosynthesis, [nc.

P.M. Triolo, A, Nelson, D. Staplin, Coupler {or High Pressure Medical Tubing, U.S. Patent Applicaton
10928.28.1, 1o be issued to Ment Medical Systems, Ine.

W.M. Padilla, P.M. Triolo. Locking Syringe with Thread Release Lock, U.S. Patent Application 10927.12.2, 10 be
issued 1o Merit Medical Syswems, Inc.

LJ. St

PUBLICATIONS:
P.M. Triolo, J.D. Andrade, "Surface Treament and Characterization of Some Commonly Used Catheter Matenals, [
Surface Propertics, J. Biomed, Mater. Res. 17 (1983) 129-147,
P.M. Triolo, J.D, Andrade, "Surface Treatment and Characterization of Some Commonly Used Catheter Matenals.
II. Friction Characterization,” J. Biomed. Mater. Res. 17 (1983) 149-163.
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Marketing FPlan

PSI is not a marketing organization, and we do not intend to develop a strong marketing
function. We therefore plan to provide devices on OEM basis, or, as described above, develop the
technologies for specific applications, and then license the technology to interested corporations for
production and distribution. It is our intent to leverage off the marketing expertise of our corporate
partners to introduce the product and distribute it through existing channels to their customers,
especially in the food and beverage industries. It is anticipated that the features of our device will
allow greater penetration into these markets, as well as expansion of market share in other relevant
segments.

PRINCIPAL INVESTIGATOR(S) AND SENIOR PERSONNEL

Dr. Robert Scheer, Principle Investigator (PI), received his Ph.D. in Materials Science and
Engineering in 1993 and has since been working for PSI. He was the PI on this NSF STTR Phase [
Rescarch Project.  Rob's background is in polymers, polymer structure and morphology, and the
modeling and testing of polvmeric materials. As a result of his coordination of the Phase I research
project, he also has considerable experience with the handling of firefly luciferase and its stabilization
in agarose gels and fiber matrices. His abbreviated vita and letter from the University of Utah
describing his non-research position is appended to this section. Note that Rob is no longer teaching
at Salt Lake Community College

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, particularly with their
behavior at surfaces and interfaces. About 5 years ago he became quite interested in
bioluminescence and particularly in the firefly and bacteria luminescent systems. He will provide
much of the interfacial biochemistry, bioluminescence, and biosensor expertise required. Joe is a
three quarter time Professor of Materials Science and Bioengineering at the University of Utah. His
abbreviated vita is also attached

Dr. Phil Triolo is the president and a senior scientist of PSI. He is a bioengineer with
considerable product development experience in the medical device industry. Until joining PSI in
1994, he spent seven years as a contractor, working on various medical product and drug delivery
development projects.  All of the projects involved the selection and evaluation of appropriate
materials for blood contact or drug delivery purposes, or the design and execution of experimants in
order to demonstrate the safety and efficacy of devices to meet FDA requirements. His industrial
background will enable this concept to be effectively developed into a commercial product. See
attached vita.

Mr. C-¥ 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. swudies on this system in 1995. He will be available as a post doctoral
assistant during the Phase [ 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

CONSULTANTS AND SUBCONTRACTS

Larry Kricka is a member of Protein Solutions’ Scientific Advisory Board and an expert in the
field of ATP dependent biosensors and their application. He has agreed to serve as a consultant for
this STTR Phase II research project. We expect he will make two or three trips 1o Salt Lake City to
review and critique our device technology. See attached letrer.

University of Utah. Sub-contract with the University of Utah as per STTR Guidelines, See
separate sub-contract budget (Section P) and Table | in Research Plan

Viadimir Hlady is a member of Protein Solutions' Scientific Advisory Board and an expert in
the use of opuical techniques to probe molecular and surface interactions. He is extremely familiar
with the very sensitive light detection devices required for this work. A letter of agreement and his
CV are included.

Russell Stewart is an assistant professor of Bicengineering at the University of Utah, and a
member of PSI's scientific advisory board. He will serve as the principle investigator of the University
subcontract as well as an independent consultant. A leter of agreement and hus CV are included.
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UNIVERSITY OF

PENNSYLVANIA

MEDICAL CENTER
University of Peansylvania Schoo| of Medicine
Haspital of the University of Pennsylvania

September 11, 1995

Lurry J. Kricka. D.Phil, F.R.C.Path.
Ceneral Chemistry Labuiane
! Pat gy and

oy Medicine

Dr. Rob Scheer

Protein Solutions, Inc.
€009 Highland Drive
Salt Lake City, UT 84121

Dear Rob:

| was pleased to learn that Protein Solutions, Inc. is submitting Phase Ii
proposal, "Direct Reading, Quantitative Biosensors for ATP-Dependent
Processes." This is an arsa in which | am deaply Interested. | would be
glad to serve as a consullant during the research and development stages
of this device.

| understand that you have budgeted at lsast two trips to Sait Lake City
for me so that | might review your progress, and that there will be a
consulting fee in addition to travel allowance.

Yours Sincerely,

(’W‘JJ LV"{,O{ e
Larry J. Kricka, D\Phil., F.R.C.Path.

Robert |. Scheer, Project Director

Protein Solution, Inc. (PSI)

6009 Highland Dr.

Salt Lake City, UT 84121 September 12, 1995

Dear Rob,

lam very excited about the potential of your ATP detection projects. |
dgree to serve as a consultant in support of your NSF STTR Phase II "‘|—-:r1 ag
entitled: "Direct Reading, Quantitative Biosensor for AT?ADe;:éwderr'ww )
Processes”. I understand that you will have in vour budg S 10 e

o ret funds reimburs
me at the rate of $400 per day for 5 total day: T

s Of consultation and evaluation

I hope that my experi ig
G pe ¥ experience in sensor design and optical sensing will
prove valuable to your research project. h

Sincerely, \%

e / L rater for Biopolyniers at Interfaces
e {5 f g tual ¥
t, - kil Prtsirne
A fm{ it Lk

Vladimir Hlady, D.s¢.

Assrciato Dealoao S

e S
L.\_!_‘»"ERSITY

OF [JTAH




THE l..)J
UNIVERSITY
OF LIT“'LH 9 PJ Worsfold and A. Nabi, "Bioluminescent Assays...," Anal. Chim.Acta 179 (1986) 307

/ 10. K. Green and L.J. Kricka, "Rapid Assays based on Immabilized Bmlumnn »scent Enzymes and
Photographic Detection of Light Emission.” Talanra 31 (1984) [73-176.
11. R.A, Bunce GH G. Thorpe, JE.C. Gibbons, P.R. Killeen. G. Ogden, LJ. Kricka, and T.P.
\\ hitchead, "Camera Luminometer for Use with Luminescent Assays,” Analyse 110, {1985)
657-663
ler and F. Schubert, Biosensors, Elsevier, 1992,
cal Luminescence Laboratory (Ann Arbor, Michigan) 1995
book ni ATP-Hygiene \*nnlmrln; . Bio-Orbit, Turku, Finland.
Betts, "The separation and rapid detection of microorganisms.” in Rapid Methods and
Automation in Microbiolagy and frrrrrrmr_ln'og\ Imercept, pp.107-119.
16, KJ. Liuel. 5. Pikelis and A. Spurgash, “Bioluminescent ATP Assay for Rapid Estimation of
| Numbers in Fresh Meat." Journal af Food Protection 49, 1 (1986) 18-22
Modern Food Microbiology, Van Nostrand Reinhold, 1986, pp.140-143

Sept. B.1995

Protein Solutions Inc.
6009 Highland Drive s & §

: e ] 19 -
Salt Lake City, UT 84121 I8 18 and P Smith, "The Use of ATP Bioluminescence for the Analysis of Beer in
phthalate (PET) Bottles and Associated Plant,” in Rapid Mic robiological
! ¥ 5, Beverages and Pharmaceutic Blackwell Scientific Publications, 1989,
Dear Dr. Scheer: 1 ¢
B 19 ent of Rapid Methods and Automation in Microbiology,
Auiomation in Microbiology 1, (1992) 1-14.
[ am writing to confirm my willingness to serve as a consultant 0 20 d Detection of Food-Bome Pathogenic ia..r.ruu Annu. Rev. Microbiol
g ) o r

o tion, - i Syfeins :

regarding ge etic mdl'llpl.l!.l : 21. Gl Chappell, ].W. Deming, R.R. Thomas, D.A. Nibley and H. Okrend, "Firefly

Protein Solutions Inc. on matters
production, and application of luciferase proteins.

enclosed to illustrate my background and qualifications in the area of
graduate education

for Monitoring Bacterial Concentrations in Water

Luciferase ATP Assay Devels g
Protection Agency Project Summary (EPA-600/52-

Supplies,” United Siates Environment
B1-014) April 1981

IDEXX Laboratories, [nc. (Westbrook Maine) 1995,
Promega Corporation (Madison Wisconsin) 1995
BioOrbit Oy (Turku, Finland) 1994

A recent c.v. 18

genetic engineering of proteins. Beyond my formal

in Biochemistry and Molecular Biology I have worked for the last six 3 : s : e
) . i : . Charm Sciences Inc. (Malden, Massachussets) 1995
vears on the structure and function of cytoskeletal proteins using the ; i Celsis (Monmouth Junction, New Jersey) 1995
. As we 3 M Microbiology Products (St, Paul, Minnesota) 1995.
M.L. Calicchia, 1.D, Reger, C.I.N. ng and D.W. Osato, "Direct Enumeration of Escherichia

techniques of molecular biology and protein chemistry.
coli O157:HT from Petrifilm™ EC ‘Count Plates Using the Petrifilm™ Test Kit — HEC

discussed, a consultancy fee of $400 per day is acceptable to me.
d H Without Sample Pre-Enrichment,” Journal of Food Protection, 57 (1994) 859-864

3 29, AJ.G. Okrend, B.E. Rose : A r. "An Improved Screeming .\Iclhod for the Detection
and Isolation of Esch :H7 From Meat, Incorporating the 3IM Pemnifilm™
; Test Kit - HEC - for herichia coli O15T:H7." Journal of Food Protection, 53,

51!1!.‘\.'!’|.)|\-. ; (1990) 936-040
/ ( /r i 30. D.Y.C. Fung, "What's Needed in Rapid Detection in Foodbome Pathogens,” Food Tech. June

!
}J;dv-‘r;“\r'( x\ s i : ke Exponential Substrate Amplification in Enzyme Sensors,
= - Jie , cs 10 (1995) 169-180

ussell S'L.'H'”l 32 5. Chittock, C.W. Wharton and J. Hc |1|1 Low Level Bacterial
.-\.K. Campbell et al. eds..

'\Te isured Using a Novel Biluminescent Assay."
cence, Wiley, 1994, p

1d Chemilum

33 “E 'Iharh ing Biosensor Performance Using Multienzyme Systems,
N
34 '-L‘dE‘L.J._ "Immobilized Bacterial Luciferase..” Appl Biochem Biotech
35 ! Romanova and N.N. Bioluminescenct Ass of Bacterial
r AMP, ADP, and ATP .." Analy iochemistry, 220 (1994) 410-414
36 va, et al., "'IDI1||11111E-.,¢|.| Microas of Various Metabolites Using Bacterial

e Co-immobilized with Muiltienzyme Systems," Analvtical Biochemistry 173 (1988)

37, W.J. Simpson and JRM H mmond, "The Effect of Detergents on Firefly Luciferase Reactions,
Journal of Bioluminescence and Chemiluminescence. 6 (1991) 97-106.
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Jerry Nelson, although not an official consultant on this research project, is a member of PSI's
He is & microbiologist and the head of Nelson Laboratories, a Salt Lake
His expertise in quantifying bacterial contamination will be
He has agreed to provide

scientific advisory board
City-based microbiology testing facility
valuable during the microbial evaluation stage of this rescarch project

expert advice at no charge to the project
EQUIPMENT, INSTRUMENTATION, COMPUTERS, AND FACILITIES

PSI rents 800 square feet of research space at 391 Chipeta Way in the University of Utah
Research Park. Our lab is equipped with a reverse osmosis water supply. a dark room, clean lab and
storage space, etc. In addition, it houses secretarial and office areas equipped with computers.
Enzyme and substrate preparations as well as detection evaluations will be performed in these
laboratories. We will require purchase of a CCD camera and a devoted computer platform to
complete our equipment needs (see budget). Any special, additional equipment or facilities which we
might require are available through our membership with the University of Utah's Center for
Biopolymers at Interfaces (see letter of support from Karin Caldwell) and our relationship with Utah
State University's food and diary program (see letter of support from Pete Gerity).

The University of Utah has excellent facilities for their portion of this work including cell
culture facilities and computing facilities for the studies of enzyme kinetics,
CURRENT AND PENDING SUPPORT OF PRINCIPAL INVESTIGATOR AND SENIOR
PERSONNEL

Pending support for Rob Scheer is from an NSF SBIR Phase [ Proposal (DMI-9561228, A
Quantitative, Modular Exploration System for Chemistry) submitted in June 1995, It does not
overlap with the technology proposed here

Pending support for Phil Triolo is from an EPA SBIR Phase I Proposal (EPA No. 310-95,
Continuous, Real-time Enumeration of Microorganisms) submutted in January 1995 and a USDA
SBIR Phase | (Rapid, Direct Reading Devices for Carbohydrate Assay) submitted in September 1995
They do not overlap with the technology proposed here

EQUIVALENT OR OVERLAPPING PROPOSALS TO OTHER FEDERAL AGENCIES

None
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BUDGET JUSTIFICATION

Post Doctoral Associate, Mr. C.Y. Wang is expected to graduate with his Ph.D, from the Department
of Bioengineering, University of Utah this fall, so that he will be available full-time by the start of this
research project.

Graduate Student, Mr, Dong Min will continue his Ph.D. work on bacterial luciferase and assist in
small projects as needed

Permanent Equipment: CCD Camera from SBIG Astronomical Instruments, Santa Barbara,
CA. Price §2750
Image Capturing and computer interfacing software, $990
Macintosh Powerbook computer with image capturing capacity, $3800
Biolink permanent luminescent standards, $ 700

ravel: Expected auendance at two trade shows and technical seminars related 1o
microbial datection

MML‘?_UUM Phulcgruphm Film ($2(/8exposures)
Lab consumables
Research reagents
Mainienance of ATP-free areas

Consultant Serviges: 5 10300 to Dr. Russell Stewart (fees)
$ 2,000 10 Dr. Viadimir Hlady (fees)
$ 3000 toDr Larry Kricka (travel and fees)

Subcontract: University of Utah subcontract

Indirect Costs: 60% of Salaries, Wages and Benefits

The University of Utah )
Department of Materials Science and Engineering

304 EMRO
Gerald B. Striaglellow Salt Lake City, Utah 84112
Dopawce e 801-581-B387 Fax BOI-581-4816

stringfellow @ee utah.eduy

September 6, 1995

Grant Official STTR/DMII Program
National Science Foundation

4201 Wilson Boulevard

Arlington, VA 22230

To Whom [t May Concern:

i achi s¢ each quarter during the
This is to advise you that Robert J. Scheer will b.c teaching one cour . L
aca‘ ::Tlin.t' \E;Lf“l‘;g'quﬁ in the Department of Materials Science an ngineering. Dr. Scheer is a
d y 3-5 jil s d E 2

Adjunct [nstruction in the Department. )

Ini Jtah w i already
Dr. Scheer will not seek research funding through the University of Utah while seeking or alr
under the support of the STTR Program

If you need further information, please feel free 1o call.
Sincerely,

J

Gerald B. Stringfellow
Chairman

Dr. Rob Scheer, Project Director

Protein Solutions, Inc. (PSI)

P.O. Box 58093

Salt Lake City, UT 84158 Scprember 7 1995

Dear Rob:

1 am pleased to confirm that CBI's facilities are available to you and your co-workers at
member rates.
I am pleased to learn of your STTR submission to the National Science Foundation, Direct

Reading, Quanutative Biosensors for ATP Dependent Prm‘e§ses. CBI s ple?sﬁmfekrj‘il;:\;g:gc
that you will have access to labs and facilities related to chemical and materials ¢ v

Faculty affiliated with CBI and its technical staff have the experience and skills which will
greatly aid yoh and your co-workers in the conduct of this innovative research.
Sincerely, ‘[m
' yi “rla Center for Biopalymers at Inferfaces ) :
tiermn! GCcly Bt Penersfomenoios THE SO |
Karin D. Caldwell Lot 4411 L\”VERSIT‘

Professor, Department of Bioengineering Uiy OF1T
CBI Director L! TAH
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UtahState

UNIVERSITY

VICE PRESIDENT

Dr. Philip Triolo, President
Protein Solutions, Inc.
6009 Highland Drive

Salt Lake City, UT 84121

September 9, 1995
Dear Phil:

We were pleased to learn that Protein Solutions, Inc. is focusing its unique and exciting
bioluminescence assay research and development to food and dairy applications.

Utah State University, as the state’s land grant institution, has strong and active programs in
all aspects of food and dairy science. We are, of co , particularly interested in working
with you in any way we can to study, develop, and apply modern, direct reading,
luminescence-based biosensor technologies. We will continue to coordinate closely with you
to schedule meetings with a number of our key faculty who have expressed interest in
collaborating with you on these innovative projects,

Sincerely,

lg. £

eter F, Gerity, Ph.D.
Vice President for Research

e S B R o e i R B i i

it e Kb

Project Milestone Chart

Momin 22 |

19

Monih

Monlh 13 Manth 16

Manih 10

Month 7
s

Month 4

Manih 1

3

Manih

e
Z
g

18 _

1z

22 months

émunlhs

4 months

7 months

d maonths

33 days
100%

3days-
1 ?"._u

o

7 da.ys
17¢

B days
36%

ys

15 da

30%

£8.240

~ §17.100
$6.000
$20,000

npment







NATIONAL SCIENCE FOUNDATION

i BO ) - TON., VIF

Award De
Grant No.
Amendment No.
Dr. J. D. Andrade
President/CEO
Protein Solutions, Inc.
6009 Highland Drive
Salt Lake City, UT 84121

Dear Dr. Andrade:

By letter dated September 20, 1996, the sum of
Protein Solutions, Inc. for support of the p
I1: Direct Reading Quantitative Biosensors
(ATF) Dependent Processes" under the directi
Russell J. Stewart, University cf Utah.

Effective with this amendment, this project
of Richard A. VanWagenen and Russell J. st

Except as modified by this amencment, the grant conditions remain
unchanged.

The cognizant NSF program official for this gr
(703) 306-1391. The cognizant N:F grants
(703) 306-1218.

. N TS Lo

‘Graciela Narcho
Grants Offic r




1. Title: NATIONAL SCIENCE FOUNDATION STTR PHASE I PROPOSAL APPENDIX I

(]

. Program Official/Organization: Michael Crowley (Darryl Gorman)/DMII
3. Program Name: STTR/DMII
4. PI/PD Name: Robert J. Scheer
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1. Company

Protein Solutions, Inc., was founded in 1988 in Salt Lake City by Drs. Peter Gerity, James
McRea, and Joe Andrade. The company's original objective was to develop science education
tools for school and home use.

Government and private funding was sought for three distinct product lines; personal
sensors; educational kits employing bioluminescent organisms; and Labless Labs® (see section on
prior support), a collection of specially selected and engineered materials to accompany telecourses
and other courses where hands-on laboratory experience is lacking. The common denominator to
these ambitious projects is that they all centered on the development of experience-based leamning
tools.

Recently, the company has focused its efforts on the development of bioluminescent
sensors, as these have the greatest immediate potential for commercialization.

2. STTR Project

This NSF Phase [1 research project is undertaken in response to the need for an inexpensive,
direct-reading sensor, capable of real-time measurement of bacterial contamination in sensitive
areas, such as food and pharmaceutical facilities and water treatment plants, During phase I of this
project we demonstrated the feasibility of detecting ATP in quantities as small as 109 g (2x10-12
moles) both visually and on photographic film. The technology employs the firefly luciferase-
catalyzed light producing reaction between luciferin and ATP. By mediating the ATP concentration
with the "ATPase" apyrase, we are able to produce a spatial light pattern which indicates the
concentration of ATP present in a sample

In this project we focus on increasing the sensitivity of our direct reading ATP sensor to

levels more suited to bacterial detection (10-12 to 10-13 g, =1,000-100 bacteria). This increase in
sensitivity will be achieved by three primary means:

1)  increasing the intensity and/or duration of the luminescence for a given quantity of ATP,
2)  increasing the amount of light that reaches the detector (film or otherwise), and

3)  optimizing the non-instrumented detector for the system (film).

Each of these objectives should contribute at least one order of magnitude increase in absolute ATP
sensitivity.
Table 1. Outline indicating research objectives.

[Primary Objectives Methods

1) Increase luminescence | Optimize enzyme and substrate concentrations
Increase duration of light emission
Evaluate gel versus solution light emission
2) Increase detection Decrease sample to sensor distance
Concentrate lummuinescence into smaller area
Utilize the optimum film type and exposure
Design for visual reading

Minimuize light leakage

Evaluate detection

3) Optimize detector Optimize shelf life of enzymes

Optimize shelf life of substrates

Evaluate shelf hife

Minimize Costs

Select final configuration

1 crease luminescence

Our first step toward improving sensitivity is to increase the luminescence for a given
amount of ATP. This can be achieved in two ways. Light intensity can be increased, and/or the
duration of luminescence can be increased. (Increases in the duration of light emission will yield a
greater total light output for integration purposes. Film will be used to integrate the prolonged light
signal.)

Increases in light intensity will be achieved by adjusting the enzyme/substrate
concentrations to their optimum values. We will use the software technology at the University of
Utah’s Center for Biopolymers at Interfaces (CBI) which is capable of simulating enzyme reaction
rates for multiple enzymes systems, to optimize our system.

A second study will be performed to increase the durarion of the luminescence using
enzyme amplification of substrates. Enzyme amplification refers to the process of "recycling” the
adenosine monophosphate (AMP) produced from the luciferase catalyzed bioluminescent reaction
back to ATP through appropriate phosphorylation reactions. Preliminary studies in our lab have
demonstrated that enzyme amplification will improve both the duration and the output of
luminescence for a given concentration of ATP. (Also see references 1-3)

The firefly luciferase-catalyzed bioluminescence system utilizes one ATP and generates one
AMP (see equation 1). Adenylate kinases which convert AMP to ADP can be coupled with
pyruvate Kinase to recycle AMP back to ATP (equations 2 and 3).

Three types of adenylate kinases are reported (2). We will focus on types I and [1. These
are myokinases which convert AMP to ADP (adenosine diphosphate) by consuming one ATP.
The two ADP molecules produced in this reaction are converted by pyruvate kinase to ATP by
consuming phospho({enol)pyruvate (PEP). (See figure 1.)

luciferase
ATP + luciferin  — —>  AMP + oxyluciferin (1
myokinase
AMP + ATP > 2ADP (2)
pyruvate kinase
ADP + PEP ——  ATP + pyruvate (3)
ADP
2,
%,
%,
R]
ATP = AMP

luciferase

Types | and Il

Figure 1. Energy transfer cycle of luciferase and various amplification enzymes.

We expect, and it will be shown that, amplification enzymes can be used with our c.l_elccuon
system to both increase and prolong the light output from the luminescent reaction. By using high
speed film as a detector, the increased duration of light emission can be integrated — that is,
collected over time to acquire a greater exposure (=1 minute is practical). The human eye integrates
for approximately 0.1 seconds, so that film can represent a 100-1,000 fold increase in sensitivity.
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The combined refinements of enzyme and substrate concentration optimization along with
development of substrate recycling with enzymes should result in an increased luminescence of at
least one order of magnitude for a given amount of ATP.

2) Incre I etectl :

To optimize device sensitivity and make the most of the luminescence provided by the
ATP/enzyme reaction the generated light must be efficiently and completely detected. This can be
achieved by increasing the efficiency of photon capture by the detector, be it photographic film or
the human eye. This can be at least partially accomplished by focusing or directing all the available
photons into the smallest possible area and then (in the case of film) integrating for an extended
length of time.

. One way of improving the efficient collection of luminescence is to minimize photon loss
by decreasing sample to sensor distance, thereby increasing the number of photons striking the
detector. A contact print is most effective in this regard. This method of enhancement will also
work with direct visual detection, although to a lesser extent because the eye cannot get as close to
the sample as the film.

Anather technique that will be used to increase the amount of light that reaches the detection
device is to focus the luminescence into a small area. A minimization of the display area for a
given quantity of sample will project the same number of photons over a smaller area, thereby
increasing the exposure per unit area.

Prototype development will be divided into several projects. These include the preparation
and preservation of the reactive components as well as the development of device configuration and
mode of operation.

In order to arrive at an acceptable device, the shelf life of all the components needs to be
increased to at least 6 months. The stability of luciferase in solution and dry gel has been studied
by C.Y. Wang et al. (4-6) These studies will be extended to other enzymes and substrates to be
included in the device.

The sensing device itself is composed of several basic elements:

* amechanism for introducing a sample to the device,

* amechanism for ensuring that the sample is distributed to all reactants of the device,

* ameans of optimizing conditions so that the analyte reacts efficiently and completely with the
reagents per design,

* & mechanism for relating the amount of ATP in the sample to a measurable light signal
employing firefly luciferase and luciferin,

*  optical components that focus and guide the emitted light to the detector, and

*  the detector itself, which is either the human eye or photographic film

We envision the device having a 1-2 mm diameter capillary feed, capable of providing a
readout of ATP concentration similar to a thermometer's readout of lemperature,

3. Commercial Applications

By far the largest existing application area for ATP-based bioluminescent sensors is
hygiene monitoring of food processing facilities. Microbial contamination of foods, particularly
fish, meat, and dairy products, is of increasing concern to the consumer and the governmental and
regulatory bodies that regulate food processing.

The most widely accepted method for sensing microbial contamination is traditional culture
plating. Critical working surfaces are swabbed to collect a sample which is then applied to
appropriate growth media, incubated, and examined for the presence of colonies. The major
drawback to this approach is the lag time between sampling and availability of results, which is 24

to 48 hours, Thus, food found to be contaminated may already have been shipped to a distributor,
or worse, bought and consumed by the public.

Therefore, recent efforts have centered on obtaining real-lime data on the cleanliness of
food preparation areas. The Hazard Analysis and Critical Control Point (HACCP) approach is
beginning to gain widespread acceptance as a method that can prevent the distribution of
contaminated foods. HACCP emphasizes the identification and monitoring of specific hazards in
the food production, distribution, and preparation chain and the incorporation of appropriate
measures for their prevention. The monitoring procedure must provide the information in time for
corrective actions to be taken. Culture plating techniques are not useful in HACCP because they
require too much time. Nearly instantaneous methods must be employed at the critical points in
order for the monitoring to be effective.

Current methods of choice for identifying microbial and organic contamination of surfaces
are ATP-based. Low-cost luminometers are used to detect light emitted from samples collected
from control points. Samples are treated to release both microbial and non-microbial ATP. The
effectiveness of the cleaning procedure is indicated by the absence of ATP. PSI's technology
eliminates the need for a luminometer, thus allowing rapid, on-site semi-quantitative
assessments of microbial contamination via an easy-to-use, disposable sensor.

Currently, microbial assays are primarily employed in the food, beverage, and water
processing industries (o test sanitation levels. Additional applications include the monitoring of
sensitive areas that must be kept relatively microbe free, including pharmaceutical and medieal
device cleanroom areas, hospitals, and other biological laboratories. The Army has also expressed
interest in developing a sensor to detect microbial contamination of field rations.

4. Patent Status

A preliminary patent application has been filed for the spatial detection technology (the
subject of the Phase I grant)(7). The patent, entitled "Method for Measurement of Chemical
Concentration and/or Light Intensity Based on Spatial Separation and Resolution”, has been
disclosed through the University of Utah, with whom Protein Solutions has a technology transfer
agreement. Through this agreement, PSI has rights to all technologies developed at the University
with PSI funding in exchange for a royalty payment to the University for any protected
technologies that are developed commercially.

5. Innovation
PST's ATP detection technology has a number of unique features and advantages:

1) Using Phase I funding we conclusively demonstrated the feasibi lity and practicality of
obtaining quantitative ATP measurements without the use of a luminometer or other electronic
photo-detection equipment.

2) We have developed a method for the low-cost production of luciferase using
recombinant technology.

3) We have conceived and will develop in the Phase I project a number of novel optical
designs which further enhance the light directing and collecting properties of the device. These
optical enhancements, together with the enzyme recycling, will lead to a hundred-fold increase in
photon detection.

Through application of this technology, exiremely sensitive bioluminescent assays can be
performed without an expensive luminometer. The technology will be optimized and incorporated
into a small dipstick-type device to rapidly detect microbial contamination on surfaces, and it will
be combined with appropriate up front enzymes, to selectively determine the quantities of selected
analytes. Another possible application is a collection device as a rapid assay for airborne microbial
contamination.




Under a PSI-funded subcontract, Dr. Russell Stewart's lab at the University of Utah has
eveloped a method for producing recombinant luciferase. 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 funding a subcontract with Dr. Russell Stewart's lab o develop and characterize the
myokinase and pyruvate kinase required for substrate recycling.

To our knowledge, there are no technologies currently available that allow for the sensitive
detection of ATP by non-instrumented means. The possibility exists for moving sensing assays
that normally require sophisticated laboratory equipment and trained personnel in the laboratory
environment to the consumer market. An example of such a shift is the pregnancy test, which
was once performed solely in hospital and clinical laboratories and has now moved into the
consumer market as a result of advances in technology.

6. Markets

Hygiene Monitoring- It has been estimated that 1.4 billion tests are performed annually to detect
microbial contamination at an annual cost of over $1 billion (8). A rough estimation of the
geographic breakdown of these tests suggests that some 550 million are performed in Europe, 550
million are performed in the US with the remaining 300 million performed in the Pacific Rim and
Oceania.

The majority of these are tests are performed utilizing standard culture plate methods. A
recent survey taken in Europe, where luminometer-based technologies have gained wider
acceptance than in the US, indicated that some 20% of tests are performed using ATP-based
monitoring techniques. In the US, only 10 to 15% of evaluations are performed by ATP-based
technologies, and probably 5% of microbial assays are performed by ATP-based technologies in
other geographic areas. Thus, the total number of ATP-based tests now performed world-wide
annually is roughly 200 million.

Allowing for the fact that the 1.4 billion estimate for the number of microbial contamination
determinations performed annually may be high, the current number of luminometer-based assays
performed probably is in the range of 50 to 100 million, which, at an average price for disposables
of $2.00, represents a world-wide market of $100 to $200 million annually for disposables, and an
additional $10 million for the purchase of luminometers. Current ly the market is growing at a
robust 20% per year, spurred by the decreasing price of luminometers and the increas ing adoption
of HACCP methodologies. Growth would be rapidly accelerated in the US market if legislation
were adopted requiring real-time monitoring and process control in the food industry. Although
this is not likely in the current political climate, a few cases of contamination that resuit in fatalities
could bring about quick adoption of the HACCP legislation that has already been drafted in the
us.

Ophthalmic Applications Contact lenses are worn be roughly 20 million people in the US and
40 million people world-wide. There is growing concern that bacterial contamination of such
lenses may lead to chronic inflammation in a growing patient population. Currently, no hygiene
testing of contact lenses and solutions is made by consumers, but, if performed on a bi-yearly
basis when lens wearers visit their ophthalmologist or optometrist for a check-up, the potential
market is for 40 million tests in the US, and 80 million tests worldwide. At an average selling
price of $2 per test, this represents potential sales of $80 and $160 million in the US and
worldwide, respectively.

PSI's goal is to capture 20% ($20 million annually) of the rapid assay market in existing
commercial markets (hygiene monitoring), and 50% ($40 million annually) of the ophthalmic
market within 5 years of the introduction of its products,

T Competition
Existing rapid techniques for microbial detection all necessitate the use of a luminometer,
the least expensive of which costs $3000. Although portable, luminometers can be bulky and are

not easily carried about the facility. Additionally, they require periodic calibration and
maintenance. A brief summary of competitive products follows:

Table 2. Summary of companies currently marketing rapid detection systems

Company Luminometer Sample Swabs | Comments
list price ($) list price ($)

Celsis 7500 -35,000 178

Lumac N/A N/A

Bio-Orbit 5700 3.20

Promega N/A NIA

Charm Sciences 3000 2.30 Not yet available
Analytical Luminescent Labs 10,000 1.26

Idexx Labs 3500 2.60

In addition to the luminometer, existing products include a special sampling accessory.
These assemblies range from simple ATP-free cotton swabs to fairly complex configurations
including the sampling swab, a solution to release ATP, and a means of delivering the ATP to the
reaction portion of the apparatus. The cost of the collection ancillaries ranges from $1.78 to $3.20,
and one swab is required for each sample collected, ) )

Less rapid microbial assays, although more sensitive than these rapid tests, require
culturing times up to 72 hours before results can be determined.

8. Competitive Advantages
PSI's technology in ATP sensing will:

1} obviate the need for an expensive and cumbersome luminometer, ) .

2) permit direct, real-time assessment of microbial contamination and rapid detection of
samples that otherwise require plating, and ) ;

3) provide a hard copy record (photographic) of the cleanliness of areas for documentation
purposes (o help meet government and internal requirements.

In addition:

4) the technique can be expanded to monitor a wide range of analytes that participate in
reactions that either phosphorylate or dephosphorylate ATP,

5) once the public becomes familiar with the use of the t_ni[.ial prqduct. the SEnsors can be
readily developed into a family of products to address specific sensing needs in high volume
consumer markets,

the device will be small and disposable,

7) the cost of the device will be comparable to existing sampling ancillaries, and

8) trained personnel will not be required to perform analyses.

2

9. Production Plan )

Our Phase Il research will demonstraie that a device can be configured with the appropriate
concentrations of necessary analytes and enzymes to accurately indicate concentrations of ATP
down to 10-12 grams, permitting the detection of microbial contamination in real-time either
visually or with photographic film. We will have a prototype by the end of the Phase II research

riod.

P Subsequent development will be undertaken with the assistance of.nurl corporate partners
with the goal of incorporating the features required for specific market applications. Development
of a final pre-production prototype will take 1 to 2 years. PSI plans to remain actively involved in




the research and development activities that support product development and manufacturing, but
has not made a final decision on whether to manufacture the items internally or have a domestic
(preferably local) corporate partner manufacture the final product, although the former is more
likely.

PSI intends to retain ownership of the technology and license it to companies that are
established leaders in distinct market segments. In addition, we will continue to contact
corporations that may have an interest in supporting development of the products for their specific
applications. In all cases we are seeking funding of in-house development through the pre-
production prototype phase, with final production decisions to be based on the capabilities we have
at that time and the needs of our corporate partners for their licensed applications.

10,  Marketing Plan
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Commercialization of Prior Support

NSF SBIR I51-9161138, "Light Crawlers: Bioluminescence-Based Discoveries for Science
Education.” (2/1/92-6/30/92) Phase Il Proposal was not funded due to extenuating circumstances
which prevented completing Phase 1 objectives (worms were not available due to drought
conditions in their natural habitat). The technology has not been pursued.

NSF SBIR ITI-9361652, "The Labless Lab: Polymer Materials.” (2/1/94-8/1/94) Phase II
Proposal was not funded due to safety concerns. These concerns have been addressed; a prototype
version of the Labless Lab® in Polymers will be sent to 30 reviewers across the country in early
January, 1996, PSI is using internal funding to continue the development of this product

NSF STTR DMI-9413561, "Direct Reading, Quantitative Biosensors for ATP-Dependent
Processes.” (8/15/94-7/31/95) The following plan is part of the Phase II proposal for this project.
See body of appendix for current commercial interest.

Phase I1 Cooperation and Phase III Follow-on Funding Commitments.
PSI is currently in the final negotiating stages with potential corporate partners in the four

marketing areas shown in Figure 2. We have also attracted some local investments to complete the
$200,000 Phase I Follow-on Funding requirement. See attached letter.
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Joseph D. Andrade
6009 Highland Driv:
salt Lake City, Utah 84121

December (2, 1995

Dr. Phil Triolo, Przsident

Protein Solutions, Inc.

P.O. Box 58093

Salt Lake City, Utah 84158-0093

Dear Phil

It aplea ure to confirm my oral discussions with you and Dr. R. Scheer
regarding our dircet reading bioluminescence-based ATP sensing technologies.

laii very " npressed with this innovative technology and with the progress made
in your NEF Phas: [ STTR project demonstrating feasibility. Your Phase II proposal
convinces ne thal you can obtain the sensitivity and reliability which will make this
approac methsd and product of choice for hygiene monitoring in several major
industries, includir g food/dairy and medical device production. I personally feel it has
ENOmMouS ¢ s in the general consumer market as well. Everyone is becoming
ed with cleanliness in cafeterias, restaurants, and private kitchens,
his technology can be developed into a device that can assess cleanliness in these

arcas

1 usderstand PSI's stock is now seliing at 50¢/share. 1 wish to continue to invest
in PSI, with the understanding that funds provided by my investment will be used for
3 ¢ [l product commercialization activities, including seeking patent protection
and licensing agrecments. This, of course, assumes the funding of your NSF Phase II to
provide the resources to complete the R & D required for enhanced sensitivity — as
described in the Phase II proposal

The investment schedule and conditions are as follows:

o SIS.GQH - November, 1995 - 30,000 shares: These funds were invested -- and are
being used -- to prepare your Phase I Commercialization Plan and to initiate
preliminary discussions with potential corporate partners and licensees.

*  $20,000 - July, 1996 - 40,000 shares: This and all subsequent investments are
conditional on the Phase il award

*  $15,000 - March, 1997 - 30,000 shares: To conlinue licensing, partnering, and
alent act. vities,

Cont/...




Jo. eph D. Andrade
6009 Highland Drive

Salt Lake Ci[z, Utah 84121

* $50,)00 -- Dec mber, 1997 -- 100,000 sl.ares: To initiate the Phase III Effort --
¢ ssuming the sensitivity targets noted in the Phase 11 proposal are met and that the
t=chnology in economically viable as evidenced by a signed contract with a
corporate partner in the food/dairy monitoring area.

* $50 00 -- December, . 998 -- 100,000 s! ares: For continued manufacturing and
n.arketing of first product -- conditio: al on a corporate partner with appropriate
marke*ing skills, specific market expcrience, and ar existing
distribution/marketi: g system.

*  $50,000 -- December, . 299 -- 120,000 < .ares: For prototype development and
¢ rrporate partnering for a consumer (home) product version, conditional on an
a ;reement with a major corporate pariner with consumer product skills and
2 otivities.

Total Investmen s through 1994 $200,000 -- 400,000 shares %

I'understand NSF requires the following statement, to which I agree:

T certify to tiie best of my knowledge that this funding commitment will be
used by NSF in eva.uating the commercial potential of the firm's innovation and,
therefore, will be a significant factor in determining if the STTR Phase 11 proposal
will be funded. I further understand that willfully making a false statement or
concealing a material fact in this commitment or any other communication
submitted to the NSF is a criminal offense (U.S. Code, Title 18, Section 1001).

As you know, I am not a rich man, but I am convinced that you have a unique and
valuable technology which will be successfully utilized in a range of bio-sensing products
-- with enormous commercial potential. I will sell stock and other investments to
generate the funds for the PSI stock purchases.

I have no doubt you will secure the needed corporate partnerships and other
agrecments -- your existing negotiations with four major firms in the food/dairy,
consumer, health, and biotechnology industries should prove successful.

I look forward to continuing to serve on your Board of Directors and in doing all I
can to assist the development and commercialization of your unique technologies.

Merry Christmas!

Sincerel;

). Andrade

cC: R. Scheer




Protein Solutions, Inc.
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Japuary 24,

Dy} Gaorman 1
Mational Science Foundation
4201 Wilson Blvd
Aulitigton, VA 22230

FAX: 103-306-0337

Dear Dhrryl.

Thank you for the of Ipaoriuni
Solutions, Inc. and purticularhy its Ph
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391 G Chipeta Way Suite 320 Sait Lake City, UT 84108 Phone/FAX 801-583-8301/801-583-4463

September 30, 1997

Dr. Darryl G. Garman

National Science Foundation
4201 Wilson Bivd. , Room 580
Arlington, VA 22230

Dear Dr. Gorman:

Enclosed for your review are three copies of our second semi-annual report
detailing the progress we have made on the Phase Il NSF STTR "Direct
Reading Quantitative Biosensors for ATP-Dependent Processes” (Grant No.
DMI-8531303). Also enclosed are three copies of the annual commercialization

report for this grant

| wauld very much appreciate your prompt review and acceptance of these
reports. We are a small company and a two week delay in receipt of funds
could have a significant impact to our cash flow.

Thank you for your assistance and if you have any questions please feel free to
give me a call at 801-583-8301. If | am out of the office please call Dr. Joe
Andrade at 801-581-4376.

Sincerely,

G2 L g

Rick Van Wagenen, Ph.D.
Principal Investigator

Encl

cc. J. D. Andrade

031197C.DOC
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A. Reporting Period: From: April 1, 1997 To: September 30, 1957
B. Total Estimated Expenditures this reporting period: 351,555
C. Cumulative Estimated Expenditures: $126,399

D. Principal Investigator and Key Personnel:

Name and Title Estimated Leve! of Effort
1. Richard A. Van Wagenen, P.| 3.0 person months
2. C. Y. Wang, Research Scientist 6.0 person months
3. Robert J. Scheer, Research Scientist 2.5 person months
4. J. D. Andrade, Consulting Scientist 1.0 person months

E. Subcontractor(s) Utilized and Services Provided:

During this first year period, $38.307 has been billed to date against our subcontract to
Dr. Russell Stewart at the University of Utah. The two primary purposes for the
subcontract are: (1) provide Protein Solutions, Inc. with a well characterized source of
recombinant luciferase and (2) assist in the optimization of all reactants and designs
via computer simulation studies in conjunction with lab experimentation. A Turner
Model 2020 luminometer in Dr. Stewart's lab was modified such that rapid injection of
reagents could be employed to study rates of key bioluminescent reactions relevant to
our research and development. The quality and quantity of the recombinant luciferase
received continues to meet our expectations.

F. Consultant(s) Utilized and Services Provided:

1. Dr. Vladimir Hlady: Dr. Hlady has helped us model the anticipated light flux from
our bioluminescent sensors and has utilized his CCD based instrumentation to
validate our models and measured results obtained with company equipment. He
has continued to assist Mr. Chris Eu in doing the modeling of the luciferase reaction
rates

2. Dr. Russell Stewart: Dr. Stewart continues to play an active role in this project by
assisting us in properly interpreting results of experiments and in diagnosing
problems associated with the purification and characterization of the recombinant
luciferase which we utilize in aimost all of our studies. He is also playing an active
role in assisting Mr. Chris Eu formulate his kinetic analysis of both enzyme reaction
rates and mass transport rates in our biosensors. Dr. Stewart has also conducted
some preliminary work to validate the use of a silicon PIN photodiode to measure
the bicluminescence from our sensars, This work will be continued and expanded
during the next funding period at the company's facilities

G. Identification of Equipment Purchased

During the last semiannual period no equipment was purchased for this project. All of
the equipment funds allocated for this grant were expended in the first semiannual

period

H. Technical Progress Report

Project Goal: Develop an inexpensive, direct-reading, disposable ATP biosensor
which does not require expensive or sophisticated instrumentation for analysis of
analyte ATP. The quantification of the ATP concentration is determined via the spatial
distribution of luminescence which is created by controlling the ATP analyte
concentration via an ATP filter, i.e., a second ATP consuming enzyme (apyrase) which
is spatially distributed in or on the biosensor. The empirical goal is to extend the Phase
| ATP sensitivity of 1 x 10 grams ATP (1.82 x 10" moles ATP) to at least 1 x 1072
grams ATP (1.82 x 10™"° moles ATP)

1. Maximize Luminescence

a. Luminescence Enhancers: The surfactants and polymers: Triton X-100, PEG
5000, Tween 20, and PVP 40000 in conjunction with coenzyme A (at 0.1 mM) were
evaluated as enhancers of bioluminescent intensity. The enhancement results are
shown in Table | below. Enhancement is significant for relatively high ATP
concentrations greater that 1 micro molar, but ineffective below that concentration
We have concluded that the enhancement is not effective for the low concentrations
of ATP that need it the most, i.e., extremely low ATP levels involved with bacterial
and hygiene testing

TABLEI. Cooperative Enhancement Effects of Various Surfactants and Polymers

104M ATP 106 M ATP 108 M ATP
No enhancers 1 1.0 1.0
Co-enzyme A* 7 1.1 1.0
Co-A + Triton X-100 23 54 1.0
Co-A + Tween 20 20 47 1.0
Co-A + PEG 5,000 12 1.9 1.0
Co-A + PVP 40,000 19 23 1.0




* Coenzyme A added to each test was 0.1 mM. The assay without additives used for

luminescence enhancement was normalized to 1.0

b. Optimize Apyrase Gradient: The Apyrase gradient for the ATP concentration
range of 1 micromolar to 1 millimolar has been optimized. The optimal apyrase
gradient for effective spatial resolution is specified in Table |l below

TABLE Il Range of apyrase gradient for the milli- and micro molar range of ATP

Apyrase gradient in U/ml for development of optimal ATP spatial resolution

Apyrase (U/ml) 0.1 0.025 0.0025 0.00005

milli molar ATP 1 01 0.01 0.001

c. Minimize Reagent Activity Loss During Gel Drying: Efforts to minimize reagent

loss during the actual gel drying process have been unsuccessful to date.
Evidence suggests that the luciferase remains stable during both gel drying and
storage and that overall activity loss is due primarily to oxidation of luciferin.

During the next phase efforts will be focused upen lyaphilization of the gel and other
reagents to more effectively minimize activity loss. We will also be drying selective

mixtures of the gel and reagents and then adding either luciferin or luciferase to

more definitively determine which component is contributing to the overall activity

loss. During this period gel drying studies were also carried out to optimize the

efficient drying of the agarose gel matrix under various conditions of temperature
and humidity. Results indicate that our standard forced air, connective drying at
room temperature and 40%-50% RH removes 90 % of the gel water in four hours of
drying followed by and additional 8 % of the gel water with an additional 24 hours of

room temperature drying.

d. Kinetic and Mass Transport Analyses: These studies were limited to solution
studies of luciferase kinetics in a rapid injection luminometer because the actual

design of the biosenscr has not yet been finalized. A comprehensive literature

review of luciferases was conducted that addressed the variation in reaction kinetics
and stability for all luciferases published to date. It was determined that both more

stable luciferases and luciferases with different spectral emission maxima exist,

however, there does not seem to be much choice in alternative luciferases having a

higher reaction rate towards luciferin,
g

o/

e. Evaluation of Alternative Luciferases: \We have evaluated a commercially
available monomeric (61 K Daltons) recombinant luciferase recently introduced by
Promega. Itis provided in 25 mM Tris-acetate buffer (pH 7.8) with 1 mM EDTA. 1
mMDTT, 0.2 M ammonium sulfate, 15% glyceral, and 30% ethylene glycol. The
batch evaluated showed a very high protein concentration of 13.33 mg/ml (about a
factor 10 X that of our BCCP-luciferase) and unlike ours it is apparently not
histidine-tagged. The specific activity as determined by our in house assay
suggests that it has about twice the activity of the luciferase produced for us by the
Russell Stewart subcontract. [t is, however, somewhat more expensive that the
luciferase we utilize, but it may certainly be a more cost effective alternative in any
commercial biosensor

f. ATP Recycling - Increase Luminescence Duration: No effort was directed to this
topic during the last phase.  This will receive attention during the fourth semi-
annual funding period. We do, however, know from our monitoring studies with
the CCD camera that once the aqueous ATP sample is added to the dried gel
bioluminescence begins within about a minute (as the gel rehydrates) and continues
with considerable intensity for more than one hour Modeling studies suggest that
for our standard gel and reagents and even micra molar concentrations of ATP, the
total number of photons produced over a one hour period (as all of the ATP is
consumed) is extremely large. Visual observation and even photographic
recording captures only a small fraction of the total bioluminescent photons

available

2. Optimize Detection

We continue to utilize luminescence standards from Biolink Ltd. in the UK. These :
standards provide discrete luminous emissions from each 4 mm diameter channel (five
different light intensity channels per standard biock) which are stable and “’p‘.”
Quantifiable over the range of 1 x 10410 1 x 1011 photgnysecondﬁsterrad|an_

a. Human Visual Perception Testing: This study was des,lgned and conducted to
determine the light intensity variation necessary for someone to differentiate between a
visual perception of light versus no light emanating from each of ten channels of two
Biolink light standards. Figure 1 shows the two Biolink Standards, No. 82 and No. 70
used in the study along with the quoted photon flux from each of the ten cr_\annels
Twenty subjects ranging in age from 19 to 52 were su‘r:\.reygd_ _'I'hreg ambient »
environment light flux preconditionings were also studied, i.e., (1) bright, sunny ou ;’f;f
lighting (about 20,000 lux), (2) typical office environment (approximately 100 lux) an
dimly illuminated room (about 1 lux). All subjects were placed in each of thr:ae t
preconditioning environments for five minutes prior to observing the luminescen
standards (sealed in a light tight housing with face mask interface) in & room

environment of about 100 lux.




The results are summarized in Table lIl. All subjects could detect channels 82-1 and

82-2 with five minutes or less of dark adaptation. While no one was able to detect

channels 82-5, 70-4 or 70-5 with 5 minutes of dark adaptation. Since everyone tested

could see channel 82-2 and no one could see channel 82-5 and the intensity range il |
between these two channels as measured with the CCD camera was 1,200 one may 4
conclude that over the entire range of ages and preconditions evaluated to date a three
order of magnitude difference in light intensity is necessary for all subjects to identify
one position as "on" and anocther as "off". Our literature review of human visual
response {o low light fluxes has indicated that there is a very wide range in detection of
low light flux. The primary factors are: physical health, diet, age, time taken for dark
adaptation (full dark adaptation requires about 30 minutes) and the flux of ambient light
exposure prior to attempting low light flux detection. The latter two variable being the
mast dominant and most variable in the population at large

b. CCD Camera Characterization

During this period the CCD camera has been characterized in terms of response
linearity, dark background noise and minimum detection threshold limit (MDL) for ATP.
For ATP samples analyzed in 350 microliter wells of a 6 well white polystyrene
micratitre plate the linearity range was found to be 10-8 to 10-2 molar ATP which
corresponds to 10-13 to 10 -7 moles of ATP with a signal integration time of 300
seconds being necessary at the lowest ATP concentrations. Significant signal non
linearity sets in below 10-13 moles ATP due to the ubiguitous presence of ATP as a
universally present contaminant.  Since the CCD seemed o be capable of a lower
MDL for ATP we attempted to remove the residual ATP contamination. We have
developed a means of immobilizing apyrase onto 3M Emphaze beads (copalymer of :
vinyldimethyl azlactone and methylene-bisacrylamide) in a column. Thus far about :
20% of the apyrase from a 500 microliter apyrase solution (1 mg/ml) can be
immobilized on an ATP purification column which can in turn remove up to 80% of the
ATP in 2 10-10 molar ATP test solution

B

The CCD camera exhibits very good linearity in the 0 - 100 micro molar range and the 0
- 100 milli molar range of ATP.  This is encouraging for ATP based sensor platforms
that can in turn be coupled to other biochemical reactions linking metabolism of sugars
amino acids, vitamins and hormones.

¢. Comparisons of Visual, Photographic, and CCD Detection of Bioluminescence

A film evaluation study was conducted to determine: (1) the range of light intensities
appropriate for film exposure and (2) the resolution capabilities of commercially
available Polaroid film which could be incorporated into a biosensar, i.e., Polaroid
20,000 ASA and 3,000 ASA.  As with the visualization study above Biolink standards #
82 and # 70 were used as reference light sources. The twa film types were exposed to
the Biolink standards for increasing periads of time in an attempt to detect the lower

intensity channels in the standards. The dimmest standard detected with ASA 3,000
was 82-5 which required an integration time of about 25,000 seconds (7 hours).
Channel 70-4 was detectable with ASA 20,000 and an integration time of about 72,000
seconds (20 hours). Such long times are not practical for a disposable, easy to use
dipstick type biosensor, We have concluded that a carefully controlled exposure time
would allow differentiation between a narrow range of light intensities and thus a

narrow range of ATP analyte concentrations which could be detected.

Table Il summarizes the comparative results of CCD, Film and human visual detection
for the ten Biolink channels. Also, note that the corresponding ATP sensor
configuration is included, The overall conclusion is that human visual detection is only
feasible in the high micro molar to milli molar ATP range while signal integration for
several minutes on commercial Polaroid film is practical down to the low micro molar
ATP range. CCD detection is much more sensitive and quantitative and extends down

to at least the 10-€ molar range of ATP

TABLE Il Comparative CCD Signal, Visual and Photographic Response to Biolink

Luminescence Standards

Biolink Mormalized* 3000 ASA Visual ATP Sensor

Channel CCD Response Polaroid Film ~ Response Configuration

821 111,000 < 10 seconds Visible to all High milli molar range
82-2 12,000 <10 seconds Visible to all Low milli molar range
833 2,080 <10 seconds Visible ta some High micro molar range
70-1 L] ~10 seconds \isible to some Low micro molar range
824 114 ~200 seconds \fisible to some Low micro molar range
70-2 102 ~200 seconds Visible to some sub micro malar range
70-3 10 ~25,000 sec Visible ta some % ' P W
B2-5 ] ~25,000 sec Mot visible s = : -
70-4 1 Not detected Not visible " a . T
70-5 0.1 Not detected Mot visible i : o "

* Note that the CCD was able to detect signal in all
Channel 70-5 was the lowest intensity

second integration with the CCD camera.

standards.

ten channels of the two Biolink
but was detectable using a 100




.




Biolink Standard  Company quoted luminous

and Channel # flux (photons/s/sterradian)
821 8.17 x 1010

§2-2 7.78 x 109

82-3 1.21x 10°

7041 0.88x 108

824 7.54 x 107

70-2 1.51 x 107

70-3 5.15x 108 Standard # 82 Standard # 70
B2-5 1.44 x 106

70-4 1.37x10%

70-5 1.38x 104

Figure 1. Biolink standards #80 and #72 used for calibration and comparative studies
between visual, photographic and CCD detection.

| ATP Direct

Figure 2 Current ATP platform sensor design based on a hydrophobic blue ink pattern
deposited on a 1" x 3" microscope slide
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National Science Foundation
Phase II STTR. DMI 95-31303

Direct Reading, Quantitative Biosensors for ATP-Dependent Processes

Protein Solutions, Inc.
P.O. Box 58093
Salt Lake City, Utah 84158-0093

Year 1 (12 month) Commercialization Progress Report

September 30, 1997

Contents
echnology status
Market Analysis and Assessment
Partnering Analysis and Commercialization Plans
Investment and Resources

Technology Status

A bioluminescence spatial gradiant technology was conceived and very preliminarily
developed by the University of Utah several years ago. This technology served as the basis for
this STTR program. PSI acquired an exclusive license to this technology prior to the submission
of the Phase I STTR application. Since then a formal patent application has been filed by the
University of Utah, December 1996, and is now pending. Foreign country applications include
Europe, Canada, and Japan.

During the past year PST has made considerable progress in the development of this unique
concept 1o a viable, commercializable technology. Please refer to the Phase 11, 12 month.
Technical Progress Report for details.

In summary:

| We have demonstrated the feasibility and effectiveness of the spatial gradient approach as a
generic ATP detection platform which should be suitable for a wide range of biochemical
analytes.

2 We have applied the technology to a shallow multiple well format which lends itself to
application in laboratories and point of care testing facilities that are today almost
exclusively based on multi well format devices.

i g We have optimized and enhanced the spatial gradient design to provide reliable,
unambiguous readouts in a variety of concentration ranges.

4. We have evaluated the suitability of the human eye, of photographic film, and of electro-

optical detection for the detection part of the sensors and have established which ATP
analyte concentration range is suitable for each of those detection modalities. For example,
direct visual detection is appropriate in a millimolar range: photographic detection, from
submillimolar to miero molar range; and CCD or related electro optical detection, from
micro molar ATP on down.

We have continued to evaluate the stability of air dried enzyme/gel preparations in order 1o
design a device with appropriate shelf life. In year two of the Phase II grant, we are extending
those studies to include lyophilization,

We have evaluated one commercial recombinant luciferase as well as continued to produce
and develop our own recombinant luciferases via our subcontract with the University of Utah.

We have evaluated and optimized a range of low molecular weight, soluble, enhancers of
bioluminescence as part of our objective of optimizing and enhancing the binluminescence signal.

We have looked at the potential interactions between the multiple enzymes involved in our
sensor prototypes, as well as substrate cross reactivity. Although these studies arc on going, the
results show that by appropriate selection of enzymes, the cross reactivity issue is greatly
minimized.

We are now expanding our studies on the NADH-based sensing platform, in collaboration
with the University of Utah using other funds.

During year two we will be extending our sensor tests to biological samples, particularly
urine, as we move towards the prototype and extensive testing stage of the work.

We have studied the patent situation dealing with recombinant luciferases, conc luding that it
may be more cost effective to simply purchase commercial recombinant luciferase for our
purposes. In addition, some new and novel recombinant E coli. technology has now become
available for licensing, which may indeed lead to such extensive over expression of luciferase and
ease of purification that the costs of this critical reagent will likely be negligible

We are continuing to evaluate the patent status of the varjous anal yles we are targeting.

In summary. during the past year we have established that the technology s indeed robust,
sensitive, reliable, and applicable to a very wide range of analytes of interest in medicine, health,
and wellness evaluation.

Market Analysis and Assessment
The activities of this STTR are focused on the development and prototyping of a generic
ATP sensing platform, using our unique spatial distribution technology.




ATP, adenosine triphosphate, is the ubiquitous energy currency for all of life on the planet.
When we talk of life on other worlds and use the phrase “life as we know it,” we are basically
referring to life which utilities two key energy transduction/transformation molecules, ATP and
NADH. ATP is the basis of the firefly luciferase bioluminescence reaction. NADH is readily
coupled to the bacterial luciferase, bioluminescent reaction, Thus, these two molecules can be
directly monitored by highly enzyme specific bioluminescence process.

PSI is, to our knowledge, the only company committed to using these two unique
processes as the basis for a range of sensors for diagnostic and clinical chemistry for direct
CONSUMmer use.

The figure (next page) presents PSI's “problem.” The figure shows a smiling, empowered
patient. Overlaying this future customer is most of the markets in which PSI's sensor products
could be distributed.

The left half of the diagram represents blood as the sample solution. Blood is the sample of
choice for most clinical laboratory and point of care testing and even home monitoring today.
There i1s growing interest, however, in utilizing non-invasively derived samples, especially urine,
but now also to include saliva and sweat, for those tests where such samples can be shown to be
suitable. They are represented on the right side of the diagram.

The upper half of the diagram represents those applications highly regulated by the FDA's
invitro diagnostics (IVD) activities. Here we represent all tests and analyses which are important in
medical diagnosis and treatment, ranging from the neonate and newbom, particularly inborn errors
of metabolism, to the monitoring of critical metabolites and analytes in the aged. Age related
problems roughly move clockwise from the top center towards the right, in the case of non
invasive samples, and counter clockwise from the top center to the left for blood samples. In-
between the newborn and aged are the diseases and problems which are found in childhood,
teenage . middle age, and so on.

Many of these analytes are not amenable to PSI's ATP/NADH based detection
technologies. Many are more appropriate analyzed by immuno assay, which is a well developed
and highly competitive field. Burt as we have noted before, those very analytes which are most
amenable to ATP/NADH based sensing are those which are absolutely basic to metabolism and
those for which immuno assay is generally impractical or impossible.

The bottom half of the diagram represents those opportunitics not directly connected to
diagnosis and medicine, and therefore minimaily regulated by the FDA and related agencies. This
represents the so called “wellness”™ arena, as well as sports and physical performance. In this
bottom half, the representation is not based on age, but rather on specific application areas,
including nutrition, food allergies and sensitivities, the issue of enhancement and physical
performance, and finally, those applications related to aging and particularly the metabolic changes
requiring monitoring and perhaps supplementation in the aged.

We are now defining the key analytes in each of the sectors of the figure with an emphasis
on urine, a secondary emphasis on sweat, and a tertiary emphasis on blood. The markets are hard
1o estimate, largely because the patient empowerment/consumer market has only been developed
for the monitoring and maintenance of diabetes. Patient monitoring and management of other
chronic metabolic diseases, such as phenylketonuria (PKU) and galactosemia, two important
errors of metabolism, has not developed due to the unavailability of any home tests for the
appropriate analyte. This can all change dramatically with PSI's sensors.

Working with our own advisors and consultants and in close collaboration with the
University of Utah's new program on cost effective health care technologies, funded by the
Whitaker Foundation, we are now working with a wide range of clinicians and health care
providers to identify those analytes and application areas which are most effective for patient
empowerment and for the enhancement of cost effective health care.

During the next six months we will work closely with nutrition experts, with food allergy
and sensitivity experts, with the physical performance and sports community, and with the
gerontology community do develop market focus and estimates. All of this significantly effects
E"SI‘.\‘ decisions as to potential corporate partners and its own specific manufacturing and marketing

irections.
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Partnering Analysis and Commercialization Plans

Cardiac Monitoring

There is growing interest in chronic markers or predictors of heart disease. One of the

t important and popular today is the amino acid metabolite homocysteine. Homocysteine can

measured and monitored in clinical laboratories, using liquid chromatography and mass

“trometry techniques. It is not particularly amenable to immuno assay and no simple test is

le. Admittedly, one can develop a colorimetric enzyme-based assay for homocy e, but
= concentrations involved and the precision required make this a difficult route.

Elevated homocysteine levels correlate with a significantly increased incidence of
cardiovascular disease in the later years. This elevated homocysteine level can often be corrected
by appropriate vitamin supplements, hence there is a need to not enly measure homocysteine, but
to also measure the various vitamins and co-factors involved in homocysteine chemistry. Because
i g cardiac markers are proleins or protein fragments analyzed by immuno assay,
those companies now involved in this field have little or no experience in low molecular we
metabolite analysis, such as homocysteine.

We have entered into very preliminary discussions with two 1
manufacturers of cardiac marker panels. Our detection technology for he
methionine ATP assay. Therefore, we have focused our efforts on obta ning access to the
methionine enzymes and demonstrating feasibility of methionine analysis by ATP depletion using
our bioluminescence ATP platform. Such ibility has already been demonstrated

During the remaining twelve months of the Phase II proj
on the homocysteine “front end™ of the methionine sensor. If this goes as expected, we will
demonstrated feasibility and indeed have produced a prototype of a direct reading homocysteine
sensor based on ATP bioluminescence.

In anticipation of this success, we will co
companies who can serve as a corporate partner in tl a.

Although homocysteine for adult, chronic, cardiovascu
problem and market opportunity, homocysteine is also an inbort
newborn application, the s g requirements are much less stringent |
in @ newborn with homocysteinuria are ten times that of an adult interested
chronic cardiac marker. That thus leads to a second mark
sensor, as part of a panel for the diag

ntinue our discussions and negotiations with

54

1s¢ the detection level
in homocysteine as a
opportunity for the homocysteine
and monitoring of in born errors of metabolism. We
are seeking SBIR and corporate partner support for the development of sensors for each of the
jor metabolic diseases found in newborns. These will involve our existing ATP detection
tform as well as our developing NADH platform. ¥

0s1s

2 Infant Metabolic Disease Management
Although detection and diagnosis of inborn errors of metabolis

most of the United States and indeed in most of the developed world, the chronic monitoring and
management of the diseases requires home based technologies. The two such applicatic :
by PSI are phenylketonuria (PKU), which requires the analysis of phenylalanine and its
metabolites in blood and/or urine. §

A second problem of much lower incidence is galactosemia which requires the analysis of
lactose and its metabolites in blood or urine 5

is not a problem in

_\’n'-_ are now u'orki_ug closely with obstetricians and pediatricians to assess the practicality
of monitoring the status of these diseases using analytes present in urine,

The beauty of urine is that it is easy to obtain in large volume and very efficient ¢ ction

15 are available, particularly for infants. The diaper industry is incredibly competitive, quite
ical, and is the ive way 1o obtain routine uriné samples.

We have entered into preliminary discussions with a ve ry major diaper manufacturer about

the possibility of developing a “intelligent” diaper which would actually have our direct reading

sensors incorporated into a region of the diaper, somewhat remote from, but connected via

0l

3
1
i

capilarity fluid transport, to the urine source. Given the analyte concentrations involved and the
problems in handling and “readin diaper, we are considering different means of presenting the
concentration signal, although in all likelihood it will still use spatial presentation, which has been
the heart of PSI's sensor development efforts. ) o

Although PSI would likely develop and market more conventionally applied urine dipstick
sensors which can utilize the direct bioluminescence readout, a diaper version would be so
significa able that it merits early consideration at this time.

ractical, and profital

3. Urinary Tract Infection )

ATP analysis is a sensitive indicator of biomass. It is most widely used today for the
measurement of total bacterial populations for hygiene monitoring. It has been used to diagr
urinary tract infection by appropriate pre treatment of somatic cells as part of our urine analys
potential diaper sampling interests and activities. We expect to further develop our capab,
the use of the ATP sensor to detect bacterial concentrations in urine.

PSI is now negotiating with a major multi-national corpo
investment which would permit continued funding of growth and bacterial sen

ation for a significant equity
of ng technologies.
We are also working closely with Dr. Russell Stewart at the University of (the PI on the
Phase I1 STTR subcontract involved with producing and charactenizing luciferases and the other
enzymes needed for the sensors) on a number of new ideas related to significant enhancement and
augmentation of the signal to permit direct bacterial detection.

4 Nutrition

There is growing interest in the nation in vitamins, food supplements, :
other :1ppr:1;1chc: to health and wellness. The rapid growth of health ftmd stores and natural
organic) forms of alternative medicine has been dramatic. In spite of all these interests in food
supplements, there appears to be little or no interest in the monitoring of the concentrations of the
vitamins and other components taken regularly by millions of Americans. The major reason for
this lack of interest is the lack of an available technology, These are people who somewhat distrust
highly technological medicine and are not particularly interested in having blood or urine sarmples
u;lu]}-‘kcd via physicians in clinical laboratories. These are pwuplc who want to assume ]\cr_\nnul
responsibility for much of their health and wellness. PSI is just bcginnmg I-*_LthLI-‘i-"l}JH-‘ with
s al 111;1_‘.0; providers of vitamins, of herbs, and other food supplements, again in the Utah area,
with the hope and expectation that they will indeed be interested in investing, in marketing, and on
distributing dipstick urine based sensors for several of their key products, Pfoﬂﬂbl__“' several Q_' them
very common vitamins, as well as possibly those vitamins involved in homocysteine metabolism.

wganic foods, and
(or

5. Sports and Physics Performance

PSLis helping to support a lactate sweat ¢
g the unique spatial distribution technolo
NADH platform. Given the relatively high c ) 7
interest, especially among the sports/physical performance community, 1n L‘nhﬂ_ﬂcmL'_P”‘“‘U
training and performance, we expect in about six months to seriously enter into discussions with
those companies that provide so called power diets or power sup_p]emrn::; to Enlj:lnt‘c ph_»lt.
performance and muscle mass. The best place to get an introduction to this area is by visiting a
sports equipment store to look at the “power diet” section of the store. ) L _

A lactate sensor based on blood sampling is already commercially available and is used by

coaches and trainers to optimize the training of athletes.

te

alysis sensor activity at the University of Utah
This particular sensor is based on the evolving
-entration of lactate in sweat and the growi

Investment and Resources 'R fi for i

A]ﬂluugh PSI is still very small and largely dependent on SB[RJ"S_T]R.TUIM.\' for its on
going research activities, the rapid development and uniguencss of our h10|L|111|nc.~c.t_nuu_bam‘d
spatial sensing technologies has begun to attract considerable attention. Some of this was
discussed in the above section. )




Having a strong technology now in hand, and having a dramatic prototype for
10onstration, we expect to generate significant equity investment of several private investors as
I as from a number of companies. The companies alluded to above are now being approached
with respect to equity investment, as well as for contract R & D support.

PSI is privately held and its existing investors are committed to continuing to provide the
resources needed for its ongoing development and expansion. PSI has kept its development
efforts and activities relatively quiet during this technology development phase. We expect to have
a significant presence next year in major national and international meetings appropriate to the
dissemination and application of our unique sensors and sensing technologies.

Further Information

PSI does not yet have a web site but expects to be on-line by late 1997.

For further information regarding PSI's plans, directions, and products contact J.D.
Andrade, President and CEO, at 801-583-9301.




