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Principal Investigator (Last first, mioktis)-

Abstract of Research Plan
NAME. ADDRESS, AND TELEPHONE NUMBER OF APPLICANT ORGANIZATION
Protein Solutions, Inc.
P.O. Box 58083
Salt Lake City, Utah 84158-0093

Phone: 801-583-9301

YEAR FIRM FOUNGED

| NO. OF EMPLOYEES finciioe af affiistes

1988 5

TITLE OF APPLICATION
Quantitative, Direct Reading Phenylalanine Biosensor

KEY PERSONMEL ENGAGED ON PROJECT
“NAME ORGANIZATION

ROLE ON PROJECT

C.-¥. Wang, Ph.D. Protein Seiutions, Inc, Principal Investigator

A. Van Wagenen, Fh.D. Protein Solutions, Inc. Research Scientist

J. D. Andrade, Ph.D. Protein Solutions, Inc. Advisor

ABSTRACT OF RESEARCH PLAN: Stafe the application's broad, ong-tarm objectives and specific aims, making reference io the heafth-

relatedness of the project. Dascribe con
ogical innovation. Avos

efy the rasearch design and methods for achieving these goals and dl
smmaries of past accomgplishments and tha usa of the first person. This a
ription of the proposed work when separated fram the application. If the applicaton ks funde:

mmation. Therefore, do not include proprietary or confidential information. DO NOT EXCEED 2

the potemtl of the
ackimeant 1o serve
description, as
WORDS.

Is, will pecome public ir

It is now geﬁerally recognized that phenylketonuric (PKU) patients should be on a phenylalanine
controlled diet and be closely monitored for their entire lifetime. Al though monitoring by the patient or
family member in the hame environment is now recommended, no suitable tests, kits, or devices are
available for this purpose. The Phase | effort demonstrated the feasibility of an NADH based
bioluminescence detection system in a simple, direct reading format for the determination of
phenylalanine. Phase | showed that a simple measurement of the time for the bioluminescence 1o
decay to a value below the visual detection limit directly correlated with Phenylalanine concentration,
Phase || addresses the development of a direct reading Phenylalanine biosensor for use in the home
by PKU patients or their care givers. The senser will require less than 100 microliters of blood. All
necessary reagents are incorporated into the device itself. The operator needs only to close the
sensor at the appropriate time and start a timer. The operator then observes the luminescence
visually un_m it disappears and stops the timer. The elapsed time correlates with the Phenylalanine
concentraticn. The final sensor will also include a tyrosine channel for determination of tyrosine in
the same sample.

Provide key words (8 maxime

iz identity the research or technology.

PKU, phenylketonuria, biosensor, bioluminescence, phenylalanine, tyrosine, NADH

Provide & briel summary of the potential commarcial applications of the ressarch
Phenylalanine seff-monitoring and self-treatment of PKU in the home environment is essential for the
25,000-plus Americans that are afflicted with this metabolic disease. Mon itoring by adults and
adolescents needs to be done monthly to provide feedback on proper dietary compliance, Monitoring
of children should be done weekly. Thus, there is a potential for roughly 600,000 tests annually at a
cost of about $10 per test which resuits in a aross annual market of approximatelv six million dollars,
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Finangial: Fringe benefits are 30% of salary and indirect costs are 60% of total direct personnel salaries and
benefits. No subcontracis, patient care cosis or renovation expenses are requested for this project. A four
percant (of total direct and indirect costs) fixed fee is requested for both years o projec This fee will
provide discretionary funds to address several key aspects of the project not directly allowed by direct and
indirect costs, i.e., patent application preparation, etc

Consultants: Two consultants are budgeted on this Phase Il project. Their letters agreeing to consult are

1 this sal. Dr. Russell Stewart is an Assistant Professor of Bioengineering at the University of
Utah. He is currently nsultant to our company and serves as the Principal Investigator on a NSF STTR
Phase |l subcontract which addresses recombinant firefly and bacterial luciferase. Dr. Russell will meet with
us at least quarterly to advise us In areas of protein engineering and protein characterization. This will be
arly crucial as regards our proposed work to develop the in house protein engineering capability to

er recombinant luciferases and related proteins in our own facility. Dr. Viadimir Hiady is an
Associate Professor of Bioengineering at the University of Utah. He is an internationally recognized expert in
the study of ns at interfaces using a variety of techniques, i.e., atomic force microscopy, interfacial
fluorescence spectroscopy, Langmuir films, etc. Dr. Hlady will also mest with us at least quarterly to assist us
with any problems we may encounter regarding the use of the various proteins invoived in our biosensor
assay. His surface analysis Iab is available lo us on a minimal fee for service basis since the company is a
member of the Center for Biopolymers at Interfaces, CBI (see below). While our experience to date indicates
that surface adsorption and denaturation of proteins involved in this work is not a serious problem it should be
stressed that we will be working with several new proteins and Dr. Hlady's resources and expertise will be a
grest asset
Equipmant' The only rence between the budgets for years one and twa is due to the equipment funds
st year. Funds for a lyophilizer are requested in order to provide proper preservation of

g our biosensor. Preliminary lyophilization work in Phase | showed that

r cryo-protectants and drying protectants our proteins in the biosensor prototype could be

much more effectively via lyophilization. The remaining equipment (small incubator, refrigerated

r nirifuge, and Class |l biosafety hood) are the minimum essential pleces of equipment required to set
up a small protein stabilization capab n our own |aboratory. We have additional lab space allocated

will be dedicated for this work, The total equipment cost is estimated to be $45,000. The company will
de a 20 percent cost sharing from other sources to help cover the casts of this equipment. The total
direct cost requested funds for the equipment in year one is then reduced to $36,000.

Supplies: Funds are requested for general lab supplies and biochemical supplies such as proteins, enzymes,
buffers, analytical supplies, inorganic chemicals, plastic-ware, glass-ware, and supplies related to the protein
engineering needs of the recombinant luciferases and oxidoreductases, elc.

Travel: Travel funds are requested to make four trips each year to conferences related to PKU and/or
metabolic disease biochemistry and clinical chemistry such as the annual meeting of the American
Association for Clinical Chemistry and the annual meeting of state health directors

Other; Funds are requested for extemal clinical laboratory analyses of some samples. These analyses will
be conducted by Associated Regional University Pathologists, Inc. (ARUP) a major clinical chemistry
gboratory located here in Research Park and serving the western U.5. Funds are also requested for a
partial annual membership fee for the Center for Biopolymers at Interfaces (CBI), a state-university-industry
coensortium at the University of Utah which provides a number of key benefils including: (1) fee-for-service
access to many anzalytical services at the University of Utah at very low rates, (2) access to specialized
laboratory equipment in the departments of Bioengineering (Optics Labs) and Chemistry (analytical
biochemistry labs), and (3) access to faculty members who can provide expertise on a consulting basis
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Sawan and G. Manivannan, eds., Technomic Publishing, 1998, in press.
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OF SOME RESIDUAL FUNDS LEFT IN THE PHASE | PROJEC
All currently active SBIR grant support will end b

that any of the pending proposals w

POTENTIAL OVERLAPS (S
program management persor

Project Dates:
Direct Costs:
Percent Effort:

Direct Costs

Source:

Specific Aims
The feasibility of a direct reading phenylalanine assay was established in the Phase |
study. As suggested in the final report, a quantitative biosensor in time mode has strong
potential for commercialization because it is instrument-free and can be used in both
point of care and home environments. The major goal of the phase I proposal is the
design and validation of a prototype phenylalanine biosensor (Figure 1). The specific
aims include:
1. Design and prototype the phenylalanine direct reading sensor with intensity-time
profiles suitable for direct visual detection. Calibration of the operator’s visual
detection thresholds will be developed.

2. Design and prototype the sample zone. This is the first part of the biosensor. The
whole blood sample will be separated into cells and plasma. The materials will be
sclected based on the recovery of plasma.

3. Design and prototype the phenylalanine conversion zone (Reaction zone 1). The pH

of the plasma is adjusted 1o pH 10.5, required for optimum phenylalanine
dehydrogenase activity. Phenylalanine dehydrogenase and NAD® will be pre-
deposited on the matrix. The plasma sample will be incubated in this zone until all
the phenvlalanine has been reacted. We will determine the optimum reaction time (1-
5 min). The NADH produced will flow into the signal transduction zone when the
two piece sensor is closed

4. Design and prototype the signal transduction zone (Reaction zone 2). This zone
contains the dual enzyme system that converts NADH to photons. The bacteria
luciferase and oxidoreductase, together with FMN and aldehyde, will be deposited on
the matrix and the concentration of each component will be optimized.

Ln

Design and prototype a tyrosine channel. Because the PKU condition prevents the
normal conversion of phenvlalanine to tyrosine, measurement of tyrosine is needed to
monitor the nutritional status of the patient, There is a phenylalanine dehydrogenase
(from Bacillus sphaericus) that is specific for both phenylalanine and tyrosine
allowing us to measure the total concentration of phenylalanine and tyrosine. The
difference between the summation channel and the phenylalanine channel provide the
concentration of tyrosine.

6. Assemble, calibrate, validate, and study the biosensor prototype and its long-term
stability. The prototype biosensor will be calibrated with known phenylalanine
concentrations in plasma. The linearity, sensitivity and reproducibility in the clinical
range of phenylanine (50 uM to 1000 uM) will be studied. The prototype biosensor
will be validated with the commercial Quantase phenylalanine assay (EG&G Wallac)
and by HPLC methods.
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Resources

FACILITIES: Specify the faciiities to be usad for the conduct of the prapased ressarch. (The ressarch to be petformed by the applicant
small business concern and its collaborators must be in facilities that are available to and under the control of each party for the
conduct of each party’s portion of the proposed project.| Indicate the facilities at the applicant small business concam and any other
performance site on the FACE PAGE where the facilities are focated and describe their capacities, perinent c:_maomnes_ relative
proximity, and extent of availability to the project. Under "Other,” ideniify support services such as secretarial, machine shop, electron.
Ics shop, ana the extent 1o which they will be avallable 1o the project. Use continuation page(s) if necessary.

Latoratory: Chemistry lab (480 sq.ft.), Biology lab (150 sq.ft.), Optics lab (150 sq.ft), and an option on a
Class |l Biosafety lab {200 sq.ft) if the Phase | effort is funded.

Cinical:  There are no clinical facilities available and no clinical work is planned for the Phase Il effort.

Animal There are no animal research facilities available and no animal experiments are proposed for
the Phase || effort.

Cempuier:  Computer resources include two Pentium PC machines and two Pentium lab top machines.

There are two offices with a combined space of 650 sq. ft. There is one 600 sq.ft

fice.
o comference room

Office and secretarial resources are standard and adequate to address the administratve aspects
of the proposed project, i.e., computers, laser printers, copy machine, FAX machine, etc. The
omer  company has licensed technalogy from the University of Utah in the area of bioluminescence for
biosensaor applications. The company is also a member of The Center for Biopolymers at
Interfaces (CBI), a state-university-industry consertium which is one of the Centers for Excellence
in the Utah State System of higher education. CBI membership provides a number of key benefits
including: (1) low fee for service access to many analytical services at the University of Utah, e.g..
the SEM/TEM facility, the Surface Analytical facility (XPS, SIMS, etc.), (2) access to specialized
laboratory equipment in the departments of Bioengineering (Optics Lab) and Chemistry (analytical
biochemistry labs), and (3) access to faculty members who can provide expertise on a consuiting

basis.
MAJOR EQUIPMENT: List the masl important equipment mms allGady avadable for this prodect, noting the location and partinent capabdites of
each

Basic Laboratory equipment at Protein Solutions, Inc. includes analytical balances, stirrers, hot
plates, a fume hood, oven, pH meter, water baths, HEPA filtered laminar flow air work stations,
steam autoclave, reverse osmosis - filtered water, light microscopes, Turner Designs luminometer,
cameras, vacuum system, gel electrophoresis system, and a -85 C freezer. Charge coupled
device (CCD) array cameras and associated computers and controllers are also available for the
recording and quantification of luminescence experiments to summplement the PMT based
lumincmeter. A Beckman UV-Vis spectrophotometer is available for speciral absorbance analysis
of proteins. If the proposed equipment in the Phase Il budget is approved the equipment
resources will be adequate to accomplish all of the specific aims of the project.
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ignificance _
o PKU is an inbom error of metabolism of moderate incidence (~1 in 10,000).
About 99% of PKU patients have a recessively inherited deﬁcien_cy of phen}-‘lalan*ne
hydroxylase, an enzyme important in the conversion of phenylalanine (Phe) to r_wnsmc
[_‘-imilh‘ 1993). The defect results in excessive concentrations of Phe (normal range 1is
about 100 microM]), ranging to 800 microM or even higher. Such high Phe levels ]ca_d o
severe mental and growth retardation. Fortunately, most states and d{:\:c%opc{_l nations
now routinely screen infants for PKU within a few days of birth. PKU patients are
placed on a Phe-restricted diet (Smith, 1994). If the diet is started early and maintained
for life, treated patients can lead normal lives with no evident mental or physical

problems. k . o
There has been growing awareness that PKU requires regular self-monitoring to

ensure dietary compliance and facilitate diet adjustments [I’W_em:?el and l_.ﬁngtmbct_:k.
1996). The management and treatment of PKU has many similarities to dlw_hczcs. The
problem is that there are no simple, inexpensive means to measure Phe in lhc_ ho_me
environment. The availability of such a device would greatly improve the monitoring
and management of PKU. The best way to verify this statement is to quote recent key
papers.
From Smith, 1994: .
"...Methods currently used for measurement of blood phenylalanine concentrations

will need to be improved and the frequency of monitoring will need to be increased.”
"The management of phenylketonuria is going to be even more taxing for the patients
and their families than in the p:u;t."

"Diagnostic investigation should include an assessment of protein intake, quantitative
measurement of plasma amino acids.”

"Blaod phenylalanine concentrations taken at a standard time (ideally early moming
when concentrations are likely to be at a peak) should be monitored at least weekly
once intake has stabilized, alrﬁing to keep phenylalanine concentrations between 120-
360 microM."

"Biochemical monitoring should continue on a weekly basis up to at least 4 years of
age. After 4 years and Jp to 10 years the frequency of monitoring can be reduced to
fortnightly and, thereafter, monthly."

"Strategies aimed at getting children to be responsible for their own diet and blood
tests b_\'_school age need to be much more actively promoted than in the past.”

"It is the common experience that it becomes increasingly difficult to maintain strict
phenylalanine control in older children..”

"Adults and adolescents with phenylketonuria require continued delivery of services
in an appropriate setting. Services must include facilities for freqt_zenl bw_chcm:ca]
monitoring and dietetic advice (by post and telephone) and specialist medical adult
services for both outpatient follow up and inpatient care. Adult ph,\-‘sici.ms. with a
special interest in metabolic disease need to be linked to existing regional services.”

"Phenylalanine concentrations in pregnancy need to be at least as strictly [aqd
probably more strictly) controlled as in infancy. Due to the positive amino acid
gradient across the placenta the fetus is exposed to even higher phenylalanine

Another use...would be to provide information for the maintenance of metabalic
control in pregnant women with PKU... maintain strict metabolic control throughout
the pregnancy.”

The "Quantase” technology, used in the study by Wendel and Lagenbeck, 1996, has
not been developed for direct home use. Perhaps the reason for the lack of commercial
interest is the relatively low incidence of PKU (roughly 20,000 patients and perhaps
500,000 tests per year in the USA). One could. therefore, call a Phe dipstick device for
PKU an "orphan diagnostic” (an analogy to "orphan” drugs). There is a market, but it is
not a large one.

Tyrosine (Tyt) is also of vital importance in the diagnosis and management of
PKU, thus direct Tyr measurement is also of major interest. We therefore plan to include
a Tyr channel in the final sensor,

Our Phe and Tyr sensor will serve as a model for other amina acid sensors. Our
experience with Phe, and the technology generated via this Phase I/T1 SBIR grant, will
enable us to develop other specific amino acid sensors, eventually producing a sensor
which measures each of the essential amino acids. Such a multi-channel sensor will have
a much larger market, including the nutrition, parenterals, and gerontology communities.

Phase I final report

SPIB Phase I grant NO. 1 R43 HD36148-01
Project period: from 4/1/1998 through 9/30/1998

Table 1. The key persons and working effort

[Title Name Dates of service | % FIE % Effort
| Principal Investigator | Chung-Yih Wang, PRD. | 4/1/95.9/30/58 100 I'50

[ Research Scientist | Robert I Scheer, Ph.D. | 4/1/98-8/T0/98 | 33 | 50

|__ Research Scientist | Rick Van Wagenen, Ph.D. | 4/1/98-9/30/9§ | 100 | 20
Technical Advisor | Joseph D. Andrade, Ph.D. | 4/1/98-9/30/98 | 25 [ 10

| Lab Technician | Mara Hammer | 4/1/98-9/30/98 [ 50 [ 50

Phase I Abstract

The management of diseases based on inbomn errors of metabolism could be
significantly improved if simple, low cost means for the measurement of the biochemical
abnormality were readily available to patients in the home environment. Although all
states and most developed nations have effective screening programs for newbomns, the
management of patients diagnosed with PKU and related diseases can be significantly
improved.

We propose to apply a unique NADH based bioluminescence based detection
system in a simple, direct reading format to the determination of phenylalanine in plasma
and urine. We avoid the problem of the need for instrumentation to measure the intensity
of light output, by application of a proprietary technology where the spatial position of
the light is directly related to the concentration of the substrate of interest The spatial
approach has greatly simplified the detection problem and even permits direct visual
detection. We propose to demonstrate the feasibility of this approach to phenylalanine




concentrations than the mother. Biochemical monitoring should be undertaken twice
a week, both in the period before conception and during pregnancy, aiming at values
of 60-250 microM. Effective contraception should be continued until control has
been achieved. Pregnancies require careful monitoring.”

From Wendel and Langenbeck (1996):

"..A satisfactory diet compliance with ideally low blood phenylalanine (Phe)
concentrations can only be obtained if the principle of frequent monitoring the
metabolic control (blood Phe) by the patient himself (self-monitoring) is realized."
"Frequent self monitoring of the blood Phe concentration is important in enabling a
patient to arrive at an exact knowledge of the individual variables of Phe metaholism
in everyday life and at an efficient way of self treatment. In this respect the patient
himself can determine how to maintain the metabolic balance between Phe intake and
blood Phe levels during accelerated protein catabolism as seen in fasting and illness
and how to reduce a high blood Phe level in a practical way."

"Another important aspect of self-monitoring blood Phe might be its motivational
effect... participants of a PKU camp... during a 1-week period... experienced that they
could influence Phe levels directly by changing Phe intake.”

"Self-monitoring and self-treatment in PKU is feasible and should be instituted as
early as possible in this disorder. In principle, PKU patients are able to close the
feedback loop in metabolic control of their disorder. Self-monitoring might have a
motivational effect for the patient and might encourage him or her to be respol
for their own diet and blood tests, and in this way might improve dietary compliance.
Self-monitoring might also allow greater flexibility in food intake."

And from Wendel in 1994:

"...There is a recommendation for a continued low-phenylalanine diet in juveniles and
adults. Apparently, a satisfactory dietary compliance with ideally low plasma
phenylalanine concentrations cannot be expected in this age group until the principle
of monitoring the metabolic control by the patient himself is realized. such as is
practiced in diabetes mellitus since long. Self-monitoring requires assaying the
phenylalanine concentration in capillary blood."

"The actual phenylalanine value.. can guide the patient's adjustment of dietary
phenylalanine intake provided he or she were informed in detail about their disease

and trained in practical diet competence."

Although McCabe and co-workers (Peterson, et al., 1988) proposed a home device
for Phe "estimation" some ten years ago, they were disappointed that there was no
commercial/industrial interest in manufacturing and selling such a device,. McCabe noted
that:

"A simple, portable monitoring system would provide families and their local
physicians with an estimate of the blood phenylalanine concentration within an hour
of obtaining the specimen. This might be especially useful in attempti ng to moderate
rising phenylalanine concentrations during intercurrent illnesses. Home or office
monitoring should not replace the clinical laboratory, but would supplement the
traditional process by providing more rapid and frequent phenylalanine estimates.

measurement for the diagnosis of hyperphenylalanemia and for the management of
diseases related to disorders in phenylalanine metabolism.

Specific Aims of Phase I proposal

I. To evaluate the stability and reaction kinetics of available L-phenylalanine

dehydrogenase [PheDH] enzymes (E.C. 1.4.1. ) as a function of pH, lemperature,

ionic strength, buffer type and substrate concentration.

To apply the NADH/FMNH?2 oxidoreductase (OR)-bacteria luciferase (BL) reaction

in the quantitative spatial mode to permit instrument-less detection.

3. To spatially separate the sample PheDH rection from the NADH bioluminescence
reaction so as to facilitate optimum enzyme environments.

4. To demonstrate response of sensing conditions to phenylalanine in clinically relevant
ranges (100-1000 micro molar with < 5% accuracy); to compare phenylalanine sensor
response with existing kits and methods; to assess feasibility of producing a true dry
dipstick device.

b2

Results
1. Evaluation of phenylalanine dehydrogenase

Phenylalanine dehydrogenase is the enzyme that catalyzes the interconversion of
phenylalanine and phenylpyruvate (reaction 1). We have reviewed six different
phenylalanine dehydrogenases (Table 2). Although the optimum pH of the reaction is
species specific, in general the deamination of phenylalanine requires a high pH to ensure
the forward reaction. The amination of phenylpyruvate dominates at lower pH.
Phenylalanine dehydrogenase also oxidizes other amino acids and such interferences
must be considered in the calibration of the biosensor.

Phenylalanine
dehydrogenase
Phenylalanine + NAD" + H;0 ———  Phenylpyruvate + NADH + NH," (1)

Oxidoreductase
NADH +FMN+H" - > NAD™ + FMNH; (2)

Bacteria luciferase

FMNH; + RCHO + O, > FMN + RCOOH + H;0 + Light (3)

The phenylalanine dehydrogenases reviewed are all stable at room temperature and
can be used in the assay. Two commercially available phenylalanine dehydrogenases,
Sporosarcina species from Sigma and Rhodococcus Sp from Calbiochem, were chosen
for further study. Phenylalanine dehydrogenase from Sporosarcina species has a lower
km for 'i:i)enylal.m[[w. and thus is expected to bind stronger to phenylalanine in the
equilibrium state.
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Figure 2. The influence of buffer and pH on the activity of commercially available
phenylalanine dehydrogenase. (Top) Sigma phenylalanine dehydrogenase. (Bottom)
CalBiochem phenylalanine dehydrogenase




The purity of two phenylalanine dehydrogenases was determined by SDS-

polyacrylamide gel electrophoresis. The enzyme prepared by Sigma showed a major
band at 40 kI? which corresponds to one subunit of the enzyme. The enzyme prepared by
Calbiochem showed a very light band at 69 kD and many impurity bands

The specific activity and stability of both enzymes were determined by measuring
NADH absorbance at 340 nm, Both enzymes showed about one third of activity after
being reconstituted in water (Table 3). The Calbiochem enzyme quickly deteriorated in
solution and retained only 22% activity after | week storage. The Sigma enzyme
exibited good stability in solution and retained full activity after 1 week storage.

Buffer type and pH

Both phenylalanine dehydrogenases showed similar response to the change of
buffer and pH. The highest enzyme activity for the oxidation of phenylalanine was in 50
mM glycine buffer, pH 10.5 (Figure 2). The enzyme activity decreases with decreasing
pH in glycine buffer, as expected. The enzyme showed better activity in 50 mM Tris
buifer than 50 mM glycine buffer at pH 9.0, suggesting Tris buffer may shift reaction
equilibrium in favor of oxidation of phenylalanine. Enzyme in 50 mM borate buffer at
pH 10.0 showed poor initial reaction rate (0-3 min). However, after 15 min reaction, the
NADH produced in borate buffer exceeded that produced in glycine pH 9.0 and Tris pH
It suggested that borate buffer inhibited enzyme activity and the reaction equilibrium
developed slowly in borate buffer. From these results we concluded that 50 mM glycine
at pH 10.5 should be used to prepare the phenylalanine assay. 50 mM glycine at pH 10.0
will also be used to study enzyme properties.

Table 3. Comparison of two commercially available phenylalanine dehydrogenases

Sources Claimed Tested activity | lday storage | Iweek storage |
activity in solution, 4 | in solution, 4
oc o
Sigma (from | 14.9 units’mg | 47 units/mg | 100% activity | 100% activity

Sporosarcina | solid solid (31.4%)

| species)

Calbiochem (from | 0.33 units/mg | 0.10 units'mg | 76% activity 22% activity |
Rhodococcus  Sp. | solid solid (30.6%)

M4) |

Tested conditions: for claimed activity: 50 mM glycme bufier, pH 10,5, 30 °C; for specific
activity: 50 mM ine buffer, pH 10.5 and room temperature; for storage stability: 50 mM

glycine buffer, pH 10.0 and room temperature

Lyophilization

It is well known that the long-term stability of proteins and enzymes in liquid
farmulations is difficult to achieve relative to the stability of proteins and enzymes in the
dry (lyophilized) state. Because we intend to market this assay as a dry reagent type
device, use of liquid reagents (other than the sample itself) is prohibitive. Therefore, we

have developed a formulation and protocol for freeze-drying (lyophilizing) our assay
reagenls on a common support.

Because firefly luciferase catalyzes a bioluminescent reaction, it is easy to measure
the enzyme activity. We used firefly luciferase as a model protein to evaluate the
performance of the wicking materials (Table 4). The protectants used in the
lyophilization include BSA/DTT (final concentration: 0.6 mg/ml, 0.6 mM), PEG 8000
(90 mg/mi) and trehalose (280 mg/ml). The results suggested that polyester "Transorb™"
wicks from Filtrona Richmond was a suitable material with which to prepare the dry
reagent. We further used this material as the substrate for lyophilization of phenylalanine
dehydrogenase.

i lalanine dehydrogenase, which retains better stability in solution, was
used in the lyophilization study. The wicking materials were cellulose nitrate membrane
(from Sartorius) and polyester wick (from Filtrona Richmond). Phenylalanine
dehydrogenase was deposited on the wicking materials and Iyophilized with protectants.
The activity of phenylalanine dehydrogenase was determined by measurement of the
NADH produced and measured with an UV spectrophotometer (at 340 nm). For the
frozen samples, the enzyme activity recovered was 70 % for the membrane and 100 % for
the wicking stick. For the lyophilized samples, the enzyme activity recovered was 89 %
for the membrane and 97 % for the wicking stick. Similar to our experience with firefly
luciferase, phenylalanine dehydrogenase lyophilized on the polyester wicking stick
retains better activity. The phenylalanine dehydrogenase was also lyophilized in the
wells of multiwell plates and stored for 25 days. There was no loss of enzyme activity
during 25 day storage at 4 °C.

Table 4. Materials evaluated

| Material | Manufacturer Location Performance

8 um pores, cellulose nitrate Sartorius (Edgewood, NY) fair
"Hemasep V™" | G all (Port W :ahin_g;cm. NY) fair

? “Cellulosic” Micren Scharalr:ms |“"es{b4_};mu

| "Magna™ N_\.‘Eon"_ e "Mi r'oﬁc_j;;m.rio. 5 | good

| "Separation .\l_c_’mbr:zm:" -.:‘;;)ec_r_:-n.]"fT(;Fonm. ON, Canada) i gnn.d
polyester "Transorb™" w I Filtrona Rm_qkichmonﬁ'.' \"\I_ _ ':-.tccllcnt —

lonic strength

The influence of ionic strength on the phenylalanine dehydrogenase activity was
determined in 50 mM glycine, pH 10.0. The ionic strength was adjusted by adding 50,
100, 150, 200, 300, and 400 mM NaCl (final concentration) into the phenylalanine assay
The absorbance at 340 nm was measured. There were no significant (variation within
10%) differences for enzyme activity in the range of ionic strength studied.



The conversion rate of NAD ™ to NADH, catalyzed by phenylalanine
hydrogenase, was determined at phenylalanine concentrations of 0.1 mM to 1 mM. The
NADH produced was monitored by UV absorbance at 340 nm. An equilibrium was
reached in 6 min for phenylalanine concentrations below 0.4 mM (Figure 3). The
conversion was over 99% of the phenylalanine added. There is no absorbance increase
from 15 min to 30 min for those samples. The absorbance increases 3.1%, 4.7
6.0% from 15 min to 30 min for 0.6 mM, 0.8 mM and 1.0 mM phenylalanine,
respectively. It is concluded that the phenylalanine dehydrogenase catalyzed reaction can
be considered complete after 30 min incubation. This reaction time can be reduced by
increasing the enzyme concentration. Such optimization work will be performed in the
Phase II project.

~l1
Although both enzymes showed similar activity when freshly reconstituted, we
selected Sigma phenylalanine dehydrogenase for further study because of its higher

Tity

purity and stability.

—e— 0.1 mM Phe
RE 4 -8 0.2 mM Phe
—&— 0.4 mM Phe
~=— 0.6 mM Phe
—%— 0.8 mM Phe
—8— 1 mM Phe

[

UV absorbance at 340 nm

35
Time {min}

Figure 3. Evaluation of the completeness of the phenylalanine dehydrogenase
catalyzed reaction. Phenylalanine concentrations shown here are the original
concentrations in samples. The final concentration of phenylalanine is one tenth of
the original concentration.
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NADH concentrations to test our assay: 0.2 mM, corresponding to a normal
phenylalanine concentration, 0.3 and 0.4 mM corresponding to suspected elevated values
of phe:t_\-l_aiamne: and 0.7 mM, corresponding to highly elevated phenylalanine
concentration In principle, a quantitative biosensor with numerous channels or a
continuous enzyme gradient can be made to measura a highly precise phenylalanine
concentration. Our experience with these experiments suggested that a time mode could
provide a simpler, more quantitative sensor.

lime mode

Optimum conditions for NADH assay in the time mode were studied. The bacterial
luciferase concentration, the ratio of bacterial luciferase/oxidoreductase, and the FMN
concentration were adjusted to provide maximum bioluminescent intensity. The results
suggested that the best assay should include 20 pl bacteria luciferase (Sigma, 5 mg
protein/ml), 5 ul NADH:FMN oxidoreductase (0.8 unit/ml), 20 pl FMN (10 pM in 0.1 M
phosphate pH 7), 20 ul dodecanal (1% in methanol), 135 ul phosphate (0.1 M, pH 7), and
50 pl NADH (in 50 mM glycine, pH 10.5). The CCD camera was set in half size image
and auto-grab modes. The integration time was 30 sec, Figure 5 (top) shows that the
bioluminescence develops almost immediately. It is a high value for NADH
concentration > 0.4 mM and is maintained for up to 10 minutes at high NADH (1.2
mM). The decay of bioluminescence is rapid when the residual NADH concentration
fell in the range of 0.1 to 0.2 mM. The maximum decay rate is about 800 counts/min,
and the bioluminescence becomes invisible at 2 min for low NADH initial
concentrations. Figure 5 (top) also shows the visual detection line. At intensities below
500 counts, the light is not visible to the average, non-dark adapted eye. We thus define
this point as the visual detection threshold. Figure 5 (bottom) is the plot of the time for
bioluminescence decay to below the visual threshold as a function of NADH
concentration, showing that the time measure is linear with NADH concentration.

3. Coupling the phenylalanine conversion reaction reaction with NADH assay

To determine the phenylalanine concentration in the sample, we studied the two
reactions using multi-well plates. The first reaction was at pH 10.5 and used
phenylalanine dehydrogenase to convert phenylalanine to phenylpyruvate and NADH in
the presence of NAD". After 15 min incubation, the NADH concentration was maximal
and the solution was transferred to the second well. The phosphate buffer in the well
adjusted the pH to 7.3, which is suitable for the bacterial bioluminescent assay. The time
for bioluminescence to disappear was recorded. The NADH concentration in the sample
is determined from the calibration chart (Figure 5 bottom). Figure 6 shows the decrease
of bioluminescence in the coupled assay. The bioluminescence quickly fell below the
visual threshold for phenylalanine concentrations smaller than 0.6 mM. Because the
assay is in wells in aqueous solution, the dilution (dilute 2.5 fold) decreases the
sensitivity of this assay. In the phase Il project, a dry reagent will be prepared,
climinating the need for dilution and thus enhancing the sensitivity of assay.
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CCD count

2. To prepare the oxidoreductase-bacteria luciferase assay in quantitative spatial

mode,
Why NS

In the original proposal we suggested using NADH oxidase to consume excess
NADH. The NADH oxidase was to be used as a filter to build up spatial resolution in the
phenylalanine biosensor. The enzyme required as part of the bioluminescent assay,
NADH:FMN oxidoreductase, can perform the same function. Excess NADH would be
converted to FMNH; and oxidized via an auto-oxidation pathway. To simplify the design
of the phenylalanine sensor, we decide to drop the use of NADH oxidase. Instead, we
used a proper ratio of NADH:FMN oxidoreductase to bacteria luciferase to create the
spatial resolution as proposed for the Phase [ project.

Ihe semi-quantitative NADH assay in spatial mode

The bioluminescent assay to spatially resolve the NADH concentration was
designed according to different enzyme combinations (bacteria
luciferase/oxidoreductase). The number of bright spots which remained after 5 min
incubation was dependent on the NADH concentration (Figure 4). We selected four
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Figure 4. The_phen}'l.alnnlne biosensor with spatial resolution. Data was recorded with a
CCD camera 5 min after the reaction was initiated. The figure at right was filtered using a
100 eounts cutoff subtraction. CCD counts below 100 are invisible by eye and were assigned
a black ot The white spot indicates those wells visible by eye. Enzyme final
concentrations of bacteria luciferase to oxidoreductase, respectively: (1) 5.2 UM, 1 uM; (2)
5.2 uM, 1.33 puM; (3) 5.2 uM, 1.67 1M (4) 5.2 uM, 2 uML
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Figure 6. Direct measurement of phenylalanine cr:ncentratiop with coupled assay.
The original concentration of phenylalanine in the sample is shown on thc. axis.
Note that the bioluminescence is present almost immediately upon mixing,
followed by a time-dependent drop to below the visual threshold. The vertical axis
here is a different scale than in Figure 5 due to different dilution and to a shor:ter
CCD integration time. The data do indicate the feasibility of measuring
phenylalanine via the bioluminescence decay time.

4. The status of commercial kits .

There are four well-estabilished methods for phenylalanine measurement. The first
one is Guthrie bacteria inhibition assay, which grows Bacillus su_IJL.i]:'s in '.h1.: presence of
phenylalanine. The second assay is an enzymatic assay, u,'h.lc.«f_uscs pnenyzz_[nmne
dehydrogenase to oxidize phenylalanine in the presence of NAD". The product, NADH,
is then measured colorimetrically using a tetrazolium {colurlc_sf'r"f‘omlazau fr:u]u‘retl]
system. This assay requires a spectrophotometer, is not specific, and su r‘ﬁ:rs_ from
sensitivity problems. The third method is a fluorometric method involving a ninhydrin
reaction, which is enhanced by L-leucine-L-alanine. All three assays were evaluated by
Wang et al. in Canada. They concluded that all m.ree.perr'onn_adcqua[e[}' for new hnrg
screening. The fourth method uses HPLC for amino acid analysis and can be “E“‘”?”““'
but requires expensive equipment (Dhondt, 1993). We select the third assay (distributed
by Sigma) to compare with our results. (Table 5).
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1. Design of prototype

The analysis mode for the Phenylalanine biosensor is direct visual observation of
the emitted bioluminescence. This approach was successfully demonstrated in the Phase
I feasibility work using a total 250 microliter volume of sample plus reagents. The use
of a 250 microliter reaction/analysis volume was primarily for convenience during Phase
I were able to demonstrate that 135 microliters of the onginal 250 microliter volume
was visually detectable in the dark w only minimal dark adaptation of the observer, i.e,
less than two minutes. The 15 microliter sample was in the form of a 3mm diameter
droplet on a white. hydrophobic Teflon background. This volume is the basis of the
proposed sensor design shown in Figure 1. A 36 microliter portion of the 100 microliter
blood sample is carried by capillarity into Zone 1 and then, after the sensor is closed, 18
microliters is pulled from Zone 1 into Reaction Zone 2 and the indicator zone by
capillarity.  This process provides about 15 microliters in Zone 2 for direct visual
observation of the bioluminescence. The dimensions of Zone 2 will be approximately 2
mm high x 4 mm wide x 2 mm deep. The light emission from Zone 2 will be viewed
from the side of the biosensor as depicted in Figure 1-C. Because the wicking material
in Zone 2 becomes largely transparent when wet, a considerable ction of the
luminescence is able to escape from the 2 mm depth of Zone 2 and reach the observer.

The success of this phenylalanine biosenser design depends on the ability of al]
observers ta both see the bioluminescence from Zone 2 and to determine when the light
ceases. The measured time between closing the biosensor and determining when the
luminescence ends is proportional to the ylalanine in the blood sample. A necessary
condition for success is that all potential users would respond in the same way for the
: concentration of phenylalanine. A number of factors affect human visual dark
¥, i.e., age, health, nutritional status, and most importantly, prior exposure to
ambient light and length of time to dark adaptation. There are two distinct phases of
dark adaptation. The first phase requires about five minutes and is primarily a response
of the iris to lower light flux. The second phase requires another 20-30 minutes and is
dominated by changes in the rods and cones of the retina,

Funding from a Phase I NSF STTR project allowed us to determine the visual
response of volunteers to both varying degrees of dark adaptation and a wide range of
photon flux which was provided by well quantified luminescence standards from Biolink,
Ltd. England. The NSF STTR addressed the development of an ATP sensor based on
luciferase catalyzed bioluminescence from luciferin. Our studies determined that prior
ambient light exposure was the dominant factor in the detection threshold for various
luminescence standards, However, given five minutes of dark adaptation all of the
volunteers were able to see standards having a flux of 8x 107 photons/second/sterradian
Or greater.

Our approach to this Phe biosensor includes a design wherein the observer places
the sample on the sample well and allows the reaction in Zone 1 to proceed for up to five
minutes while the observer sits a low ambient light level environment. The device is
then snapped shut and the timer is started as the reaction begins in Zone 2.
Luminescence begins virtually immediately and the observer continues to watch in the
dark until the light ceases at which time the timer is stopped. Based upon our findings in

hase 1, this prior dark adaptation of abour 5 minutes is sufficient to see the




The sensitivity of the Sigma phenylalanine kit (fluorometric method) is reported to
be 0.5 mg/dl. The reproducibility is from 7.1% to 12.8% and the recovery of added
phenylalanine ranges from 80% to 105%. It also requires a 2 hr incubation at 60 °C and
requ]ircs a fluorometer. It is clear that this method does not generate very accurate
resuits.

Table 5. The results of Sigma phenylalanine kit. The data are the average of
three tests.

Standard phenylalanine | Phenylalanine  concentration [ Error ]
| | determined with Sigma kit |
[0.8 mg/dl (0.05 mM) [0.71 mg/d] E .
[ 8 mg/dI (0.5 mM) [6.0 mg/dl [13%

20 mg/dl (1.2 mM) | 15.2 mg/dl | 24%

Recommendation from phase I final report:

The feasibility of a bioluminescent based direct reading biosensor for
phenylalanine measurement is established. The sensor can be in spatial mode or in time
mode. We will focus on the final design of sensor, the study of the dry reagents needed,
and prototype sensor construction and evaluation in the Phase II project.  The
bioluminescent assay should be optimized to enhance the intensity and sharpen the decay
rate of bioluminescence, which will enhance direct visual detection. ’

Experimental Design and Methods

During the phase [ study, we finished most of the evaluation work on the chemical
reactions in solution phase. The experiments in Phase II will focus on the design of the
prototype biosensor (Figure 1) and the optimization of dry reagents. The proposed
schedule for each Specific Aim is shown in Table 6,

Table 6. Proposed time frame for completion of specific aims
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bioluminescence which commences immediately after snapping shut the device, initiating
the reaction in Zone 2.

Part of the work in Specific Aims 3 and 4 includes enhancing the light intensity and
making the light decay curve steeper to enhance visual detection sensitivity (Figure 5).

2. Design and prototype the sample zone.

The spot for blood loading is designed to hold a 100 ul blood sample. A
cells/plasma separation membrane is placed on the open-end of the holder allowing
whole blood to enter the membrane. The maximum available plasma volume is about 60
pl.  We will evaluate two cells/plasma separation membrane, PlasmaSep Ls from
Whatman and Hemasep L from Pall Gelman Science. Both materials are designed to
separate plasma from whole blood in the lateral direction. The distance that clear plasma
travels will be measured. Reaction zone 1 (see Specific Aim 3) will be placed on the
point where the clear plasma starts. The plasma yield from the cells/plasma separation
membrane will be estimated. According to the data provided by the vendor (Whatman), a
60% recovery from available plasma or 36 ul plasma from 100 pl of blood sample is
possible. Although the capillary force is enough to wick the membrane, we will also
study the influence of gravity on the separation speed by changing the angle of wicking
plane.

3. Design and prototype the phenylalanine conversion zone (Reaction zone 1)

Reaction zone | includes two parts: a buffer adjusting area and a phenylalanine
conversion area. The total wicking volume in this zone is designed as 18 ul. An excess
of plasma will be retained in the sample zone and used as the driving force to wick the
plasma into Reaction zone 2 (see Specific Aim 4),

Because plasma is buffered at about pH 7.4 in the human body, a higher concentration of
glycine buffer at pH 10.6 will be used to guarantee the required pH of 10.5. We will

Specific Alms | 1]:”—5[ _\laeja.r(quu;er} 5 l scco"dﬁ-‘f"“{q“me” | menitor the pH change during the mixing of plasma and glycine buffer. The glycine
[ T Design of prototype ; = ! : | 1 |2 13 ! 4 _I buffer is_ then applied to lh_c wicking material. The male_rials for reagent dcposmorlt were
2 Design and _prototype th | - ! ! | | studied in the phase I project (see final report, Table 3). Polyester wicks (by Filtrona
Fagoia P g U (S [ | [ | Richmond) coated with surfactant (Triton X-100 or Tween 20) showed the best result for
a0 one { I | | reagent and enzyme stability. We will use this material to deposit the glycine buffer.

3. Design and prototype the [ |

phenylalanine conversion zone | | . I

4. Design and prototype the signal | | | -y | | [ |
F—— J : |
| 3. Design and prototype a tyrosine ' | i '
| channel | ' | ‘ |

Phenylalanine dehydrogenase is the only enzyme used in this zone. Because this
reaction (reaction 2) requires NAD" as a substrate, we will mix phenylalanine
dehydrogenase with an excess of NAD™ (10 mM or higher) to push the equilibrium of the
reaction toward the direction of producing NADH. A constant velume of enzyme-
substrate mixture will then be applied to the wicking material. The same material used
for buffer deposition will be pre-treated in a 1 mg/ml solution of bovine serum albumin to

transduction zone | |
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| long-term stability i | | | | | | phenylalanine dehydrogenase and NAD™ will then be IyuphillZ!Ed (see bcluw)_:. The
Final report T | i T T - phenylalanine dehydrogenase activity will be determined by adding phenylalanine and
= —— : ] measuring the absorbance at 340 nm,

a2




Immabilization of phenylalanine dehydrogenase on the matrix will also be
considered in the design of the phenylalanine conversion zome. The benefit of
immobilizing the enzyme is that it will not flow with the plasma when the biosensor is
closed, preventing possible interference in the signal transduction zone. A pre-activated
immobilization membrane, Immunodyne ABC (from Pall Gelman Sciences) will be used
to immobilize phenylalanine dehydrogenase. A pre-cut membrane will be incubated in
borate buffer (pH 10.0) at room temperature. Amine groups of phenylalanine
dehydrogenase will be covalently linked to the membrane at the high pH. The
microporods structure of this membrane provides a large surface area for enzyme
immobilization (300 cm” for each cm” of planar membrane). Assuming the area occupied
by one enzyme is 10" cm®, up to 50 nM of enzyme can be immobilized on 1 em?
membrane, which can provide enough enzyme activity for the reactions (e.g. convert
more than 1 micromoles reactants per min). The enzyme activity will be determined by
monitoring the NADH produced.

A primary concern regarding the practicality of our biosensor design is the long
term stability of the goveming enzymes and substrates. In this case we are most
concemned with the storage stability of phenylalanine dehydrogenase and NAD'.
Preliminary studies using a lyophilization process and several preservatives have shown
positive results (Phase I report). It now appears that our lyophilization process, as
described below, will effectively preserve the viability of the govemning enzymes and
substrates for long term storage at room temperature under desiccated conditions.

We will next scale-up the lvophilization process and study the parameters that
influence the stability of the assay. We will use a pilot plant freeze-drver (Virtis model
Genesis 12EL) with shelf temperature control capability and a minimum condenser
temperature of -70°C. It will be use to evaluate both freeze rate effects and drying
schedule effects. Drying schedules play a large role in determining how much water is
removed from the formulation. Several are mentioned in the literature (Carpenter (1988,
1997), Fagain). Evaluation of the glass transition temperature (Tg) will be performed
after the drying step to determine effectiveness of the drying and formulation. It is
imperative that the Tg should be above the expected storage/transportation temperatures.

As part of the lyophilization process, we will include several preservatives.
Polyethylene glycol (8000 M.W.) will be included as a freezing protectant (50 mg/ml)
(Carpenter, 1993). Trehalose will be included as a dehydration protectant (1'20 mg/ml)
(Crowe, 1993). Bovine serum albumin (0.3 mg/ml) will be included as a denaturation
protectant.  Afier mixing the preservatives with the phenylalanine dehydrogenase and
NAD", the solution is applied 1o BSA treated wicking material for preservation. There
may be some weak binding of phenylalanine to BSA- this possibility will be evaluated.
The sample is frozen at -70°C for at least one hour. The final step in the preservation
process involves removing the water from the reagent solution at high vacuum and
various temperatures. The moisture removal begins with temperatures near -30°C and
ends near room temperature. The drying process lasts approximately 24 hours. Once the
samples are dry, they will be stored at room temperature in dry air for extended periods.
The performance of the assay will be tested.

tyrosine (70%) (Asano, 1987). We will design a second channel that uses this enzyme to
determine the Phe plus tyrosine total concentration. This is similar to Shen’s assay which
uses a single enzyme, L-phenylalanine ammonia-lyase, to simultaneously determine the
concentration of phenylalanine and tyrosine (Shen, 1977).

The only difference between this channel and the phenylalanine channel is that the
enzyme used in the Reaction zone 1 has a different specificity. The same sample zone
and Reaction 2 zone design can be used in this channel. In this specific aim, we will
focus on the characterization of phenylalanine dehydrogenase from Bacillus sphaericus.
The response of this enzyme to phenylalanine and tyrosine will be monitored by the
production of NADH as in Phase [ study. The photon signal produced by bioluminescent
assay will correspond to the summation of phenylalanine and tyrosine concentration. A
subtraction of the phenylalanine signal from the summation signal provides the tyrosine
concentration. The calibration of this channel will be given in specific aim 6.

6. Assemble, calibrate, validate, and study the prototype and its long-term stability

The biosensor housing will be molded with a hole for sample loading and for
signal output (Figure 1). The wicking materials will be adhered by heat sealing, A foil
or hydrophobic membrane will be used to cover the bottom of Piece 1 and the top of
Piece 2, preventing the evaporation of sample and the contamination of the surfaces.
Both membranes will be removed just before the two pieces of the biosensor are snapped

closed.

The linearity of prototype biosensor to phenylalanine will be studied. Whole blood
samples will be purchased from Vital Products, Inc. The whole blood will be applied to
the sample zone of the prototype biosensor. The phenylalanine in plasma will be
determined by incubation for an appropriate time (determined in Aim 2) and then closure
of the two piece biosensor, which initiates the bioluminescent reaction. The time
required for the disappearance of bioluminescence will be measured. The biosensor will
be calibrated by adding known amounts of phenylalanine to the whole blood sample.

The detection limit of this bioluminescence based phenylalanine assay at this time
is 0.1 mM phenylalanine (Phase I final report). The dry reagent used in the prototype
biosensor requires no dilution of the phenylalanine/blood sample (compared to a 2.5 fold
dilution used in the Phase I study), thus a lower detection limit should be achieved.

Reproducibility of the prototype biosensor will be studied by people of different
ages and visual threshold characteristics. The reproducibility for the same person will be
reported. The variation of results obtained from people in the same group and from
different age groups will be studied. The personal accomodation method developed in
Aim 1 will be used to assess the variation from person to person. Compared with the
precision of well-established methods (see below), a 10% error should be acceptable.

The prototype biosensor will be validated using well-established methods. The
common Guthrie microbiological assay is a semi-quantitative assay that is not suitable to
validate our quantitative biosensor (Guthrie, 1963). The HPLC method for amino acid
determination (Campbell, 1992) and Quantase enzymatic assay (Dhondt, 1993), using
phenylalanine dehydrogenase and detecting NADH by reduction of tetrazolium salt, will
be used to validate the prototype biosensor. We will send the reference whole blood




4. Design and prototype the signal transduction zone (Reaction zone 2)

This zone includes three parts. The first part i1s the buffering area. Because the
optimum pH for bacteria luciferase is 7, the pH of NADH solution (pH=10.5) needs to be
adjusted in this area. The second part is loaded with bacteria luciferase, oxidoreductase,
aldehyde, and FMN. The NADH is "converted" to photons in this area. The third part
includes a pH indicator, which shows the signal transduction zone is completely filled
and the pH is correct. This indicates to the user that the sensor has been filled completely.
The total volume in the zone should be smaller than the difference of plasma volume and
the volume of Reaction zone 1 to ensure complete loading.

Phosphate buffer at pH 6.0 will be deposited onto the wicking material and
lyophilized as in Aim 3. The buffer capacity should be enough to make a solution with
pH=7.

The ratio of enzymes used in the assay is very important because FMNH; produced
by oxidoreductase quickly binds to bacteria luciferase and stays until aldehyde binds and
the production of light starts (Meighen, 1971). This mechanism prevents a fast non-
enzymatic oxidation of FMNH; (t,2=0.1 §). Hence, bacteria luciferase should always be
in excess to oxidoreductase. According to the Phase | study, the optimum ratio of
bactenal luciferase to oxidoreductase in solution is 4 mg/ml to 0.4 mg/ml (a molar ratio
of 3.3 10 1). We will use this enzyme combination to prepare the dry reagents. A
mixture of enzymes and FMN (final concentration 1 ul) will be deposited onto the
wicking material and then Iyophilized,

A long chain aldehyde (C-8 to C-12) is a key reactant in the bacteria luciferase
reaction. Such aldehydes are relatively insoluble and volatile. Development of a dry
dipstick sensor requires incorporation of the aldehyde reagent, together with FMN.,
bacteria luciferase and oxidoreductase, directly into the sensor material. Fortunately the
aldehyde can be stabilized in solid form as a tablet, pellet or powder. Indeed, decanal
tablets are available for use in bacteria luciferase assays. After the enzyme reagents are
deposited and lyophilized onto the sensor material. the powdered decanal formulation
will be deposited in the appropriate zone, The response of this dry reagent to NADH will
be studied with a CCD camera. The enzyme ratio and the substrate concentration should
be further optimized to get the maximum light intensity. The entire sensor will of course
be sealed in a foil pouch in & fully dessicated (and if needed, oxygen-free) environment,

Hydrion pH pencil (PGC Scientifics) will be used to mark the wicking material.
When the wicking material is moistened, the color will tumn yellow-green, indicating the
reaction zone is completely filled and the pH is 7. If the color tumns blue (pH=10), it
suggests the buffering zone has failed to adjust the pH to the correct value and the result
in the signal window is incorrect.

5. Design and prototype a tyrosine channel

Tyrosine is also important for the management of PKU. The use of a
phenylalanine/tyrosine ratio in PKU screening improves the test reliability by reducing
false positive and false negative results (Souza, 1998). The phenylalanine dehydrogenase
from Bacillus sphaericus showed specific activity to both phenylalanine (100%) and

samples (number of sample>30) to Associated Regional University Pathologists, Inc.
(Utah) for HPLC analysis. We will use the Quantase phenylalanine kit to measure the
same samples. The data obtained with our prototype biosensor will be plotted against the
data obtained from HPLC and the Quantase kit. The data will be analyzed by normal
statistical methods.

The long term stability of prototype biosensor and each of its components will be
evaluated. The dry components prepared by lyophilization will be stored in desiccators
without the light at 4 °C and room temperature. Although the design of sensor may be
modified during the storage period, long-term stability (up to 1 year) of the original
design will be determined.

Phase [II and commercial potential

The markets for this blood phenylalanine biosensor include in-hospital newborn
screening and the monitoring of dietary compliance for PKU patients. This instrument-
free biosensor will be a low-cost device which is designed for neo-natal nurses,
pediatricians and family practitioners. This biosensor will be the first product in our
amino acid analysis series. The complete amino acid analysis line will increase the
acceptance of this biosensor in the market.
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