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TITLE OF AFPLICATION
Calcium Biosensor Based on Bioluminescence
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R. Van Wagenen, Ph.D. Protein Solutions, Inc. Principal Investigator
C.-Y. Wang, Ph.D. i " " Research Scientist
R. Scheer, Ph.D. * 2 " Research Scientist
J. D. Andrade, Ph.D. . 4 * Advisor

ABSTRACT OF RESEARCH PLAN: State the application’s broad, long-term objectives and specific aims, making reference 1o fhe health-

) D ‘r be concisely the ressarch design and methods for ac i hese goals and discuss the potential of the
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This proposal addresses the assessment of a bioluminescence-based biosensor for quantification
of calcium using the calcium sensitive photo-protein aequorin.  Aequorin is sensitive to free
calcium in the 1 - 100 micromolar range. The 1 - 3 millimolar normal piasma concentration of
Ca++ is one to two orders of magnitude beyond the aequorin detection range. Conseguently,
aequorin has never been seriously considered as a sensor for extracellular calcium. This work
proposes a solid phase “dilution” step which will precisely decrease plasma calcium by the
necessary one to two orders of magnitude necessary to get the Ca++ analyte level into the range
where aequorin can react with it. The aequorin - calcium titration will be performed in both space
and time while imaging the biosensor strip with a small, inexpensive CCD based luminometer
The final result is analogous to a glowing thermometer, where the length of the bicluminescence
glow represents the analyte calcium concentration in the sample. This approach allows a unique
and effective approach to calcium sensing which is compatible with other bicluminescence-based
sensors for a wide range of metabolites. This will make possible the incorporation of a calcium
channel into a multi-channel test strip applicable to specific disease diagnosis and clinical needs.

Provide key words (B maximum) ¥ identify the research or technology.

calciumn, aequorin, bioluminescence, biosensor, CCD, luminometer, titration, plasma

Provide & brief summary of the polential commercial applications of the research.

A need exits to monitor serum calcium for the proper nutritional balance and clinical treatment
of malnutrition, osteoporosis, parathyroid pathologies, pancreatitis, and renal dysfunctions.
Frequent, but inexpensive, monitoring of calcium would pay long term dividends in minimizing
the pathological results of these conditions
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genen, Richard A
Principal Investigator (Last, firs!, micidle): Van Wagen :

Budget Justification

stion pages it necessary, describe the specific funclions of the persornel and consultants, Reed the

tions and justity costs

Dr. R. Van Wagenen (VP for R & D) will serve as the Pl. Rick has extensive background in interfacial phenomena
and optics and spectroscopy instrumentation. He is currently the Pl on our NSF Phase || STTR grant to develop a
quantitative ATP detection platform using firefly luciferase. His background in bioluminescence, and luminescence in
general is of critical importance to this project. Rick also has extensive experience in SBIR/STTR and indu
project management. Dr. C.-Y. Wang will serve as Research Scientist on this project. Dr. Wang is a biochemist
and an expert in the application of firefly luciferase to bivsensor development and applications. He and Dr. Van
Wagenen have worked closely together for the past two years. His role will focus primarily on the protein
biochemistry aspects of the project. Dr. Rob Scheer is also a Research Scientist who serves both part time with the
company and also as a member of the faculty of the Department of Materials Science and Engineering at the
University of Utah, His role will focus primarily on the sorbet substrate chemistry and engineering tasks. Q. Luo is
presently a Ph.D. student in the Departiment of Materials Science at the University of Utah under the direction of Dr
J.D. Andrade. Mr. Luo will complete his Ph.D. studies in late 1998 and, assuming this SBIR is funded, will assume a
post doctoral - scientist position in this company. Mr. Luo's Ph.D. studies deal with the development of a thin layer
device for high resolution protein separation. M. Hammer is a lab technician with the company. Equipment: Funds
are requested to purchase a UV-VIS spectrophotometer for the characterization of most proteins utilized in this work
(concentrations, activity determinations, etc.) Supplies costs include sorbent media, chemicals, buffers, papers,
ranes, supports, analytical supplies, biochemicals, and general Iab supplies. Travel funds are requested to
attend two national clinical chemistry meetings dealing with the metabolism and clinical aspects of calcium
bicchemistry. Other expenses include clinical lab analysis costs assoclated primarily with the local company ARUFP,
Inc. a8 major clinical chem laboratory for the western U.S. and partial membership in the Center for Biopolymers
al Interfaces, a university/industry consortium at the University of Utah which provides us with full and extensive
access ta research and resources and interactions with professors, students and staff at the University of Utah.

Resources

FACILITIES: Spacify the facilities to be used for the 1 of the proposed research. (The research to be performed by ire appic
5 concem and its collaborators must be in facilities that are avaltable to and under the control of each party for the conduct o
s portion of the proposed project.) Indicate their ca.nacn‘les perfinent capabilifes, relative pr
Include Iax:oraraq.- clinical al, computer, and office facilties at the applicant small business concem and any other P
. E suppor sarvices such s secretarial, machine shop, electronics shop, and the extent to whic!
H'a‘e?ngo"'l’uu%%? Tic (BN actiniae T A0 SEIE feet of research, laboratary, and office space located in
Research Park adjacent to the University of Utah. This space Includes a chemistry lab, a biology lab, an optics lab,
conference room and two offices. The space and laboratory equipment (nated below) are adeguate for the work
proposed with the addition of the equipment funding requested in this proposal. Office equipment is standard and is
adequate to address the administrative aspects of the proposed project, i.e., computers, laser printer, copy machine,
FAX machine, etc. The company has licensed technology from the University of Utah in the area of bioluminescence
for biosensor development.  The company is also a member of The Center for Biopolymers at Interfaces (CBI), a
state - university - industry consortium 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) fee for service access to many
analytical services at the University of Utah at very low rates, e.g. the SEMITEM facilty, the Surface Analytical Facility
(XPS, SIMS, efc.), (2) access to specialized laboratory equipment in the departments of Bigen wgineering (Optics
Laboratory), and Chemistry (analytical biochemistry labs), and (3) access o faculty members who can provide
expertise on a consulting basis
I-!AJOH EQUIPMENT: List the most important equipment items alraady gvaiable for this project, noting the location and padinent capabilities
of each
Basic laboratory equipment includes analytical balances, stirrers, hot plates, a fume hood, oven, pH meter,
waler baths, HEPA filtered laminar flow air work areas, steam autoclave, reverse osmosis - fillered water, light
microscopes, Turner Designs luminometer, cameras, vacuum system, a gel electrophoesis system, -85 C freszer,
and lap top computers. A charge coupled device (CCD) array camera and associated computer and controller
are also available for the recording and quantitation of luminescence experiments to supplement the luminometer.
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A. Specific Aims

1. Select, obtain, and characterize available aequorin reagents, including chemically modified and
genetically engineered sources. Determine Ca™/aequorin titrations using standard calcium
calibration buffers. Test the sequorins with respect to stability to various lyophilization
protocols and evaluate their suitability for dry reagent application.

2. Determine the suitability of the optimum aequorin preparation for monitoring total and “free”
calcium by quantitative dilution from the 1-3 mM normal plasma range to the 10-100 microM
acquorin binding range.

3. Evaluate the binding characteristics of various calcium binders (“sponges”) and assess their

appropriateness for decreasing
effect of physiologic concentrat
selectivity of binding.

4. Given the data and experience from Specific Aims 1-3, develop an optimum homogeneous
solution method for measurement of calcium, using the quantitative calcium binding approach

recific Aim 3 to achieve an “effective dilution” of calcium concentration, Measure this
calcium concentration via aequorin.

5. Given the data and experience from Specific Aims 1-4, revise the preliminary design for the
calcium test strip (Figure 1), incorporating means to deposit sample, means to transport sample
through the calcium binding zone, and means to deliver the sample (reduced in calcium) to the

n zone. The aequorin zone is arranged so that calcium is consumed (and light emited)

sample passes through the zone, until the calcium is so depleted (< 1 microM) that it no

longer triggers aequorin bioluminescence,

lcium concentrations by a factor of up to 100. Consider the
ns of Mg (~ 2 mM) on the calcium binding. Assess the

Phase 11

lop, test, optimize, and validate the calcium
biosensor. Consider its reproduc v, its stability, and means to provide a “free”
1 and a total calcium channel. We also propose to dev op an independent Mg channel using
ATP firefly luciferase reaction’s dependence on Mg concentration (6). We also propose to
develop a phosphate (HPO,) channel so that the final sensor will provide a quantitative measure of
Ca/Mg/PO,

We will address modification of our existine CCD imaging luminometer to optimally
measure the time and space-dependent light outputs of this unique Ca-aequorin sensor. Finally,
we will extensively test the devices and validate it against standard methods (atomic absorption/TICP
IMass spectrometry )

with Specific Aim 5 (above), deve

B. Identification and Significance of Problem

Calcium is critical. Plasma calcium levels are very tightly regulated in about the 2.1-2.5
mM range; nearly half of that is “free” calcium, which is in the 1.0 to 1.2 mM range. Hypo and
hyper calcemia are extremely serious conditions which require immediate attention (Table 1),

Caleium is so tightly regulated that the normal plasma level does not actually reflect calcium
status in the tissues. The calcium reservoirs in the bone and in other tissues are appropriately
mobilized, as is calcium absorption from the gastro intestinal tract, to maintain very tight control
over plasma calcium levels. Vitamin D metabolites and parathyroid hormone are critical
components of and participants in calcium homeostasis (1),

Hypo and hyper calcemia are connected to a wide range of disease states, including many
forms of metabolic bone disease. A more complete evaluation of hypo and hyper calcemia
involves measurements of phosphate, parathyroid hormone, active Vitamin D metabolites, alkaline
phosphatase, and magnesium. Generally, this is done in 2 sequential decision tree fashion (Figure
2}
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Serum Urdne
Ukaline
Disease CF* HPO;” PTH Phosphaase Ca**  H,PO,"

Primary hyperparathyroidism 1 | 1 Nt I I
Renal oatzadystrophy 1N 1 t 1
Vitamia D deficiency (rickets or osteomalacia) N, | | t t 1 t
Hypoparathyroidism ) 1 } N i 1
Pseudobypoparathyroidism 1 I 1 N | |
Vitamin D -resistant rickets N | Nt 1 1 1
Renal ubular acidosis N, | } N, 1 ¥ 1 T
Fanconi’s syndrome N | | N { t ] 1
Idiopathic asteoporosis N N N T N N 1 N
Paget’s disease N, N N t N, 1 N
Hypaphosphatasia N, N —_ 1l N N
Vitamin D intoxication T N1 i N 1 1
Fibrous dysplasia N N N 1 N N
Osteogenesis imperfecta N N = N N N

is N N — N i N

1 = increase; ¥ = normal: § = increase or docreass; | = decrease | | = grear docrease,

Table 1. Some of the clinical conditions associated with hypo/hyper calcemia (Ref. 1, pp. 179).

Calcium

Chelators? Renal Failure?
Sepsis? Drugs?
Panereatitis? Hyperthyroid?

hypoMg £ suppression
hypocalcemia T of parathyroid

Hypoparathyroid;
Hungry bone syndrome;

Pancreatis ‘ - -
Dietary Primary or Malignancy;  Chronic
2t excess tertiary Hyperthyroid:  renal
hypes- Vitamin D failure;
i parathyroid; Excess; Recovery
bow High Familial sarcoidosis from
Vitamin D Chronic renal hypocalciuric acute
deficiency failure; pscudo hypercalcemia renal
or defect hypoparathyroid failure

Figure 2. A typical decision wee for the diagnosis of disorders associated with hypo or hyper
calcemia. Mg refers to serum magnesium conceniration, PTH to parathyroid hormone; PO, to
serum phosphate (HPO.. H,PO,) (Ref. 2, pp. 390-392).

It is important to note that calcium measurements within the same individual vary only
about one percent and the normal value between individuals in controlled populations is about four
percent (3). Because of this relatively tight regulation and contrel, calcium analysis must be highly
precise and reproducible to be clinically useful.
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In addition to “normal” pathologies associated with calcium concentration (Figure 2), the
“calcium hypothesis™ is now receiving increasing attention in the area of brain changes due
aging, particularly in Alzheimer’s disease (4). Although this hypothesis relates primarily to intra
cellular calcium concentration effects, it is leading to a growing interest in the measurement and
analysis of extracellular calcium, particularly time dependent trends in extracellular calcium
homeostasi ) e
In summary, calcium measurements are most useful in four clinical areas:

Differential diagnosis of hyper calcemia
Renal disease
Monitoring of neonates

Surgery and intensive care
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Fig. 3. Influence of reaction conditions on sensitivity of sequorin to Ca®*. Curves were drawn from
experiments of the type shown in Fig. 2._(A) Influence of monovalent salt concentration. Concenira-
tions of K* a3 indicated (mM). 1 mM EDTA and | mM CDTA were used a5 calcium buifers. For the
curve in 3mM K°, 1 mM PIPES was used as the pH bufTer, in all other curves the concentration of
PIPES was § mM. The balance of the sslt conceatration was made up with KO Temperature 21°C, pH
(8) Influence of [Me*"], Concentrations of MgCl; as Indicated {(mM). Curves were determined
h 1 mM EGTA as the only calcium buffer. All solutions contsined 150 mM KO, 5 mM PIPES, pH

Temperature 21°C (C) Influence of tempersture. All curves determined in solutions containing
150 mM KC1, § mM PIPES, pH 7.0. The pH of the soluticns was adjusted to 7.0 st each of the temper-
atures studied; | mM EGTA was the only calcium baffer ased. (D) |nfluence of pH. Curves determined
in solations containing 150 mM KCl, § mM PIPES, pH 6.6 and 7.4. Both EGTA (1 mM) and CDTA
i1 mM) were used &3 calclum buffers.
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There is also growing interest in the nutritional area with respect to osteoporosis. Many
studies have shown that calcium supplementation has beneficial effects on bone m: both in
children and adults, and particularly in post-menopausal women. There is significant concern that
a major percentage of the population has subadequate calcium dietary intake. Such dietary
behavior is not normally reflected in the circulating plasma level because calcium is mobilized as
needed from bone and other storage depots.

There is, however, a very recent study which sug
indeed correlate with Vitamin D activity (30).

There are a number of different ways of measuring calcium clinically. The most aceurate is
atomic absorption or inductively coupled plasma mass specirometry (ICP-MS). These methods
otal calcium. Ionized, or free calcium, can be readily measured by calcium
specific ion electrodes and by various types of flucrescent probes, The balance between “free” and
“bound” calcium is a function of the binding constants involved—the binding with the calcium
sensor or indicator in contrast to that of plasma protein. For example, the binding constant of
aequorin for calcium is in the 10 microM range, which means that it will readily displace so-called
bound calcium in plasma, which is normally bound with millimolar binding constants. Thus, a
standard calcium measurement using aequorin in plasma produces a value which is close to that of
total calcium (14, 15).

There are various enzymatic methods for assaying calcium generally based on calcium-
based activation or inhibition of enzyme activity (7-15).

The use of aequorin for serum calcium measurements was considered in @ number of
preliminary papers some years ago (14, 15). In the appropriate concentration range, aequorin 1s

ests that precise levels of calcium may

€xq ly sensitive for caleium. The aequorin calcium binding or titration curve is Very steep.
This is because aequorin actually binds two to three calcium ions, meaning the relationship

between aequorin luminescence and calcium concentration is highly exponential. Figure 3 shows
that the response is not particularly sensitive to ionic strength (upper left); to magnesium ion
concentration in the physiologic millimolar range (upper right), to temperature (lower left); or to
pH (lower right).

A “problem” with the interaction between aequorin and calcium is the very rapid flash
nature of the response. This is generally considered to be a great disadvantage for routine calcium
measurements. We will show in the next section how this can be used effectively to develop a
highly precise and quantitative calci ensor. Those very factors of the calcium aequorin reaction
which are often considered to be “difficulties” (16) can indeed all be made to be advantages or
attributes, given the appropriate design (Figure 3).

C. Relevant Significance

Protein Solutions, Inc, (PSI) is committed to the development and eventual marketing of
“simple,” easy-to-use, inexpensive, and highly quantitative and reliable test strip-type sensors for
use in point of care testing and in the home environment.

The synthesis and degradation of practically all biochemicals are dependent on the two key
molecules of bioenergetics:. ATP (adenosine triphosphate) and NADH (nicotinamide adenine
dinucleotide). These molecules are the fundamental basis of bioenergetics and are involved in all
life as we know it. PSI has applied ATP and NADH-specific bioluminescence reactions to the
monitoring and measurement of a range of common metabolites.

Our goal is to provide means for the simple, quantitative, direct analysis of carbohydrates,
amino acids, vitamins, and other low molecular weight molecules of interest to metabolism,
metabolic abnormalities, nutrition, sports and physical performance, and related areas, including
the biotechnology and bioprocess industries.

Our approach is based on a relatively well known but litle used curiosity of biology:
bioluminescence (37, 38). The bioluminescence in fireflies is based on an enzyme catalyzed
oxidation reaction utilizing ATP as a highly specific co-reactar 1e bioluminescence of marine
bacteria is closely coupled to an NADH dependent enzyme reaction. Thus, mother nature has
literally handed to us two unique, different, ultra sensitive and highly specific reactions for the
measurement and monitoring of ATP and/or NADH. The readout is photons, green and yellow in

15




the case of the firefly reaction, and blue in the cas i
ie case-of the \ “tion, | I > case of the bacteria process, ¢ reactions :
iisjirggr:zﬁ#\};o a:_:fls?u.Lgt_uam'e for ATP or NADH over a five oilj' more :JrgeI:'L QIFQ;EE:?L (:jm
e reacu't:)eni U2 ince all of biochemistry depends on ATP or NADH, pracLEC:E.llvualle
o on m?mt_ored via bioluminescence. Nature has also provided aequorin
it el FFESIEIT? calcium—the subject of this proposal. We are now in the prcn::.]css of
W glg devices .'91- the analysis of galactose (24) and phenylalanine (31) i
roach to Biolyminescence-Based Analysis:  Although bi;;[umincsccncc

Sim

analysis 1s well known 3 7

dirlif:a] !::Eo\:;gniiﬁ‘;; and has been used regularly in research, in analytica] laboratories, and
y ! $ (37), it has not been widely applied outside of thos e a s

Teasons: J ol those specialty areas for several

1. The exguisite sensitivity
Site sensitivity for very low ATP ¢ Ici i
S 2 Y for very Or calcium concentrations has encou
itpﬁ;; :L‘;{:‘::{;htd:fc}—?;ﬂ:l:ul(;} lhﬂfse protlﬂems where such semsitivity is indeed necdegge']ghie
: n of an ultra sensitive technique and he L
o o _ Sens e and has not /
Thesigggilrzfg:hiergiésr?;"m“j of;n“]-‘"‘:”' in the mjumnmi:;] to millimolar r:mm?"3 ke
: >S5, 4 5, dnd other reagents involved have devel F aatati -
f;;r:emha[ f.-:t:}]e, unstable, and perhaps difficult Lo utilize > CENEiapes L ispution of cing
nat = bi inescence raacti g 9!
nectssa—;f?ﬂud‘:g;“bloiur:iuncu.ence reaction, and in particular its complex kinetics made it
Hoth oy i e E{r?plh mixing tec_hmqqe.\' and to utilize an instrument capable of :'»r.‘nsEn' I
sensitive, and theref: 18 LI’ Application of trace concentrations required, in addition, a hi ﬁlf
mpuluunﬁ = rcqur;:ri:? .:ﬁ .‘.::|’|(\er expensive, luminometer. Thus, the technique eI\'olvfd a
: g nsive ins cise :
analysis protocol. pe: instrument, and a precise and somewhat sophisticated

[

]

About five years ago. w he e
NADH-bas o d o 880, We became convinced that ATP-based firefly inesc
nu_\nimﬁn;?se?&iétﬁd hio!unu“c.wmm could serve as a highly specific and \!‘Lrlzl::ir\re: len:.?e o
minimize the prob]é-r;nc' n& eé—‘ff.ﬂu_n to develop an ATP detection platform which would OES;]:E ﬁf
S noted above. This platform has been under development for the p&c;

several years, We are now in (he i
ye rocess / ! I
approach is based on the following co%sid;;:it;:;gnempmg = AT oo s

‘Zir'!gflnhilfr;: ;I:-?ﬁ.uiog) C?jmm“nny knows how to express, produce, and purify
: litures and processes, Indeed re inant fi ¢ 4
been. known o sevei + recombinant firefly
, several decades now, and rec i
Pty it ; : s ombinan >
:}L&l.ti't_nk. as is recombinant aequorin, bigm. foe
e biotec] . ; e
et L:::::{I:O,a dﬂnti‘ protein pharmaceutical industries have leamed how to formul:
(35, 36). We udé‘;;;’;‘;&““&;‘c?f}’ ‘cl’]';l?l“d enzymes with considerable retention r;fn::llrl\iit;
2 = mnstability of firefly lucif; i z
understanding A > ol efly luciferase usin =
3. A reaction Eﬁlsgda‘c_m]airit\:] ;{)[ge dem[hummn of proteins at interfaces and El sﬁﬁnﬁﬁ?fm'
\ oduces otons has 4 5 - e
roblems associated with « photons has many advantages. On : i the
Eur m;:ir :L;f;:iirttil‘ 1\:1 ;tch color Perr;cptmn. as in the case of reflectance colir?r‘:i:;m(i)l;; [bc,c;
ght s €, a5 In the case of fluorescence spectrose 4 .
electrodes et e fescence spectroscopy. One doe
s fand their tende ncies to become contaminated or to partici ‘EZ in sid A not require
of much of analytical electrochemistry. P I side reactions, 43 in

Proteins via simple
and bacterial luciferases have
fly luciferase is commercially

Practically all scientists, laboratory it
lra senorty Ly all scientists, dtory technicians, and even patients co i : ;
however, that Enoc]:‘tlbt]\'i.tllﬁ]l?bltlanfl nexpensive photon dr:[ecmrg: their U“i'_flllf:ﬁ-:pp‘i?c ‘::g!l I“FJ
OF), it ot Mok :1.;:&:.-?1: analysis is dependent on the Measurement of an mt:;?: :
el e e okl hur:lj ber of pﬁo_lonb. the integral of the intensity-time curve can also b:
e unreliaf.:ln ;}e is incapable of integrating photons. The eye is ‘a.isu a highl
accommeodate, to adjust its sen:iri‘.‘-:frt?:grpt;:ofg: lf?iljxl menii ty. The human eye’s incredible abiiit%,' Ii
an analytical or quantitative measure of photon ﬂu‘.v.r.m :Isstlrl ‘L?;:} r?ﬁf:gﬁz?ﬁsﬁd L;:e o
! 3. 3 site photon

e

sensitivity is really only manifested under dark adaptation conditions, which require twenty to
thirty minutes of accommodation time for maximal sensitivity.

We appreciated, however, that the human eye is unsurpassed as an imaging device—as a
position sensitive detector—with sophisticated and sensitive means to perceive changes or
differences in relative photon yields as a sensitive function of position. We, therefore, undertock a
means to transform the guantitative analytical signal from one relying on relative intensity to one
relying on relative spatial position. Our current work involves both approaches, the more or less
conventional intensity-based approach, and a spatial or position approach. It is the spatial
approach to analysis which helped us evolve the spatial “titration” idea which is the basis of this
proposal (Figure 3).

Our sensors are designed for discrete samples, measured using a simple disposable device.
Both the device and the sample are discarded. For medical and clinical purposes, the sample of
choice is generally blood, usually derived from a simple lancet-based fingertip, earlobe, or heal
prick. Modemn micro-lancets are almost painless and can readily generate a one hundred to two
hundred microliter droplet, adequate for the devices described, even for a multi-channel device or

anel.

3 Most common analytes in the millimolar range can be detected and measured by ATP or
NADH bioluminescence using a disposable analytical device which can be directly read by the
operator or patient. The devices have the appearance of a glowing “thermometer,” with the length
of the glow either directly or inversely proportional to the concentration of the analyte of interest
(31). In the micromolar range, the same approach utilizes a simple luminometer, somewhat
analogous in application and cost to the present generation of sophisticated glycometers for the
measurement of blood glucose. Analyte concentrations in the nanomolar to picomolar or below
range require a more sensitive analytical instrument, expected to cost in the range of one to two
thousand dollars.

Our goal is to design and produce disposable analytical devices in the dollar range. We
also expect to develop and produce multichannel, multianalyte devices appropriate to the
monitoring and management of various metabolic diseases, sports and physical performance
assessment, and nutrition assessment,

Figure 1 presents a very preliminary view of our conceptual design for a calcium sensor
based on immobilized aequorin. Imagine a small, sandwich-like device, approximately one half by
two or more centimeters with the two sides or plates about 200 microns apart. A blood droplet,
perhaps 200 microliters, will be deposited at the far left (not shown) and drawn into the device by
capillarity. There will also be a cell separation step at this point so that only plasma is being drawn
into the sensing region of the device. This is analogous to what is already done by most of the
over the counter dipstick blood assay devices, including those for glucose, cholesterol, and the
hormone assay for pregnancy testing.

The “problem” is that the circulating ealeium concentration needs to be decreased 10 to 100
times so that it falls within the binding curve for aequorin (Figure 3). This could be done by
simply using aequorin as a binder for the small volume of solution. As a millimolar concentration
of calcium correspond to micromoles per milliliter, or nanomoles per microliter, approximately
milligram amounts of aequorin would be required to consume the calcium in 100 microliters of
plasma sample. Although aequorin is now available in recombinant form and is not exorbitantly
expensive, it is not practical to use milligram amounts of that material. If one had a means to

simply dilute the 100 microliter sample by a factor of 10 to 100, then the calcium concentration
would be in the appropriate range. However, the design of a test strip/dipstick-type assay would
be more convenient and easier to use if an additional dilution step would not be required.
Fortunately there are other agents which will bind calcium with binding constants even greater than
that of aequorin. These agents include EDTA and EGTA, and their variants, which are widely
used to produce calcium buffers to purge or clean solutions of residual calcium and generally to
make possible experiments of the type reported in Figure 3. By employing such a chelate with a
binding constant for calcium in the nanomolar range, one can “teat” the hundred microliter,
millimolar level calcium solution and drop the concentration down to a predetermined value, by
precisely controlling the amount of binding agent employed.
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Imagine that this has already been done in the device of Figure 1. Now assume q']?.ll
solution, perhaps 100 microM in calcium, enters the sensing region of the device. That sensing
region includes an aequorin gel on both aces with the approximate d!mcnsmns indicated in this
very preliminary conceptual drawing. We are estimating about 10 micrograms of aequorin per
millimeter of device length (in the 2 wi% gel, about 50 microns thick and 5 mm wide). As the
fluid enters the device, it will by drawn into the dehydrated aequorin gel, rehydrating it and causing
a flash of light as the active aequorin binds the calcium. The entire device is within the sensing
region of the CCD luminometer whose shutter is open so the flash of light is detected and recorded;
its spatial as well as temporal position is known (Figure 4).

As the fluid continues to move into the device, the remaining calcium continues (o activate
asqueorin, resulting in continued light emission. This will continue until the calcium level is
dropped, as indicated in Figure 1. A high concentration sample, perhaps 3 mM, will require most
of the length of the device before the calcium is depleted and no further bioluminescence is
activated. A low calcium sample, perhaps | mM, will become depleted to the 100 microM range in
the left most region of the device.

What the device does is basically provide a calcium-aequorin titration curve in one spatial
dimension. The CCD camera is operated in an open shutter full integration mode. The spatial
sensitivity of the CCD provides an output similar to that in Figure 1, bottom panel. Basically the
calcium concentration is now read directly as the linear position of the light. There is, of course,
much work to be done in optimizing that curve, determining the best position or positions to re
on the curve, and in general in enhancing the sensitivity and suitability of the device. Again, this is
a very preliminary, conceptual drawing at this stage in its development.

The right panel of Figure | represents a magnified view of the flow channel of the device.
A few “back of envelope™ calculations will verify that this is all indeed possible. This device can
be thought of as a solid state and spatial analog of a more conventional dilution and aequorin
titration assay, as in Figure 3.

The specifications for our calcium sensor are to cover the range of 0.8 to 3.2 mM with a
precision of 0.03 mM. These are very tight, difficult specifications, but, if met, they will indeed
allow plasma calcium measurements sensitive enough to meet the needs and challenges of modern
studies such as reported in references 28-30.

D. Experiments and Methods

The goal of this Phase I feasibility study is to obtain the data and experience with which to
develop a pre-prototype test strip format calcium sensor based on aequorin bioluminescence.
Although we have presented a very preliminary view of the sensor in Figure 1, it is likely that the
pre-prototype device which will result from these Phase I studies might well be very different from
Figure 1.

The purpose of these Phase I studies is to obtain the data and experience from which a
design can evolve and from which a pre-prototype can indeed by constructed. Assuming this all
appears feasible, as we expect it well, much of the Phase I project will deal with the actual
development, refinement, optimization, testing, and validation of the test strip caleium sensor.

c Aim 1: Aequorin
Aequorin has been extensively studied and developed for clinical assay application. The
material is produced by Sea Lite Sciences and distributed via a number of vendors, including
Molecular Probes, to the research community. Although it is relatively expensive in research
quantities, even that cost is manageable for its use as the key component in this calcium biosensor.
We have been assured that industrial production quantities of aequorin will indeed be available at
much lower quantity prices. We have already had this experience with firefly luciferase, also
readily available by recombinant means. Although the material is quite expensive for research
quantities, its cost in bulk quantity lots is decreased by one to two orders of magnimde.

We will work very closely with the producer and suppliers of recombinant aequorin. The
handling of aequorin is well described in the literature and a number of key groups have
considerable experience (18-20). One would think that the protein would be particularly labile and

Speci
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delicate to use, because it is so readily triggered to luminesce by contact with calcium. Although it
is extremely sensitive to calcium in the micromolar ra and up (Figure 3), it is actually quflc a
robust and tolerant protein. It has been used in a variety of analytical methods for the analysis of
enzymes, measurements of antigens, and for the detection and quantitative measurement of
proteins in general (38). Many groups have developed immuno assays using aequorin as a label
and it is widely used for the study of intracellular calcium hioch:mmu&. stability under various
response to lyophilization has also been well characterized.

storage and handling conditions and its
nant protein is remarkably stable under normal assay

“These studies indicate that the recor
conditions” (20). It is normally formulated and stored with approprate chelators to minimize
inadvertant activation and discharge of the protein due to binding with residual amounts of calcium
which may be present in the formulation or introduced during handling. The lyophilization
protocols and the reconstitution of lyophilized aequorin have also been well described (20-21).

_. We may choose to acquire and characterize a number of modified aequorins with different
sensitivity to calciom ions (17). We may also evaluate a number of other aequorin-like
photoproteins which have slightly different calcium interaction properties.

PSI has experience with the lyophilization of firefly luciferase and of the guite labile
enzyme galactokinase and with the stabilization of these proteins in low melting agarose gels (32)
We should have minimal problems with the formulation and handling of :;erquuc\rin for the “dry
reagent type applications required in this project. s ’

Specific Aim 2: Dilution Assay

This Specific Aim is really very straight forward. It simply involves
similar to that utilized in the original pioneering st D
calciurn assay (14-16), but with highly precise contre

leveloping an assay
» on the application of aequorin to plasma
- ut wi ol over the dilution, aequorin concentration,
d photon detection. We will also perform a number of protein separation studies to get at the
question of free versus bound, i.e. total, calcium. It is generally believed that, because of the
binding constant issues discussed earlier, acquorin does indeed measure total calcium (14, 15).
We do want to characterize how much residual submicromolar caleium is present in normal plasma
samples. The calcium assays will be done by ICP-MS using protocols previously developed by
the University of Utah and ARUP Ine. (32). ARUP, Inc. is a major clinical chemistry lab across
the street from PSL. ’ a

Specific Aim 3: Calcium Binders

The experience gained in Specific Aim 2 will allow us to the optimum conditions for the
measurement of plasma calcium. But, as noted earlier, a dilution protocol is inappropriate for our
sensor design and its expected applications. We essentially have to perform a solid state
“dilution”, This can be thought of as a quantitative precipitation of calcium or a quantitative
binding of calcium with the precision necessary to decrease the concentration to the 100 or so
F-!:cm.-\I‘runge which can then be used for an acquorin based spatial titration as noted earlier in

“lgure 3.

We must therefore evaluate the binding characte of the available binders, sometimes
called calcium “sponges,” assess their binding constants for calcium. and their interferences with
respect to other ions and species present, particularly magnesium ion. We will also study their
handling acteristics and their ability to be processed and wtilized in a dry reagent format and
reconstituted readily. We will evaluate the available high affinity ealeium binders based on EDTA
and EGTA and particularly the commercially available BAPTA derivatives (22-26). For example
the Dextran conjugated BAPTA calcium sponge can reduce free calcium levels to the nanomolar
range (22). There is, of course, an issue of the cost of these CHELATES and their potential
availability in industrial quantities. These issues will also be addressed during this Phase I study.

The goal will be to select an appropriate calcium precipitant or binder which can meet the
needs of Figure 1.

Specific Aim 4: A Non-Dilution Assay




The basic binder information obtained in Specific Aim 3, coupled with the characteristics of
aequorin (Specific Aims 1 and 2), will allow us to develop a solution assay for plasma calcium
which avoids the dilution step. The “diluti is accomplished by binding or precipitation. The
goal here will be to demonstrate that we can have effective control over this method of decreasing
the calcium ion concentration to produce a solution assay with the range and precision required.
This solution assay will be tested and evaluated against more standard solution assays and
measurements of plasma calcium (1, 2, 34).

Specific Aim 5: Preliminary Sensor Design

The purpose of Specific Aims | to 4 is to provide the information and the experience with
which to fully reconsider the de and preliminary concept given in Figure 1. Knowing the
binding curves for both the chelates/binders and the aequorin, and knowing the role of possible
interferents in plasma on those process, we will be in the position to design and develop the pre-
prototype sensor.

Let us refer back to Figures 1 and 4. Clearly the test strip device (Figure 4) will have a
zone on which the blood sample is placed. That sample zone must include a membrane or filter
which retains the cellular components and transmits the plasma. A constant volume of the plasma
is wicked via capillarity into the chelate/binder region (still at the far left—and not shown—of
Figure 1). This wicking process will also serve to remove, by non-specific adsorption, the plasma
proteins, resulting in a largely protein-free “plasma” delivered to the chelate/binder region. Our
group has had considerable experience with protein adsorption (39) and with protein
chromatography (40). Mr. Q. Luo has worked extensively on these problems and will be largely
responsible for the “left-side of Figure 1.”

The quantitatively depleted calcium-containing “plasma” then enters the aeguorin region,
where it rehydrates the thin aeguorin/agarose gel, eliciting bioluminescence, and further depleting
the sample of calcium. The sample is pulled through the entire device and into an absorbent
reservoir which then luminesces, indicating that the test is complete. This will result in a thin zone
of light at the far right of the device, which will “tell" the instrument ( ‘igure 4) that sufficient
sample volume has been processed for a reliable test. This bioluminescence will be triggered by
liquid sample, activating lyophilized firefly luciferase, luciferin, and Mg-ATP.

This is somewhat complicated. Sometimes very simple devices (simple to use) are actually
complex and sophisticated. Our “simple” test strips are no exception. Fortunately, much of the
“left-side of Figure 1" is routinely accomplished in many “dip-stick” analytical devices.

So, there are many tasks here:
1. Sample (blood) placement and collection zone: studies include volume, absorption,

containment.

2. Plasma filtrate zone: studies include volume, rate of filtration, quality of filtrate, minimization
of hemolysis, and overall volume/capacity effects
3. Channeling and transport to and through binder region: depending on the capacity and volume

of the binder/chelates selected, the geometric layout of the binder region must be optimized.
We will also study capillarity effects by which to control the uniformity of interaction between
sample and chelate and to facility transport of the processed sample to the aequorin zone.

4. The aequorin “titration™ and detection zone: the immobilization and dehydration/lyophilization
of aequorin is likely the most critical part of the entire project. Our experience with luciferase
in 1% agarose (low melting) gels, followed by dehydration storage and reactivation (32),
suggests that this is a good approach with which to begin the aequorin studies. Other means to
immobilize aequorin involve using biotin-aequorin (commercially available), immobilized via
the biotin linkage to avidin or strepavidin, appropriately immobilized. There are also wetting

and capillarity issues to be addressed here, as well as the kinetics of rehydration and of the
emitted bioluminescence. Volume control of the overall system is critical to a precise analysis.

5. The right side-volume indicator zone: This is the subject of an on going project. Most invitro
diagnostic devices (IVD's) use a color indication (pH indicator) to visually confirm that the
device has been adequately filled. This device must be in the instrument, so the time and
spatially dependent bioluminescence can be sensed and recorded. Thus it is convenient to have
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FIGURE 4 Schematic illustration of biosensor instrumentation based upon a charge coupled
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and imaged onto the CCD. Control of the CCD and single stage thermoelectric (TE) cooler is
managed by a remote microprocessor.  The microprocessor also processes data from the
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shown at the top of this figure.
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a bioluminescent indication that the device is filled and that the test is indeed complete. We will
use firefly luciferase to perform this indicating function.

Data processing: the light-distance curve of Figure | (left-bottom panel) will be processed
using an algorithm developed for the purpose. We will of course do what we can to optimize
the curve for detection purposes. Clearly the inflection point is easily identified as well as the
initial (90% max light intensity) and minimum (10% max light intensity) slopes. Extensive
testing using samples of known, calibrated calcium concentrations will provide data which will
permit the optimum curve analysis and thus optimum determination of calcium concentration.

Again, most of tasks 1-6 discussed above will be performed in Phase II and will be
included and thoroughly presented in the Phase Il application,

Fortunately, we have considerable experience with similar processes in our on going
studies on the development of dipstick galactose and phenylalanine sensors for the diagnosis and
management of galactosemia and PKU, respectively. Fortunately our goal in this six month
limited Phase 1 feasibility study is not to really produce a functioning prototype, but rather to
produce a preliminary pre-prototype which can demonstrate feasibility. We are quite confident that
we can indeed accomplish that task. With such feasibility demonstrated and such a pre-prototype
in hand, we will be in an appropriate position to prepare a definitive and comprehensive Phase II
application to go the rest of the way.

E. Human Subjects—none
F. Vertebrate Animals—none

G. Consultants and Advisors
No consultants are budgeted.

Three key advisors are Dr. Larry Kricka, Dr. Russell Stewart, and Dr. Joseph Andrade.
Larry and Russell serve on the Scientific Advisory Board.

Dr. Larry Kricka is Director of the General Chemistry Laboratory and Professor of Pathology
and Laboratory Medicine at the University of Pennsylvania, Philadelphia. Dr. Kricka is
internationally recognized for his work on applying bio- and chemi- luminescence to clinical
chemistry. He is editor of the Jowmal of Bioluminescence and Chemiluminescence and
editor/author of many books on Bio- and Chemi-luminescence in clinical biochemistry. He will
provide appropriate advice and guidance to this project as part of his service on the Scientific
Advisory Board.,

Dr, Russell Stewart is Assistant Professor of Bioengineering at the University of Utah and PI
of our University of Utah STTR Phase Tl subcontract on recombinant firefly and bacterial
luciferase. He will advise and assist in areas of protein engineering, production, and
characterization as needed.

Dr. Joseph Andrade is founder, President, and CEO of Protein Solutions, Inc. Joe has
worked extensively with proteins, enzymes and antibodies for the past 25 years, focusing his
efforts on elucidating their behavior at surfaces and interfaces. Five years ago he became involved
in bioluminescence particularly in firefly and bacteria luminescence systems. Joe will be available
to assist and consult in the areas of interfacial biochemistry, bioluminescence, and biosensor
expertise when required.

H. Contractual Arrangements—none
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