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RESUME AND SUMMARY OF DISCUSSION:
This application from the University of Utah proposes to develop microdevices capable of measuring up

to 100 metabolites, with high sensitivity, in small volumes of biological fluids. It is intended to make
{hese low cost devices using microfabrication and microfiuidics, and to use bioluminescence as a
detection method. This was considered a significant engineering proposal that combines microfluidics
and microelectronics. The reviewers considered the novelty of combining existing techniques, the
highly organized nature of design and methods, and the nature of the proposed studies on reagent
stabiiity to be the major strengths of this application. Concerns about the limitations of using
polydimethylsiloxane (FDMS) as a manufacturing material, underestimation of the difficulty of
microfabricating optics in a flexible polymer, and lack of enough attention to the nature of microfluidics
reduced the enthusiasm for this proposal. The reviewers recommended support at the requested level.

DESCRIPTION (provided by applicant):
The investigators propose to develop microdevices for the specific chemical analysis of multiple

metabolites in small sample volumes of biclogical fluids. The specificity and sensitivity is provided by
specific reactions that couple analytes to bicluminescent-based enzyme reactions and produce light
proportional to the analyte concentration. Bioluminescent analytical assays, in a miniaturized and
stable format, can measure sub-microMolar concentrations in microliter sample volumes.

The goal of the first phase (R21) is to engineer microfiuidic structures, develop enzyme packaging and
stabilization techniques, and optimize optical detection systems in order to measure two model analyte
solutions (galactose and lactate) using bicluminescent reactions.

The goal of the second phase (R33) is to implement other bioluminescent assays in the microfiuidic
detection system, develop specific diagnostic panels, utilize practical biofluid samples and enhance

analytical accuracy and precision.

The proposed Micro-Analytical System (microAS) will be convenient to operate in point-of-care (POC)
and home environments. It will likely evolve to measure up to 100 different metabolites in the
submicroMolar to milliMolar range from one 1-100 microL biofluid sample, and include customized
comprehensive diagnostic panels for basic research, clinical research, and for personal disease and
health management. These systems wouyld provide rapid resuits, facilitate patient empowerment, and

reduce health care costs.

CRITIQUE 1:

Significance: The development of the proposed micro-analytical system capable of measuring up o
100 metabolites in point-of-care and home environments with high sensitivity using very small sample
volumes is an attractive goal since it can lead to better patient care at lower costs. Bioluminescence is
a highly sensitive detection technique that can provide detection in the sub-micromolar concentration
range. The power of the bicluminescent methods for routine chemical analysis has been hampered by
the need for expensive luminometers. The proposed project aims to utilize microfabrication and
microfluidics to create miniature, low-cost platforms that can provide detection below micromaolar
concentrations without luminometers. The integration of microfluidic structures with enzyme
stabilization and optical detection will be a significant advance over current technology.

Approach: The investigators have planned out their research very well. They mention that their goal in
the R21 phase is to realize the microfluidic structures, develop enzyme packaging and stabilization, and
optimize optical detection. However, the engineering of microfluidic structures is not stated clearly in
the Specific Aims; detection limit experiments, which are also important, are discussed instead. It is not

O
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clear if the team has gained the expertise in soft lithography and related processing. If the answer is
no, then the tasks to achieve Specific Aim 1 should incorporate fabrication process development, along
with an appropriate milestone. The investigators should verify that the molded PDMS does not affect

the enzyme properties. The effect of the silanizing agent on enzyme characteristics may not be

ible. The Preliminary Results are encouraging and justify the proposed project. However, the
ication of quality photodetectors such as p-n, p-i-n, and avalanche photodiodes may not be feasible
iin an academic cleanroom. Consequently, the investigators should provide alternate strategies to
overcame possible cleanroom processing problems. Commercial detection components that can be
suitably configured by a technician or graduate student should be considered as a possible option. In
the R33 phase, the project will be appropriately expanded to clinically relevant metabolites in blood and
urine samples :

The inclusion of data analysis and visualization tools should ensure that results would be accurately
presented. The approach to integrating the electrochemical and bicluminescent sensors on a single
latform has not been detailed. However, this multifunctional sensor would be quite powerful and is
dingly encouraged. The success of the micro-analytical system for real world use will also be
limited by system level performance of the packaged device — especially in terms of handling. It might
be worthwhile for the investigators to incorporate tests that examine device operation after non-delicate
handling, typical to the home or emergency room environments.

Milestones: The milestones are well written, quantifiable, and can be used to determine if the project

| proceed to the R33 phase. The investigators have stated that results of the R21 phase will be
nted at a number of international conferences as well as journals.

nnovation: The integration of microfluidic structures with enzyme stabilization and optical detection via
bicluminascence will be a significant advance over current technology. Successful demonstration of
the project milestones could revolutionize analysis of metabolites both within and outside the hospital.
Consequently, it is not surprising that the investigators report interest in technology transfer from
industry. Other applications for the device range beyond diagnosis and into environmental monitoring

and industrial pollution assessment.

nvestigator; The investigators are appropriately trained and qualified to complete the tasks for the
jects. There is a question about expertise on soft lithography, but this lack of experience, if it does
can be overcome through m!labu?’aﬁon,

Overall Evaluation: Bioluminescence is a highly sensitive detection technique that can provide

tion in the sub-micromolar concentration range. The integration of microfluidic structures with
yme stabilization and optical detection via bicluminescence will be a significant advance over
current technology. The project is highly innovative and the tasks have been well planned out. The
milestones are clearly written and quantifiable. The investigators have generated preliminary data that
support further investigation.

data

CRITIQUE 2:

Significance: Rather than addressing a biomedical research problem, this study attempts to solve
some very important engineering issues in point-of-care applications. If the aims are achieved there
will be scientific knowledge gained in how to maintain reagent stability, how to optimally shape sensor
cells/chambers, and how to avoid the use of expensive photomultiplier tubes.

Appreach: Design and methods are extremely well developed. The applicant recognizes the potential
problems and on several occasions suggests good back-up strategies. One area that is not sufficiently
addressed is the driving force for the fluids to move from site to site. Capillary forces will not suffice.
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1) A microdevice with appropriate reservoirs will be fabricated using PDMS. This device will allow the
concentration of ATP, NADH, galactose, and lactate to be determined using bioluminescent based chemical
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MILESTONE RESULTS

1) Microdevices with Wet Reagents:
The ChemChip fabrication was simplified since last year's progress report for cost
effectiveness and prototyping flexibility. 15mm squares with a 5x5 array of 1Tmm
diameter holes spaced 2 mm apart, were cut cut of 0.180 mm thick adhesive backed
vinyl film with a knife plotter used for conventional vinyl sign making. The ChemChip
patterns were then sealed to 15mm square glass cover slips after manually removing the
cut holes. The glass cover slips became the clear bottom for the 140 nL wells (Figure 1).
The chips were loaded, both manually and via a computer controlied syringe
pump/solenoid auto dispensing system (Figure 2), with the needed reagent cocktails. A
miniature solencid valve with a 0.002" nozzle (the Lee Company) was used to dispense
the reagents (10 ms pulses, pressurized at 8 PSI). The resultant drops were calibrated
at 360£10nL. A computer controlled XYZ stage positioned a tray of 25 ChemChips and
dispensed reagent drops into individual wells (Figure 2)
The detection limits for wet ATP and NADH were already met in last year's Progress
Report; even lower detection limits were achieved recently using a commercial CCD
imaging detector

2) Microdevices with Lyophilized Reagents:
The detection limits for dry ATP and NADH were already met in last year's Progress
Repart. We have optimized the lyophilization protocols and applied them to the
fabrication of multi-channel ChemChips appropriate to Milestone 2.
The reagents were dispensed as noted above onto a tray of ChemChips cooled to less
than —-60 degrees C using dry ice (Figure 2 left shows the tray of chips on the cold
plate}—this allows the reagent droplets to freeze within seconds of dispensing. This
process preventad evaporation and maintained reagent stabilty prior to lyophilization
Since drops were larger than the volume of the wells, a convex meniscus formed above
each well.
Lyophilization was performed in two stages in a VirTis Genesis 12 pilot plant lyophilizer.
The chips were placed in the sample chamber of the lyophilizer, which had been
previously cooled to at least =50" C. Primary lyophilization began when the sample
chamber was connected to the condenser chamber cooled to at least -70° C and the
system pressure was below 100 milliTorr. Primary lyophilization was performed for 48-72
hours. After the temperature of the sample chamber is changed to 25 * C, secondary
Iyophilization was performed for 12-24 hours.
The lyophilized reagents rapidly rehydrate when sample fluids are added to the top of
the array. In other studies dealing with analytes in hydrogel contact lenses, we realized
that the ChemChip can be easily filled from the top — vertical delivery. We adopted this
approach to sample delivery rather than a directional microfluidic approach for simplicity
and reliability—this led to the Chip design already discussed (Figure 1). We thus deliver
samples to the dry ChemChips using 14 mm diameter circles of Whatman filters; the
filters were clamped onto the center of the ChemChips. 25uL samples were dispensed
on the center on the membrane. The membranes hydrate uniformly, less that 1 uL of the
25uL sample is available for each of the 25 wells. Given a 2mm well spacing and a
0.2mm thick membrane, up to 510 nlL is delivered to any given well. The sample wicks
along the membrane and in to each well whereupen the reagents rehydrate and the
bioluminescence reactions begin. An optimum process results in a convex lyophilized
reagent surface, which faciliiates drawing the samples into each of the wells from the
membranes (this process will be more fully optimized in the next several months). The




porous and hydrophilic structure of the lyophilized reagents and filter allowed the sample
to uniformly fill the wells without bubble formation
A commercially available Andor DV-434 CCD was used to take a kinetic series of 30-
second exposures of the bioluminescence activity for each assay. Typical CCD Images
can be seen in Figure 3
The analytical results are summarized in Table | and Figures 4-8. The Milestone 2
detection limits were exceeded by at least a factor of 20 for all 4 analytes. Although the
average eror reported for galaciose and lactate exceed 20% in this data, had we not
pushed the detection limit (we got carried away), we would have come in well under
20%. A major component of the error is sample volume delivery, which we are now
addressing using more controlled means for vertical sample delivery

3) Microdevice Detector Arrays:
This milestone was easily met using the Ander DV-434 CCD (Table 1), We have
preliminarily evaluated two much less expensive detector arrays. Hamamatsu S8550
and S7585 photodiode arrays. The assays produced an estimated 10
nanoWatts/steradian/cm®. Such a signal produces a current signal of about 50 pA (about
50 times greater than the dark current) on the Hamamatsu $8593 and S8550
photodiode arrays (given a collection angle of 1 steradian, an area of 5.3mm~, and a
photosensitivity of 0.3 A/W). Given the results reported above, these new arrays will be
adequate and will greatly simplify the detection instrument — they are now under
extensive evaluation and are the focus of the work in June and July, 2004).

PHASE Il (R33) RESEARCH PLANS

R33 Abstract:

We propose to continue the development of microdevices for the specific chemical
analysis of multiple metabolites in small sample volumes of biological fluids. The
bioluminescent-based enzyme reactions developed in the R21 Phase will be augmented
by bioluminescent immunoassays to greatly extend the clinical applicability of the
ChemChip system. The Phase 1 (R21) Milestones were successfully met

The goal of the second phase (R33) is to evaluate and utilize much less expensive array
detectors, implement other bioluminescent assays including immunoassays, develop
specific diagnostic panels, utilize practical biofluid samples, enhance analytical accuracy
and precision, and develop effective means of presentation of the multi-analyte data to
the caregiver and patient.

Specific Aim 1—Analyte/Panel Development—will provide assays for additional
important metabolites, nutrients, and therapeutic drugs, including a kidney/hemodialysis
panel;

Specific Aim 2 — Blood and Urine Samples - will deal with urine calibration issues, biood
separation and calibration, and tear sample analysis and calibration:

Specific Aim 3 — Quality Assurance — will develop means for on board chip calibration
enhance the stability of the chips for long term storage, and deal with range features;
Specific Aim 4 — Data Analysis and Multi-Parameter Visualization — what we commonly
call Info\Ware -

will develop multi-parameter visualization tools: particularly multi-axes radar plots to
produce disease and condition specific signatures or pattems, which can be made
recognizable by a lay patient population.
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The Specific Aims for the R33 Phase || have not been modified from the original
application. The details for @ach of the Specific Aims were presented in the original
proposal

Significance:
The ChemChip system will provide comprehensive diagnostic and monitoring panels for
basic research, clinical research, and for personal disease and health management
These systems would provide rapid results, facilitate patient empowerment, and reduce
health care costs. The development of panels appropriate to specific clinical research
areas, such as the kidney/hemodialysis panel, will greatly facilitate such research, due to
the ease of use, low cost, and multi-parametric data generation provided by ChemChip
devices. When more fully developed and available, ChemChips can be considered a
research resource for a wide range of clinical and biochernical studies. A specific
example is the thesis now underway by Jensen (see title below), potentially applying

ChemChips to endocrine disorders.

Publications (*=copy is attached)
Journal Article:

R. Davies, D. Bartholomeusz, J. Andrade, “Personal Sensors for the Diagnosis and Management
of Metabolic Disorders” IEEE Engineering in Medicine and Biology Magazine, Volume 22 Issue 5
Jan/Feb (2003}, pg 33-43.(this paper was cited and submitted with last year's Progress Report)

Journal Article (accepted and in press):
“Sang IL Jeon, Xigoyun Yang and Joseph D. Andrade, "Modeling of Homogeneous Immunoassay

[CEDIA)", Analytical Biochemistry, accepled May, 2004, Joumal Article (submitted)

*Aiaoyun Yang, Jarmila Janatova, and Joseph D Andrade, “Single Step CEDIA using
Specirophotometric, Chemiluminescent, and Bioluminescent Substrates,” submitted to J
Immunologic Methods, May, 2004 . Conference Proceedings

Photodetector Calibration Method for Reporting Bioluminescence Measurements in Standardized
Units, D. Bartholomeusz and JO Andrade, in PE Stanley and LJ Kricka, eds., Bioluminescence
and Chemiluminescence, World Scientific, (2002), pp. 188-192 (this paper was presented with
the last Progress Report)

“Lactale Assay based on Bacterial Bioluminescence: Enhancement, Dry Reagent Development
and Miniaturization, RH Davies, JW Comry, JO Andrade, Ibid , pp. 441-444 (although this paper
and the next did not cite support of this grant, they should have, as the work was largely
supported by this grant—we apologize for the oversight)

*Enzyme Kinetics Mode! of the Bacterial Luciferase Reactions for Biosensor Applications, Y
Feng, RH Davies, JD Andrade, Ibid., p. 88.

Abstracts:

"Bartholomeusz DA, Davies RH, Al-Sheikh ¥T, and Andrade JD, "Development of a Multi-Analyte
ChemChip for Metabolic Assessment and Monitoring,” Diabefes Technology & Therapeulics,
2004, 6(2): p. 231

*Abemathy, JB, Davies, R, and Andrade J, “"Bioluminescence-Based Glucose Assay for a Multi-
Analyte Biosensor,” Diabetes Technology & Therapeutics, 2004, 6(2): p. 227

Davies, RH Andrade, JD, “Diabetes-Related Luminescent Assays for Multi-Analyte Measurement”
in Diabetes Technology & Therapeutics, 2003, 8(2): p. 237

Abstracts Submitted:




will develop multi-parameter visualization tools; particularly multi-axes radar plots to
produce disease and condition specific signatures or patterns, which can be made
recognizable by a lay patient population
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We propase to develop microdevices for the specific chemical analysis of multiple metabolites in
small sample volumes of biological fluids. The specificity and sensitivity is provided by specific
reactions that couple analytes to bioluminescent-based enzyme reactions and produce light
proportional to the analyte concentration. Bioluminescent analytical assays, in a miniaturized and
stable format, can measure sub-microMolar concentrations in microliter sample volumes.

The gqal of the first phase (R21) is to engineer microfluidic structures, develop enzyme
packaging and stabilization techniques, and optimize optical detection systems in order to
measure two model analyte solutions (galactose and lactate) using bioluminescent reactions.

lee goal of the second phase (R33) is to implement other bioluminescent assays in the
microfluidic detection system, de velop specific diagnostic panels, utilize practical biofluid samples
and enhance analytical accuracy and precision.

| The proposed Micro-Analytical System (1AS) will be convenient to operate in point-of-care (POC)

‘ and home environments. It will likely evolve fo measure up to 100 different metabolites in the sub-
microMolar to milliMolar range from one 1-100 pl biofluid sample, and include customized
comprehensive diagnostic panels for basic research, clinical research, and for personal disease

‘ and health management These systems would provide rapid results, facilitate patient
empowerment, and reduce health care costs.

| A schematic of the significance, pronosed research, tools used, and future implications of the
| research can be seen in Figure 1 on page 13.
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Research Plan - R21 Phase

A Specific Aims = R21 Phase

General Objective

Our goal is to engineer microfluidic structures, develop enzyme stabilization and packaging
methods, and optimize optical detection systems that will measure two model analyte solutions
(galactose and lactate) through standard bioluminescent detection assays with picomole
sensitivity. Reagents will be prepared in dry, stable forms within microfabricated structures
Sample fluid delivery and mixing properties with the stabilized reagents will be studied, optimized
and tested Low cost optical detection systems for measuring light signals from the analytical
arrays will be employed. An integrated micro analytical system ( uAS) prototype will be developed
and tested

Specific Aims

1. Detection Limits and Scale Optimization - Design microscale chambers of various shapes and
sizes and determine detection limits for specific bicluminescent analytical assays

Bioluminescent analytical assays will be prepared for measuring model analyte solutions
ranging from 1nM to 1mM. Light from bioluminescent assays in square micromolded
structures will be measured using a photomultiplier tube (PMT) luminometer and a charge-
coupled device (CCD) camera detection system. Microstructures will range from 10pL-100uL
in voluine w determine detection limits. Improvements in detection limits will be investigated
using micromachined optical enhancement features such parabolic chambers with reflective
coatings. A light emitting diode (LED) luminescent standard will be developed fo calibrate and
compare detection systems. Concentration calibration curves showing the accuracy and
resoluticn of detection methods will enable quantitative comparison between different well and
detecior designs

2. Reagent Packaging and Sample Defivery - Engineer methods for packaging dry reagents in
microfabricated chambers. Analyze transport, mixing, and diffusion characteristics of sample
liquids with the dried reagents
Reagents in liquid, gel, or immobilized in polymeric bead form will be deposited in
microfabricated wells using various techniques. The reagents will be freeze-dried and
subsequently sealed in the wells. Reagent activity and stability will be investigated.
Rehydration and mixing efficiency of liquid samples flowing into microfabricated chambers
with lyophilized reagents will be determined. Surface modification of the channels and
chambers will be explored in order to enhance mixing/delivery of samples. Control of sample
volume will also be addressed in this aim.

3. Detector Optimization - Optimize photodetector selection, design, and coupling of luminescent
reaction chambers to the photodetector by comparing signal characteristics of various
detectors such as a CCD, complimentary metal oxide semiconductor (C MOS), linear diodes
(including avalanche photodiodes), and custom arrays of photodiodes and photoconductors.
Since high sensitivity is required for our device but spatial resolution is not critical, comparing
detection limits of different photodetectors and optical coupling schemes will aid in designing a
smaller, more efficient detection system for the final HAS device. Custom photodetectors will
be fabricated according to the optimal reaction chamber dimensions and designs determined
in the previous specific aims. Detector arrays will be built such that individual pixel(s) collect
the maximum amount of light emitting from each well.
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B. Background and Significance — R21 Phase

Need ___ Proposed Research Tools
Clinical Chemistry | |Phase 1 (R21 Bioluminescent-Based Analytical
= Standard analytical tests Optimize sample volumes, assay p_a_L',kaging Chemistry
» Faster & Cheaper results and delector design to assess feasibility Uf‘J_\ —L« Has sensitivity to reduce sample
« Measure more from bioluminescent-based analysis at the 5 size needed for clinical

smaller sample volumes microscale: - measurements )
« Specific diagnostic panels| |1.Determine detection limits for two model « Reaction sequences available for
« Specific disease anargﬁr;;r:ﬂd optimize microscale reaction cerain analytes 2

agem ! Tesernvol = Reaction sequences lo
| managem: it panels 2 Engineer reagent packaging and oplimize deve!opedT(qu other analyles
. sample delive: | icrofluidic

Future Directions |3 Dpﬁfniz(: nc!cgnr selection and ﬁmmn techniques for making
Eurther Ressareh | impismentadion T [micro analytical systems (wAS)
+ More efficient detector Phase 2 (R33) ! - « “Soft-lithography” for rapid

packaging lo make a 1.Expand analyte matrix to develop clinical Bl

hand held device L4 | panels ¥ .l N
* More custom panels 2.Enhance analytical precision and accuracyl w
» Metabolic modeling 3.0ptimize device for use with practical - Pl:lolod‘eie(.tor fabrication techniques
« Data analysis and biofluid samples . " gjr:zgﬁal‘;zays' CMOS, etc.) and

interpretation 4.Data projection and visualization )
| "Smart” diagnostic chips = » PMT. CCD. ohotodiodes. etc.

Finure 1° The Proposed Research: whal need il fills, what existing fools and technologies will be used, and the future
directions the proposed research will likely lead to.

Current Biosensing Method's

Advanced Point-of-Care (POC) biosensors are able to reduce metabolic analysis time, cost and
sample volume for measuring key analytes (cholesterol, lactate, glucose) that usually exist in the
milliMolar concentration range. These biosensors are generally not sensitive enough for
analyzing other important metabolites that exist in the micro to sub-microMolar range. Current
POC biosensors utilize enzymatic, electrochemical, and optical (fluorescence and absorbance)
methods to detect various analytes [1]. Bioluminescence is 100 to 1000 times more sensitive than
conventional fluorescence, which is a-commonly used, highly sensitive analytical method.
Bioluminescence assays have a detection range of five or more orders of magnitude without
dilution or modification of the sample fluid [2, 3, 4, 5, 8, 7]

Proposed Biosensing Method

Bioluminescent-based chemical analysis has the potential to measure a wide range of
metabolites from sample volumes that are smaller than those currently used in clinical chemistry.
Since most metabalites in the body are within one or two enzymatic reactions from ATP or NADH
[8], they can be measured by coupling the appropriate enzyme reaction(s) to an ATP or l\_FADH
bioluminescent reaction and measuring the light cutput. During the production or consumption of
a metabolite of interest, enzyme linked reactions will cause the production or consumption of ATP
(or NADH) through the bioluminescent platform reactions shown below.

The ATP platform is based on the firefly luciferase (FL) reaction:

(1) Luciferin + ATP ~ Frefybuclemsey ayyjuciferin + AMP + CO; + PP + light (560nm)

The NADH platform is based on NADH:FMN oxidoreductase {OR) and bacterial luciferase (BL):
(2) NAD(P)H + FMN + H _NADHFMNxddoreductasd  \AD(PY* + FMNH;

(3) FMNH; + RCHO + O, _Bectersl luctersse | pMN +RCOOH + H20 + light (490 nm)

Substrates are coupled to these platform reactions through the following generic reaction:

Research Plan Page 13




., -,

(4)  Substrate + ADP ( or NAD(P)') «— =™ 5 Product + ATP (or NAD(P)H)

The changes in light intensity reflect stoichiometrically proportional changes in concentration of
the platform molecule (ATP or NADH) and therefore, these light intensity changes are
proportional to the metabolite of interest. These platforms have already been used by our group
and by others to measure metabolites such as phenylalanine [9], glucose [10], glucose 6-
phosphate [11], galactose [12], galactose-1-phosphate (G-1-P) [13], lactose [14], lactate [15],
pyruvate [15], creatine, and creatinine [16] in solution, human blood (serum & plasma), and urine
[17]. The many metabolites that can be measured via the ATP and NADH bicluminescent-based
platforms make it feasible to incorporate several different analyte tests onto one device [18)

The increased sensitivity and dynamic range characteristic of bioluminescent detection is due to
the high signal to noise ratio intrinsic to luminescence measurements and also because of the
ability to “tune” the dynamic range via modulation of enzyme activity andfor enzyme type. This
high sensitivity means that only small sample volumes are needed and that many different
metabolites can be measured concurrently. It should be possible to measure 10 to 20 different
analytes in the 10-microliter volume now used to measure only giucose with commercial
glucometers

Although bioluminescence analysis is well known and has been used regularly in research, it has
not been widely applied to POC or routine clinical analysis for several reasons. Bioluminescence
is able o detect trace concentrations, but requires highly sensitive, and therefore relatively
expensive, luminometers. This limits the application of bioluminescence to those problems where
such sensitivity is required, and therefore this technique is not seriously considered for the
measurement of analytes in the microMolar to milliMolar range. Also, the luciferases and other
reagents involved have developed a reputation for being somewhat labile, unstable, and difficult
lo utilize, with precise and somewhat sophisticated protocols. However, with recent advances in
stabilization techniques, and the availability of highly active, thermally stable mutant luciferases
we have the ability to prepare and stabilize many bioluminescent detection assays with relatively
straightforward protocols [11, 19, 20, 21, 22]

Through careful integration of existing technology in enzyme stabilization, microfluidic fabrication,
and optical detection systems, bioluminescence-based analysis can be successfully applied to
LAS devices for POC applications. Passive microfiuidic systems molded in polymers that can be
sealed at low temperatures can package small amounts of enzymes, control sample flow and
couple individual light producing chambers to separate photodetectors

Proposed Microfabrication Method for Enzymatic Reactions in Small Volumes

We propose to use "soft-lithography” to create microfluidic chambers with optical enhancement
features in micromolded PolyDimethylsiloxane (PDMS). PDMS will be used due to its modifiable
characteristics and rapid prototyping capabilities [23, 24, 25]. High profile microchannels and
chambersiwells of various shapes and sizes will be micromolded in opaque PDMS in order to
determine the optimal well dimensions that maximize signal to sample volume ratios. Open wells
will be molded, allowing enzymes to be deposited in patterns by discontinuous wetting [26], ink jet
deposition [27], or in immobilized form within polymeric beads or agorose gels [28]. Glass or a
layer of clear PDMS can seal the wells and couple them to light detectors. Such detectors include
a single CCD camera or other imaging systems that are less expensive than PMT detection
schemes, making the overall device more practical for POC application. Reflective metals can be
patterned in the PDMS wells to create reflective surfaces for light collection enhancement [29]. By
modification of the inert hydrophobic PDMS, we can control passive sample transport by
permanently or temporarily rendering the walls hydrophilic [28]. Other chemicals can also madify
the PDMS to minimize protein binding, which may become an issue when testing biological fluids
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in the R33 phase [28]. This approach of fabricating and sealing the channels will avoid other
bonding metheds that often involve high temperatures (anionic bonding, metallic sputtering),
caustic chemical bonding, or UV curing that can easily denature the deposited enzymes [30]. The
ability to package and stabilize multiple assays in a microfluidic device would enable other
enzyme-based analytical methods to be integrated on the same pAS device. Figure 2 shows a
schematic of the proposed fabrication and testing procedures.

Applications

The high sensitivity and wide range of analytes that can be determined by bicluminescence using
a single detection system make bicluminescence a practical detection methed at the POC. Such
a device could be used for basic and clinical research, personal disease management, or clinical
and hospital use. It would provide rapid results, patient empowerment and reduce health care
costs. Improved practicality to measure multiple metabolites at the POC would further increase
the demand for understanding the complex relationships between diseases and their
manifestation in the metabolic domain, Comprehensive metabolic diagnostic panels could be
customized using existing knowledge of how certain diseases are manifested in abnormal
metabolite concentrations. One example would be a low cost comprehensive inbomn metabolic
error diagnostic panel that can identify many disorders such as phenylketonuria (PKU) or
galactosemia. Other panels can be developed as the complex metabolic relationships are
discovered for certain diseases. This device could aid in collecting data for metabolic modeling,
which wiil ‘ead to understanding the complex relationships between diseases and metabolite
concentrations

Figure 2: Schematic of Fabricalion and Testing
Procedures for Biomedical Microdevice

A) Microfluidic wells molded in opague PDMS. Well
width (W) ranges from 20-10,000um and well depth
(D) ranges from 20-1,000pm, giving well volumes
ranging from about 10pL-100uL in order lo test
detection limits. (Detection Limits, pg. 16)

B) Separate bioluminescent assays (in solution or gel)
for each analyte deposited by (1) discontinuous
wetting or (2) ink jet deposition. (Specific aim 2, pg
23)

C) Assays in buffer or gels are lyophilized (freeze-
dried) for long-term stabilization (Lyophilization
Procedures, pg. 24).

D) Glass or clear PDMS seal wells (Sample Delivery &

Mixing, pg. 23)
FarsrrrrTrarararsrrsA E) Sample delivery by capillarity in modified PDMS
LA AL IILLELI I, (Sample Delivery, pg. 23). R21 phase - standard

solutions. R33 phase - urine and blood.

F) Imaging detectors simultaneously detect individual
well signals (Detection Limits, pg. 21).

G) Individual detectors sized 1o the optimal well
dimensions and built in array in order to capture the
mast light from each well (Specific aim 3, pg. 25).
Example shown is an illustration of integrated
photodiodes in CMOS [31].

H) Concept of custom analyte panel with handheld
detector.
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C. Preliminary Studies — R21 Phase

Detection Methods and Detection Limits

Routine clinical chemistry assays have the potential to be measured with sample volumes in the
picoliter to microliter range. Figure 3 shows the detection limits of various analytical methods using
small sample volumes. Fluorescence, under optimal conditions with highly sensitive detectors and
fresh reagents, has a detection limit of 1-femtomole (10"5—mofesj [32]. This means that a 1-
femtoMolar solution is detectable from a 1-Liter sample, or a 1-nanoMolar solution from a 1-microliter
sample, elc. (line 1, Figure 3). Despite this possibility, many clinical assays still require milliliter
sample volumes [33].

Under optimal conditions, some luminescent-based detection assays are up to 1,000 times more
sensitive than fluorescence (line 2, Figure 3)[2, 3, 4]. Luminescence therefore, has the potential to
detect at a sensitivity of 1-attomole {10"a-rnolesj. This means that a 1-attoMolar solution is detectable
from a 1-Liter sample, or a 1-nancMolar solution from a 1-nancliter sample, or 1-picoMoalar solution
from a 1-microliter sample, etc (line 2, Figure 3)

The sensitivity of luminescent-based analysis depends on the analyte and the guantumn efficiency of
the reaction. The 1-attomole bioluminescent detection limit described above is for the ATP/Firefly
Luciferase reactions, which has a quantum efficiency (QE or ¢) of 0.88. Reactions with lower quantum
efficiencies would be less sensitive. For example, NADH/ Bacterial Luciferase coupled reactions have
8 QF of about 0.05 to 0.15 and would therefore have a sensitivity of 6 to 18 attomoles, which is still
50 to 100 times more sensitive than fluorescent-based analysis. This means that optimal
luminescent-based analysis should be able to quantify analytes from sample volumes 50-150 (or
even 1,000) times less than what would be required for optimal fluorescent detection. In order to

1 s accomplish this, the luminescent assays need to
-] Pbe cormreclly packaged in microfluidic channels
- that accurately and efficiently control the sample
-1 volume. Specific aim 2 will address sample
7| volume delivery and control using microfluidic
-1 devices.

The choice of detector is critical in making
luminescent-based analysis practical for POC use
or as an Inexpensive biomedical research tool.
Most luminometric reactions are detected by PMT
luminometers. PMTs have a high signal
amplification with very low signal to noise ratios.
These detectors cost over $50,000. Also, PMT is
only able to detect light from a single source and
would not spatially distinguish different analyte

1n—|l
Figure 3: Modified from Petersen et al. [32] - Detection
- TR S o o 2l —=1  Limits Based on Sample Size and Concentration.

= \ Detection limits in moles is the product of the sample
volume (L) and the sample concentration (Molar) and is

al-
77 B S L PR P O e T e by the diagonal lines. Although not shown in this
L A T T e T T LT L T = | 10° 1 graph, many clinical assays still require milliliter sample
| ’ | i volumes,
Picoltter  Namoller  Microlller  MIlifHer Line 1 indicales the delection limit of highly optimized
toum (0.1 -n; (Tem® (1 cmp NMuorescent-based analysis.
L]
Uezion 3 Line 2 indicates the detection limit of bioluminescent-based
Sample Volume (Liter) analysis with wet assays and PMT luminometers.
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HIIﬁOL:ghSnotihis se;nmg(\;gizgd g:é%ngcz;:g:g the three etch depths used (250-mm, 100-mm and 50-mm).
AN, 193 o 8 The higher intensity values occur for the deeper wells. The
capable of detecting low levels of light cost intensity/volume  slope  indicates the effectiveness  of
90% less than PMT Iluminometers. The increasing intensity with slight increases in volume:
imaging capability of a CCD will allow .
multiple luminescent reactions for separate metabolites to be measured at the same time. The lower
cost of the CCD and its ability to measure muiltiple metabolites at once will make the final cost and

operation of the device more plausible to use at the Point-of-Care.

Our preliminary light intensity measurements of 1-mM ATP luciferase bioluminescent solution in
simple microfabricated square wells (1 to 85-nL in volume) have shown the possibility of extending
bicluminescent-based measurements to the microscale using CCD detection [34, 35]. Initial
experiments using low volumes of ATP/Firefly Luciferase reactions were performed with a cooled
CCD in order to estimate the signal limits. Figure 4 shows 1-mM ATP samples in silver coated
pyramidal microwells etched in silicon. Figure 5 shows that the CCD counts from those wells ranged
from about 5,000 to 25,000, depend ing on the volume of the sample (or etch depth). T_he total number
of CCD counts per pixel (Nc) recorded for an image for the sample time (T = 20 sec), is relgted to the
fraction of photons collected (£ for efficiency), reflectivity of the surface (Rs), the collection qngla_ Q=
2.18 sterradians for experimental set up in Figure 4) and photon flux (F) in {photons/sec/starradian)),
according to the equation:

Equation 1: Ne = ExQxFx[1+Rs]xT.  [36]

E is the product of the fraction of photons transmitted by the collection optics and CCD window (about
0.81 for the experimental setup), the quantum efficiency of the CCD (about 0.3 photoelectrons/photon
for 560-nm wavelength of light and 0.1 for 420-nm)[37] and the ratio of CCD counts per photoelectron
(0.15 count/photoelectron). From these numbers, £ is calculated to be 3.6x102 CCD
counts/(photonxpixel) for ATP reactions (560nm light) and 1.2x10 CCD counts/(photonxpixel) for
NADH reactions (420nm light).
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For the silver coated silicon wells, Rs at 560nm is = 0.86. The collection angle for this case may be

greater than 2.18 sterradians because the well walls were angled to reflect and focus more light into
smaller pixel areas. This increase in collection angle is assumed to be accounted for in the [1 + Rs]
term. Thus, the high volume (85nL) signals of Figure 5, where Nc = 25,000 CCD counts per pixel from
the 250um deep wells, F is about 8,500 photons/sec/sterradian for a 1mM ATP bioluminescent

reaction

The background noise for the 20-second experiments shown in Figure 4 and Figure 5, was 300 CCD
counts/pixel. In order determine the lowesi detectable ATP concentration using the CCD, we assume
the minimum desired signal to noise ratio is 2. The lowest value for N¢ would then be 600 CCD
counts/pixel. Thus, accounting for the collection angle ({2), the photon flux rate for the 1-mM ATP
solution, and the depth of the well (#), the lowest detectable ATP concentration is (L):

600CCDcounts  pixel x photon secx sfer  ImMATP x 250 umdeep 1
pixel 0.036CCDcounts 8,5000 photons Q4 Time

The 1mM ATP concentration multiplied by the depth of the well corresponds to the number of ATP
molecules per viewing window area. In other words, it is the 2 dimensional concentration of light
presented to the camera pixel produced by the 2-dimensional concentration of ATP molecules with
respect to the viewing window. This number is multiplied by the inverse of the initial 8,500
photons/sec/sterradian in order to obtain the ratio of ATP molecules per photon. Assuming that the
w2l is above the shot noise level and above the dark current reading of the CCD pixels, noise will
not increase as much as the signal will with time [37]. Thus we can improve signal to noise ratio (and
enhance the detection limits) by longer exposure times. Exposure time should be under 3 minutes fo
provide rapid resuits for POC applications [38]

In addition to time, the detection limit can be improved by changing €2, and £. The limit for Q is 4r
sterradians. We can approach this number by modifying the shape of the well and changing the
reflectivity of the well walls such that more light is focused on a smaller pixel area (such as a
parabolic well — see specific aim 2). Figure 4 shows how the anisotropically etched angled walls
reflect more light toward the camera. Any of the light that was traveling parallel to the CCD within the
well was reflected back to the camera. This suggests that a parabolic well will enable the collection
angle to approach 4n sterradians

The optimal value for £ can be determined by calculating the effect of absorbance of light through the
luminescent media. According to the Beer-Lambert Law, the transmittance of light through a media
along a channel or chamber of length ¢, is defined by the Beer-Lambert Law as T = 107#®ance,
where Absorbance = &,Ca(f-x), £ is the Molar absorption coefficient (L/imol-cm) and Cg is the
concentration (mole/L)[{39]. If light is generated from within a homogeneous media, the transmitting
light is integrated along the length it travels and the total light transmitted ( Truw ) is defined as:

Equation 2: L =

(1-107%)

Equation 3: 7}, = _[10 “Caltr) gy = T
. Ll

where k = £, Cs. Because k varys as a function of the concentrations of the enzyme constituents, we
plot Troag versus channel length £ (Figure 6) for various values of k. For each curve, there is a region
where Trowmg increases almost linearly with £. The smaller k is, the longer the linear region before
Trowg plateaus. Therefore, by increasing the length of the channel (or depth of chamber) in which the
bicluminescent reaction is occurring, we can increase the intensity of the signal at the detector. This
property is effective for increasing the signal as channel length increases, until absorbance dominates

the transmittance.
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Figure 7 shows an experiment where light was ®

measured end on from long narow channels of Figure 7: A) 11-mm long channels. Three 250-um, and

varying widihs and lengihs moided in PDMS (white B e okle Chotvek . sown, Dilcy tn

opaque- , Dow Corning, Midland, MI){35] filled e Rt TTh s o

- : ' L the measurements where i

with “a 1mM ATP bioluminescent solution. The be easily determined. PHSRCIAROCEE SN A

results show that light intensity increases linearl

with channel lengths up to at least 12 Y, B) Average CCD Counts fo I Bl R0 i B
? MM,  Channels at Various Volumes (proportional o Length)

suggesting a low absorbance coefficient (or low k

value in Equation 3). Thus absorbance isn't a factor for channel length if ¢ is on the order of 10 mm

One method of increasing the ef‘r_ective transmittance length ¢ of a micro-channel, without increasing

volume, is to cogt it with a reflective surface. A reflectance coefficient of 1.0 would essentially double

the effective optical path without increasing sample volume.

The lower limit for ATP detection, L in Equation 2, can be determined by assuming numbers for ¢, T
and Q. Assuming ¢ is 10,000-um, a viewing window of 750-um? (the well width that had the 25 DIC)O
CCD count signal), and assuming ) approaches 4r, at an integration time of 100 seconds baseld on
the qlscussmn above, the lower limit of ATP detection using a CCD camera is a 39 nanoMolar
solution of F;TP from a 5.6 uL sample, or 220-femtomoles of ATP. Our estimate shows that the CCD
is only 2x10” times less sensitive than the PMT, while it should be over 10° times less sensitive. This
s due to the longer signal integration time for the CCD, a principle that doesn't affect the PMT.

Th_e_actgal detection limit will be above the estimated 220 femtomoles due to lower quantum
effn:[enqes for combinatorial luminescent assays in their lyophilized form. Qur previous studies
concemning the effect of antioxidants on the stabilty of enzymes used for bioluminescent
measurement of creatine showed that relative light activity is about 10% of that for the fresh, wet
assays [40], for at least 60 days (see Figure B). Assuming our detection sensitivity was'220
Ferntornol_es, a 90% reduction in light output due to loss of enzyme activity would result in a sensitivity
of 22 picomoles. The reduction in sensitivity that occurs for bioluminescent detection due to
Iyophilization and detectors with lower sensitivity would also oceur in fluorescence detection if its
reagents were Ilyophilized and less sensitive detectors were used. Thus, for comparison, lyophilized
ﬂyores_cence with average cost fluorometers would have a sensitivity of 10-picomoies.l Therefore
bioluminescence analytical methods still have the potential to measure lower concentrations from
smaller sample volumes than fluorescence. Specific aim 2 will attempt to minimize the loss of activity
cll_Je to |yOphlfIZEil|[‘:ln and determine the detection limits for lyophilized assays prepared within the
mucvghanne!s This will help assess the feasibility of implementing lyophilized biocluminescence
detection in a uAS device for POC applications.
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While the CCD detector used in the preliminary | %
experiments described above had a gain (Q.E) less \ i
than 1, other detectors with higher signal gains, such as
avalanche photodiodes and photoconductors, can
improve detection limits. These detectors can be built in
arrays using standard semiconductor fabrication
processes with each pixel sized to the optimal well
dimensions in order to capture the most light from each o

well. The gain of some of these photodetectors range an
from 102 to 10° at room temperature [31]. Assuming only Tiane (Dars)
a gain of 10 to 1,000, we can increase the 2 2-picomole Figure &  Stabilization of the crealine
sensitivity of bioluminescent-based detection with bioluminescent assay wilh different excipients, The
lyophilized assays, to 2 2.220 femtomoales. activity is relative to a control firefly luciferase

cocktail with no added antioxidant or sucrose
In summary, the theoretical detection limit for before lyophilization, The error bars indicate one
bioluminescence detection of wet assays (specific aim 1) standard deviation [40]
with a CCD is about 200-femtomoles. In specific aim 2, we will determine the detection limit for
bioluminescence in its lyophilized form with CCD detection. This has been calculated to be 10 times
higher than what is possible for specific aim 1, resulting in about 2-picomole sensitivity. The optimal
detector selection to be determined in specific aim 3 should increase the sensitivity from specific aim
2 at least 10 fold. Therefore, if the theorstical detection limits for specific aims 1 and 2 are met, the
detection limit with custom detector arrays should be about 200-femtomoles If the theoretical 200-
femtomole detection limit is attained, our proposed detection system would be able to detect 50
different analytes of 1-microMolar concentration from a 10-microliter sample, or measure one 2-
nanoMalar analyte solution from a 100-microliter sample. The 1st phase of research will determine
the actual detection limit for lyophilized bioluminescent assays at the microscale using analytes that

we have previously studied: galactose Table 1: Left — Various analytes and their approximate molar
[12] and lactate [15] eoncentrations in the body. The lowest concentration we predict o
measure from a 100 L sample is 2-nanoMolar [41]

Table 2: Below — Predicled lheoretical deteclion limits for

Relative Activity

I | Body bioluminescent assays under various conditions that will be tested
| Type | Analyte Concentration along with descriptions of fluorescent detection as a comparison
| | (Molar) The theoretical detection limit for specific aim 1 is 200-femtomoles.
[Electrolyles |Sodium 5.0x10" The theoretical detection limit for specific aim 2 is 10 times higher
i ; | than that of specific aim 1 (2-picomoles). The theoretical detection
Metabolites |Glucose 1.7 x10 | limit for specific aim 3 is 10 times more sensitive than what will be
[Cholesterol 13210 passible for specific aim 2 (200-femtomoles).
— TR TR T = | Volume
Uric acid 1.3x10- X Detection | Required to
[Ladate I s0xi0" 1 | Dete:ﬂ:n f;ssay Detector Limit | Detectai-
o S B | Methods ep {moles) | microMolar
Creatinine 5.0 x10™ Solution
| —Er T i i o | P
Galaclose 20x10 B""”g;f;‘j““ Wet PMT | 1x10™® 1-pL
[Hormanes | Cortisol ; T3xi0" E niaEtaoe : e =
L - : Wet |Fl meter | 10" 1-nL
Digoxin 13x10° Optimal ki A i
| e T Bioluminescence | 43
Estrogens 66x10 Specific Alm 1 W ceD | 2xt0 50-nL
Others Specific Bioluminescence | Freeze- X
antibodies 1.7 x10™ | SpecificAim2 | dried | ©P | Z10 D
I Bioluminescence | Freeze- | Deteclor 13
DMNA : s ,
|fingerprinting 17 x1018 Specific Aim3 | dried Amay 2’(3 e
s : Freeze- 10
(Gancer detection| 1.7 x10" | Flocosmmncs |'aes | . =°0 | Pd s
b S T Research Plan Page 20
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D. %':seardﬂ Design & Methods — R21 Phase

Specific Aim 1: Detection Limits and Scale Optimization - Design microscale chambers of various
shapes and sizes and determine detection limits for specific bioluminescent analytical assays

Instrument Calibration

PMT and CCD photodetectors need to be calibrated to the same light intensity units in order to
accurately determine detection limits for microvolumes of luminescent fluids. Standard luminescent
analysis using PMT luminometers is reported in relative light units (RLU), a unit applicable only to
particular instrument setups. Detector calibration will be important in specific aim 3 in order to
wompare different detector schemes. Currently, rost chemiluminescent and bioluminescent
measurement systems are calibrated with luminol standards, which are prone to mixing variation and
other errors. The luminol emission spectra is different than that of the firefly and bacterial
bioluminescent assays. An ideal light standard would be a point source of low intensity, with
approximately the same spectra for each bioluminescent platform of interest [42]

We propose to calibrate detectors with LEDs with emission spectra comparable to the firefly and
bacterial luciferase reactions (which have peak wavelengths at 560 nm and 490 nm respectively). We
will use surface mounted LEDs with an illuminated area of 250um (AP2012, Kingbright Corp. CA) and
peak wavelengths at 468 and 565 nm (+20nm FWHM) in order to approximate the dimensions of the
micro wells that will house the bacterial and firefly luminescence reactions. Each LED will be supplied
with constant current and the photon flux (photons/secxsterradian) will be measured with an Qriel
Photon Counting System (Model 76315, Oriel Instruments, CT) under the same optical setup that will
be used for the CCD camera (ST7E, Santa Barbara Instruments, CA) and PMT luminometer (TD20-
20, Turner Design, CA). CCD counts and PMT RLUs will then be correlated with the LED photon flux
while accounting for the detector spectral response, The calibration experiments will be verified by
comparing aqueous luminol standards (428 nm) with 430 nm surface mount LEDs. We will also verify
firefly/ATP calibration standards [43] using 565 nm LEDs.

Detection Limits

Detection limits and calibration curves will be determined for both ATP/Firefly and NADH/Bacterial
platform bioluminescent assays. ATP and NADH concentrations will range from 10-picoMolar to100-
milliMolar in order to determine absolute detection limits for our proposed biosensor. Similar
calibration curves and detection limits will be performed for galactose using the ATP platform [12],
and lactate using the NADH platform [15] in order to show the feasibility of using luminescent based
detection for two important model analytes. Calibration curves and detection limits will be compared
with traditional fluorescence enzyme assays at similar sample volumes.

The goal of the galactose and lactate measurements will be to create calibration curves within their
representative concentration ranges in blood. Blood galactose concentrations range from 20 to 90-
microMolar [44], while blood lactate concentrations range from 0.5 to 2.5 milliMolar [15]. The error of
the galactose and lactate measurements should not exceed those set forth by CLIA (Clinical
Laboratory Improvement Amendments - 1988) analytical quality requirements [45]

Galactose will be detected by the ATP bioluminescent platform according to the following sequence:
(1) Galaclose + ATP Galactokinase. Ma*+ . Galactose-1-Phosphate + ADP

{2) Luciferin + ATP (decrease) Cludfees . Oxyluciferin + AMP + CO2 + PP + light (560nm)
Lactate will be detected by the NADH bioluminescent platform according to the following sequence:
(1) Lactate + NAD" (_Mﬂ'ffm Pyruvate NADH + H*

(2) NAD(P)H + FMN + H _MADHFVNoudoredieis®s, NAD(P)" + FMNH:

(3) FMNH;+ RCHO + O, _ Baceralluciersse - EpN +RCOOH + Ho0 + light (480 nm)
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Reagent and enzyme proportions will be created such that the light intensity after the first 5 to 10-
seconds of mixing will be approximately constant and proportional to the analyte concentration. This
will be accomplished by ensuring that analyte concentrations are much greater than luciferase
concentrations [5] and verified with PMT luminometer measurements. A constant light output will help
to normalize the integrative CCD counts with exposure time. This will also eliminate any errors
associated with slow mixing and reduce the need to account for intensity fluxuations that would occur,
as reaction chambers are being filled and covered with the glass slides.

In order to test the detection limits for luminescent assays, we will fabricate reservoirs that range from
10pL to 100uL. We have had experience in micromolding square wells in PDMS [35], following “soft
lithography” techniques demonstrated by Whitesides, et. al. [23,24]. This method is chosen for its
ability to rapidly produce prototypes of deep wells with precise dimension control. Some groups have
observed shrinkage of the PDMS after curing, but this occurs in non-polar organic solvents and any
dimensional changes that occur due to curing can be verified and accounted for by measuring the
final well dimensions with SEM measurements. The wells will be fabricated at widths of 20 to 10.000-
micrometers and at depths of 20 to 1000-micrometers, creating volumes ranging from about 10-pL to
100-uL. By choosing these dimensions, we will be able to compare average light intensity for wells of
the same volume but different depths and window sizes.

To create the micromold master, rectangular extrusions are patterned on a silicon wafer using a thick
negative photoresist (SU-8) [46], which is capable of producing aspect ratios as high as 250 and
feu! 15 sizes as tall as 1200-um (Figure 8). The extrusions are then silanized [24] in order to facilitate
the release of the mold. PDMS will be cast and cured on the mold masters. The PDMS mold
becomes an inverse of the patterned extrusions, creating precise volumetrically controlled wells
Interconnecting channels can also be molded in PDMS. In order to prevent cross talk of light between
reservoirs, we will use a black, opaque PDMS (Dowcoming, Sylgard 160). The wells and channels
can be temporarily sealed by placing a clean glass cover slip in conformational contact with the
PDMS. If a more permanent or stronger seal is required, we will oxidize the PDMS in a plasma
cleaner (Oxford Plasmod) [24]. All micromachining and micromolding will be performed in the
University of Utah’s microfabrication facility by experienced personnel.

The reaction reservoirs will be filled by pipstting excess solution over a number of wells, covering it
with a glass cover slip and pressing any excess fluid out from between the PDMS walls and the glass
(Figure 10). Average light intensity from the wells will be measured using Scion Image. Background
noise is measured as the average intensities of the dark areas surrounding the wells and is
subtracted from the average intensities of filled wells in order to account for any thin films of
luminescent solution that may still remain between the PDMS and the glass. This method will allow
the viewing of light from volumetrically controlled wells in order to determine detection limits, without
Figure 9: Patteming of mold in thick photoresist, 1'2€ding to design complex channels to fill the wells via
Depths can be from 10 to 1,200-um with aspect Capillarity. Although we have seen bubbles form in
ratios as high as 250 wells by this method [34,35), the occurrence is rare and
those wells that have bubbles are easily seen in the

4,

iz CCD image and eliminated from measurements.
The substrate and micrestructures are
microsiructures Figure 10: Flood filling of the microwells

Si Subst Exposed area polymerizes CCD measurements can be performed for multiple
séanized to faciitate PDMS remaval
After Guxing, the POMS fs peeled of, A) Liquid is placed on the molded PDMS. B) A glass cover slip is

High aspect ratio (heightiwidth)
microstructures form
b - T
Opaque PDMS is cast on the
revealing the wells

The POMS can be modified (coated with applied at an angle, allowing the excess fluid 1o fill other wells and
reflective metal or rendered hvdroohilic

be squeezed out sides (C). Research Plan Page 22
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wells afthe same time; however, we will need to compare this method with standard lumninometer
reading. In order to accomplish the low volume luminescent measurements in the luminometer, lh_e
windows over the wells will be masked such that only one well is open to the PMT detector. If this
method still allows too much stray light, capillary tubes will be cut to exact lengths to produce
reservoirs of the same volumes as those that will fabricated for CCD detection. The capillaries will be
coated with black paint and lined up end on to the PMT to simulate the wells.

Light Collection Enhancements .
As mentioned before, some of our experiments have shown that the Iigh_t col_!ecliun can be mcrease?
by the shape and reflectivity of the well. The brighter sides of !_he wells in Figure 4 shows how 54_? ’
angled walls coated with silver (Rs = 0.86) can enhance the light reflecting to the camera. This, in
effect, increases the collection angle ({2 in Equation 1)

Parabolic reflectors can be molded in the wells to increase the colleclionl angle. Kobayashi et a_'I. has
developed a method to create microscale lenses [47]. This is aq_:onmpllshad by patterning c_lrcular
hydrophilic regions on a hydrophobic surface and then dipping klhe patterned surface into a
hydrophilic polymer, which forms round beads that become polymeric lenses when cured. These
beads become the mold master for rounded wells in PDMS, |nsteaq of the rectangular well molds as
seen in Figure 9. We can apply this procedure to make molds of different parabolic dimensions. _Tha
PDMS can be coated with silver such that only the parabolic wells are cogted [48). The optimal
parabolic shape (characterized by the focal point) will be a function of the distance from the CCcD
cainera and the lens used to focus on the wells. Average intensities and detection limits will be
compared to the experiments performed with the non-reflective square wei!s._S!mlrar lenses used to
create the mold masters for the wells can be patterned on the glass cover slip in order to further focus
the light on the CCD.

Specific Aim 2: Reagent Packaging and Sample Delivery - _Epgineer me_-fhoc_fs for packagmg dr};
reagents in microfabricated chambers. Analyze transport, mixing, and diffusion charactenstics o
sample liquids with the dried reagents.

The goal of this aim is to package homogeneous enzyme soiutinns_ within the wells that are stablg for
periods from six months to a year. After the optimal well dimensions and volumes are determined
from specific aim 1, we will test lyophilized solutions for the measurement of ﬁ_uTP, NADH, galactose
ard lactate within sealed wells. Initially, we will fill the wells with buffered detection assays. Due tp the
small volume of the wells (10-pL to 100-pL), it might be difficult to fill them by ink-jet or syringe.
Therefore, our first approach will be to use the discontinuous wetling approach by Wh:res:qes, et. al.,
which was able to fill pL to nL size wells of various dimensions in PDMS using a syringe pump
controlled by an XY positioning stage [26]. This method works by dragging a wet _“pen over each well
and the hydrophobic PDMS causes the fluid to pull into the well corners, effectwe_!;lf filling _the wells
(Figure 2 - B). These filled wells will be lyophilized using our Genesis 12EL lyophilizer, (yims. NY).
After lyophilization, the well array will be covered with an oxidized clear PDMS or ler_npc:rar:ly covlered
with a glass cover slip. The wells will be filled by methods described below. Luminescence w_lll be
detected by CCD as explained in specific aim 1. Calibration curves and detection limits will be
repeated by varying analyte concentrations in the solutions.

Sample Delivery & Mixing

Sample fluid can enter the wells through the top, via channels molded in clear PDMS that are stacked
and aligned with the wells using a channel layering technique demonstrated by Beebe, er.l al. I{FIQUI’B
11) [49]. This channel layer can be aligned to direct sample fluid to each well by capillarity. The
exiting channel allows gas to escape. A layer of PDMS with channels can be placed on top or
beneath the wells. To access the bottom of the wells, holes can be punched or molded into the
opaque PDMS.
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For simplicity of operation, the final device should be able to passively
transport the sample fluid to the reaction chambers. The hydrophobic
properties of PDMS could limit the capillary flow of the samples and
produce non-uniform filling of the wells. However, we propose to

)

ﬁvgrw:? this challenge by oxidizing the PDMS thus rendering it Figure 11: Clear POMS
ydrophilic [23]. However, this is only a temporary surface modification, channels leading to the wells
We can treat the PDMS with a 5% methanol solution of PDMS-b-PEG ™0ided in opaque POMS
‘plc:fyethylenegiycol}jza] for a more permanent modification. This method The channels molded in clear
will even enhance gel solutions (before gelation) to flow through PDMS are aligned to the top of
microchannels even after channels are exposed to air for 24 h. It may be e wells (dark square), such
necessary to fill the channels or wells with blank gels in order to facilitate D Nt chanel
sample flow in the channel : : and an exit channel. The figure
il els or provide a stable matrix for enzymes to be on the right shows a cross
camﬁ lized to in the wells. Dehydrated gel would provide a microscopic section of the clear PDMS with
piliary matrix for the sample fluid to flow through. The matrix size can the channel and the opaque
be customized by the type of gel used. PDMS with the well.

Lyophilization Procedures

I2:‘: lab eEperience has herpgd Us determine appropriate stabilizing agents and preservatives that
usem:jl_rzet : ;ezgent d:;grac!atron that generally occurs during the lyophilization process [40). We will
saccharides and neutral, hydrophilic polymers in order to control th ransiti
temperature, which should be greater than the final s L
_ torage temperature of the lyophili
The sugar to protein weight ratio should be ili 2L st
t at least 1 to 1, although stability can be further |
with greater sugar weight ratios (5 to 1) for sol , s bl
. me enzymes. Reducing suga h I
lactose, maltose or maltodextrins will be i i i v S
! ; avoided because of their tendency t
through the Maillard reaction between the carbol 4 oot
: Me nyls of the sugar and the free ami
protein. Antioxidants such as dithiothreitol and i i ool
glutathione will be used during Iyophilizati
subseguent storage to prevent oxidation of firefl i sl ks
: y luciferase through sulfhydryi i

albumin can be used for surface ivati ilizi s e
passivation and as a stabilizing agent. Polyethylene oxi -

based polymers and surfactants are also effective for surface passivation e TOSE

At this time our bioluminescent rea ili i
gents are preserved and stabilized with the followin -
;) 0.45 M glycyl-glycine buffer (pH 7.8) 2)1 mMEDTA 3) 1mM ditlh?orcr?r;foﬁnems
) 1 mg/ml bovine serum albumin 5) 10 mM MgS0 6) 1 wi%
7) 1 wt% Dextran T-40. ) o

T - . :
m?fegifrig?:;zg:ffm tLe?Eents (ATP, FMN, bacterial and firefly luciferase, oxidoreductase etc.) are
. wi @ preservatives and added to each well of th iosensor.
biosensor and reagents are flash f ith liqui o g ol
rozen with liquid nitrogen followed by a two-st izati
process. The first stage of lyophilization proceed G 7o sl o
s for 24 hours at -50°C and < 100 mTorr of press
lyoph ure.
;’::JS :jﬁ:r:?t;ga%e crlf Ilycphmzahor: proceeds for an additional 24 hours at +30°C and < 100me0rr of
ure. Insulator properties of the PDMS affect the tem " i
r re. | _ perature control of the reagents d
n};jocr:;ro'n; lczae:go‘:}c;luw:e(:sagft.rrze a lr:ar_mally conductive PDMS (PN# 3-6642, Dow Corning I'Vl!)g Duse t:;rtlgg
agents in the microdevice, the lyophilization ti i '

i o t _ M imes will be much shorter than
; esult in rapid evaporation of the solvents and i i
enzymes in a stable glass. Air or nitrogen i i Ry e e
i ] gen gas s then re-admitted to the lyophilization chamb d
e biosensors are removed. Eac_h completed biosensor is then stored in a black plastic cori:ai?;;r

Other Stabilization Methods
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In biosensor applications, enzymes can be immobilized on a solid support to prevent diffusion (into
the sample solution) and to minimize interference with other channels of the sensor. If the
lyophilization procedures described above do not work for non-immobilized enzyme solutions, we will
need to rely on previous experience with immabilizing enzymes within gel or polymers [12, 19]. Gel or
polymer stabilization methods have been used at the microscale by micromolding in capillaries
(MIMIC) [19, 28,25]. A variety of solid matrices can be used in immobilization [50, 51, 52]. Controlling
the polymer proportions and subunit size can create gels of sufficient pore size that allow enzymes
and reagents to diffuse into the matrix. The performance of the sensor can be adjusted by changing
the immobilized enzyme amount. Immobilized enzymes can be stored in supersaturated conditions
and thus provide higher luminescent intensities, possibly increasing the sensitivity andfor range of

each assay.

Stabilization Studies
As successful calibration curves and detection limits are found for lyophilized assays, each assay will
be stored in light tight packages with desiccant for 1, 3, and 6 month durations, At these times, the
calibration curves and detection limits will be repeated. Continued stabilization studies for 12-month
duration will continue in the R33 phase if the R21 milestones are met. Onboard calibration features
will also be initially tested during these studies. For each lyophilization time trial, a series of identical
bioluminescent assays will be tested with a range of concentrations for the appropriate analyte. The
light measurements from each concentration will be compared to a reference concentration. The final
device in R33 can include the reference solution within the device through proper packaging and can
function as an onboard calibration feature.
Specific Aim 3: Detector Optimization - Optimize photodetector selection, design, and coupling of
luminescent reaction chambers fo the photodetector by comparing signal detection characteristics of
various detectors such as CCD, CMOS, linear diodes (including avalanche photodiodes) and custom
photodiodes and photoconductors.
Although the PMT luminometer and CCD detection systems are standard methods for measuring
bioluminescent reactions, they are not optimal for microscale wells. PMT luminometers are the
standard detection method for luminometric assays due to their high sensitivity, fast response times,
and large detection range. They cannot measure signals from multiple wells. The pixilated resolution
of the CCD permits imaging and therefore multi-well/multi-analyte detection. The integrative nature of
the CCD limits the ability to follow rapid changes in light intensity, in part due to the serial nature of
the pixel output. The frame reading rate can be
enhanced by software and hardware or binning of the
pixels, but high clock rates would not allow the CCD
charged pixels to fill above their thermal noise level. The
ideal detector for an array of luminascent micro assays
would have the sensitivity, range and response time of
the PMT with the imaging performance of a CCD
Although arrays of PMTs are indeed used for other
applications, this would too expensive and too large to be
=] practical for an inexpensive, home use or POC device.

o 5 10 15 20 25 . 2 -
Figure 12¢ Tvwical I1’irr-_e (sec) kst 4 Other types of photodetectors can be fabricated in active
igu . Typical luminescence intensity profile. - A R . 2
Proposed CCD experiments will integrate the pixel arrays Wlth_ various dimensions, fast response
times, and dynamic ranges greater than the CCD. These

signal after the profile starls to level off. Active : 3. 1 .
pixel amays like CMOS detectors have fast detectors include photoconductors, p-n & p-i-n junction

response times that can detect the whole profile. based photodiodes, and avalanche photodiodes [31].
Although some CCDs have fast frame rates that photoconductors can be customized for specific
can detect the signal above, they are more ; , cooled. The gain of
expensive than the aclive pixel amays we propose bandwidths and don't have to be X 9
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these photodetectors can be as high as 107, The proposed
photoconductor material is SiGe and CdS. Active pixel
arrays can be built cheaper and with more processing r
circuitry than the CCD alternatives. CMOS, p-n, and p-i-n 5
photodiode arrays also have higher frame rates, which will
allow detection of the fast changing bioluminescent pulse
(Figure 12). Variations in the pixel output of these arrays )
can be calibrated off-chip. Avalanche Photodiodes (APD) ;,2;' e
can also be fabricated in arrays. They have a larger gain Luminescent wells
(10%10% that p-n & p-i-n junction based photodiodes, but mﬁi:i';f,,o
the detector -
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they do require high voltages and have high noise levels. Figure 13: Top) Example of a proposed CMOS
We will build individual detector arrays, sized to the optimal Custom active pixel array.

well dimensions in order to capture the most light from gonom) Gustom amays that fine up individual
each well (Figure 13). Each pixel in the array will line up pixels with the entire Iluminescent weil.
with the entire luminescent well. Detectors can be in close Detectors can be in close contact with the well
contact with the well windows, reducing any loss of light Windows, reducing any loss of fight that would
that would occur with complex optical systems. Instead of %" With complex optical systems.

Just one large (large being the size of the microwell) pixel per well, it may be beneficial to have 3-4
pixels per well in order to account for statistical variations between wells.

Using the micromachining faciliies here at the University of Utah (the HEDCO Facility), we will
fabricate and compare the detection limits of photoconductors, CMOS, p-n & p-i-n junction based
photadiodes, and avalanche photodiodes. Each of these detection schemes will be designed to fit
above an array of luminescent reaction wells having the dimensions determined from the experiments
in specific aim 1. Detectors will be calibrated according to the methods described in specific aim 1.
Dr. Miller will play an important role during the second year and into the R33 phase. He is currently
the director of HEDCO and teaches the integrated semiconductor device classflab, which covers
fhbolodiode arrays. He has experience with detector characterization and with CMOS design and
abrication

Final experiments will integrate the optimized procedures and devices from all three specific aims.
The optimal well designs determined from specific aim 1 will be filled with bioluminescent detection
assays for measuring ATP, NADH, galactose and lactate. These assays will be prepared, lyophilized
and covered using the most favorable techniques and designs determined in specific aim 2. The
optimized detection system determined from specific aim 3 will be used to obtain final measurements.
Final experiments will measure all four analytes in separate wells on the same microfluidic device
from the same sample fluid containing various concentrations of the analytes. Calibration curves for
each analyte will be repeated under these conditions.

nstrus > 1 1
[ g | Table 3: R21
= L Timeline in
‘ Sam and Mix months. 2 years

lotal
Lyophilization Procedures it
‘ ‘—Qﬂﬁﬁmm.&lﬁm____,r
‘ k ioh studies.
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Milestones — R21 Phase

Specific Aim 1: Detection Limits and Scale Optimization - Design microscale chambers of various
shapes and sizes and compare their detection limits for specific bioluminescent analytical assays.

The CCD and PMT luminometer will be calibrated to photons/(secxsterradian) using the LED
proposed light standard and luminol or ATPffirefly luciferase standards. If the limits of agreement
between the calibration values from the LED and chemiluminescent standards show no difference
between the two methods, within the 95% confidence interval, we will use the LED standard for
calibrating the photodetectors [53]. Otherwise we will continue calibration curves with luminol
standards.

The theoretical detection limit for CCD detection of fresh luminescent assays is 200-femtomoles.
However, since many clinical analytes are only as low as 1-microMolar, and the highest volume
we would hope to use for one analyte is 10-uL, the detection limit for ATP detection with the firefly
luciferase luminescent platform should be at least 10-picmoles. The CLIA (Clinical Laboratory
Improvement Amendments — 1988) quality requirement for many clinical assays is about 10% of
the target value for many metabolites. The total error by the bias and the cosfficient of variation
should be less than one third of the quality requirement [38]. For galactose and lactate, the
maximum allowable error is 10%, which means the total error of the bias and the coefficient of
variation for both these tests should be 3.3% of their corresponding lower target range values.
Because this phase is just the preliminary feasibility study we will first attempt to reach the 10%
maximum error and address the higher precision issues in the R33 phase. Therefore, our
approach should only have a 10% error for the detection limits and ranges described below.

Assay Detection Range Volume Detection Limit Maximum Error

ATP detection by FL reaction 10-picomoles 1-picomole
MNADH detection by OR/BL reaction 200-picomoles 20-picomoles
Galactose by ATP/FL platform 20 to 90-microMolar 1-ul 20-picomoles 2-microMolar
Laclate by NADH/OR/BL platform 0.5 to 2.5 milliMolar 1-uL 500-picomoles 0.05-milliMolar

These detection schemes will be statistically compared to fluorescence assays as a way for
comparison.

At the completion of this phase, we will have a matrix of well volumes and dimensions optimal for
certain ranges of analyte concentrations. The optimal dimensions can be used for other analytes,
whose desired detectable ranges will vary and will be investigated in the R33 phase.

Specific Aim 2: Reagent Packaging and Sample Delivery - Engineer methods for packaging dry
reagents in microfabricated chambers. Analyze transport, mixing, and diffusion characteristics of
sample liquids with the dried reagents.

Assuming the lyophilized assays will be about 10% as sensitive as the wet assays in specific aim
1. Theretore the lyophilized bioluminescence detection should have the following detection limits
and errors:

Assay Detection Ran Volume Detection Limit aximum Error
ATP detection by FL reaction 100-picomoles 2-picomale
NADH detection by OR/BL reaction 2-nanomoles 40-picomoles
Galactose by ATP/FL platform 200 to 900-microMolar 1-pL 200-picomoles 4-microMolar
Lactate by NADH/OR/BL platform 5 to 25 milliMolar 1-pl S-nanomoles 0.1-miliMolar

Stabilization studies should show that these detection limits and errors are achievable for assays
stored at room temperature for as long as 6 months. The increased errors are 20% of the
detection limits due to the expected increase in variability for lyophilized assays. Sample fluid
mixing with lyophilized reagents should not affect the calibration range or resolution milestone
projected for this specific aim
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ne s'ample fluid must flow from an input port and fill each well without any technical difficuity or
complicated pumps. The sample fluid must fill greater than 95% of the wells without bubbles.
Bubble detection will be addressed in the R332 phase along with other quality assurance features

Specific Aim 3: Detector Optimization - Optimize photodetector sefection, design, and coupling of
luminescent reaction chambers to the photodetector by comparing signal detection characteristics
of various detectors such as CCD, CMOS, linear diodes (including avalanche photodiodes) and
custom photodiodes and phofoconductors.

The goal for choosing the optimal photodetector is to increase the sensitivity 10 fold from that of
the CCD. Therefore, the milestone for this specific aim should improve the resolution and
detection of lyophilized bioluminescent assays at least 10 fold from what is described in specific
aim 2. Although sensitivity increases, the maximum errors are still expected to be 20% due to the
increased coefficient of variation that is expected for the lyophilized assays. The R33 phase will
address quality assurance and extend the stabilization studies in order to reduce the maximum
error down to 3.3% of the target values. The detection limits and maximum errors for this phase
should be as follows:

Assay jon Range Volume Detection Limit Maximui r
ATP detection by FL reaction 10-picomoles. 2-picomole
NADH detection by OR/BL reaction 200-picomoles 40-picomoles
Galactose by ATP/FL platform 20 to 80-microMolar 1-pl 20-picomoles 4-microMolar
Lactate by NADH/OR/BL platform 0.5 to 2.5 milliMolar 1-uL 500-picomoles 0.1-milliMolar

Summary

If these detection limits are attained, bioluminescence will be a practical approach to measuring
multiple analytes from small sample volumes. The detection limit of 10.040.3 picomoles for the
ATP/rirefly Luciferase reaction would indicate that it is possible to measure 10 different analytes,
each 10microMolar in concentration from a 100-uL sample divided and delivered into 10 different
bioluminescent based analytical chambers. Should this milestone be met, the R33 phase will
expand the number of analytes that can be measured, further optimize sample separation and
delivery, and increase stabilization studies to at least 12-months. This extended research will also
develop quality assurance features in order to reduce the coefficient of variation for each assay in
order to make the maximum error less that one third of the analytical error quality requirements
set forin by CLIA (3.3% of target for many analytes) [45].

Our work will be made widely known to the biosensor/analytical biochemistry/clinical chemistry
communities via participation in conferences and publication in the appropriate journals, such as
Analytical Biochemistry, Analytical Chemistry, Clinical Chemistry, Luminescence, and Biosensors
and Bice'actronics. We will also expand our web site to facilitate communication with the
interested communities. We are also beginning to work with patient groups who would benefit
from such devices, including Parents of Galatosemic Children, PKU Parents (and their newsletter
PKU News, etc.)

The University's technology transfer office is working with several companies who have
expressed interest in this work. We now have one small industrial contract and expect several
other small, feasibility contracts for specific analytes/sensors. This grant will enable the
development of bioluminescence in the stable format at the microscale for model analytes, which
can then be developed for specific clinical needs and potential commercial interests.
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Reésearch Plan — R33 Phase

Specific Aims — R33 Phase

General Objective

The goal of this phase is to expand the feasibility and optimization work in the R21 phase for the
develop™ant and testing of other clinically useful multi-analyte microanalytical devices. In this phase,
bisluminsscent microfluidic assays will be developed for specific diagnostic and disease management
panels. The devices will be tested, evaluated, and optimized for use with practical, clinically relevant
biofluid samples, particularly bloed and urine. Quality assurance issues will also be considered and
studied. Ind=ed, we expect to develop a standard process with which to develop ATP and NADH
bioluminescence-based analytical assays, including their lyophilization and evaluation in a dry
reagent mode

Specific Aims

Analyte/Panel Development - Develop bioluminescent assays for custom panels of specific clinical
interest and relevance, including those appropriate to the management of several chronic
metabolic diseases.

Each assay will be optimized for the physiologic/pathologic concentration range needed for blood
and/or urine samples. Extensive calibration and validation studies will be performed to fully
optimize and evaluate each individual analyte assay. At this time the analytes we are most likely
to 1 wlude in the R33 phase include (in addition to galactose and lactate). phenylalanine, glucose,
glucose B-phosphate, galactose-1-phosphate (G-1-P), lactose, pyruvate, creatine, and creatinine.
Others are likely to be added in response to the input of our clinical lab colleagues and our own
work on metabolic modeling.

Blood and Urine Samples — Test and validate luminescent analysis with standard urine and
plasma samples

Develop means to account for urine sample dilution on the device. Develop the means to perform
the red cell separation from blood, using commercial plasma separation membranes on the
sample inlet of the device. We will also facilitate total blood analysis, by incorporating hemolysis
agents (in the absence of a plasma separation membrane) on the inlet channel of the appropriate
section of the device. We will develop a hematocrit measurement in order to accurately interpret
the blood and plasma measurements

Quality Assurance - Minimize measurement errors and develop quality assurance features such
as bubblefincomplete well filling detection, onboard calibration channels, and optimum or dual
ranging detection.

The methods and approaches here are similar to that developed for the R21 phase, but involves a
larger number of analytes and channels. Develop means to expand analytical ranges for several
analytes in order to be able to detect and compare normal and abnormal levels that may vary
considerably in concentration. Extended stabilization studies will be performed. Develop means to
reduce error by testing more stabilizers for lyophilization and including onboard standards.

Data Analysis and Multi-Parameter Visualization — Develop analytical algorithms to facilitate data
presentation and usefulness; using the on board reference and calibration channels, a calibration
model will be developed for each analyte and for each type of biological sample.(blood, plasma,
urine). For some analytes, ratios, differences, or other processing of the raw data will be required
to produce a useful, interpretable output.

We will experiment with multi-parameter visualization tools, particularly multi-axes radar plots to
produce disease and condition specific signatures or patterns which can be made recognizable by

a lay patient population.
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Research Design & Methods — R33 Phase

The ability to rapidly detect multiple analytes from small sample volumes will make it feasible for
doctors to obtain comprehensive multi-analyte information without jeopardizing the patient's
comfort and without increasing health care costs. A 20 analyte metabolic panel will provide an
initial comprehensive window to the patients’ metabolic profile, his/fher personal metabolic
“metabolome”. As the ability to read metabolic profiles becomes practical, there will be a need to
expand the research in order to interpret the data. Improved practicality to measure multiple
metabolites at the POC would further increase the demand for understanding the complex
relationships between diseases and their manifestation in the metabolic domain.

Specific Aim 1 - Analyte/Panel Development - Develop bioluminescent assays for custom panels
of specific clinical interest and relevance, including those appropriate to the management of
several chronic mefabolic diseases.

Expanding Microscale Bioluminescence to Other Analytes
Calibration and validation studies will be performed for bioluminesce detection of phenylalanine,
glucose, glucose B-phosphate, galactose-1-phosphate (G-1-P), lactose, pyruvate, creatine, and
creatinine using the detector design developed in R21. Each assay will be optimized for the
physiologic/pathologic concentration range needed for blood and/or urine samples. We will use
these analytes to develop 2 example clinical chemistry panels — a renal function panel and a

walactosemia panel.

Kidney/Hemodialysis Panel:

Currently the renal panel consists of measuring Albumin, Ca™, CO,, CI, Creatine, glucose,
potassium, sodium, and Blood Urine Nitrate (BUN). We will implement the bioluminescent assays
for glucose and creatine. The electrolytes cannot be tested by bioluminescence, but they can
easily be measured by electrochemical means that can be incorporated into the same fluidic
devica. We will implement the electrochemical and bioluminescent sensors on the same device to
measure Na', and CI' in order to show the ability of integrating bicluminescent detection with
other methods on the low volume device. Albumin and BUN will not be included on our device at
this stage and will be reserved for future research.

The preliminary assessment of the feasibility for direct monitoring by patients of the status of their
renal transplant status, was brought to our attention by Dr. John Holman, a renal transplant
surgeon at the University of Utah with whom we now have an active collaboration. Through this
collaboration we learned that an ideal renal function panel should also include urea and uric acid
analyses. There are enzyme-based reactions for these analytes, which can be coupled to ATP-
luciferase reactions, thereby providing bioluminescent assays for urea and uric acid. We will also
perform calibration studies for these analytes.

The optimal conditions for each bioluminescent analytical assay will be determined by modeling
and simulating the multiple reactions using enzyme kinetics modeling software (GEPASI — see
www.gepasi.org). This method was applied to creatinine in order to determine its feasibility in
bioluminescence detection. Creatinine is readily converted to creatine by a creatinase enzyme
and then creatine is phosphorylated with creatine kinase to creatine phosphate. The firefly
luciferase sensor detects the consumption of ATP via the phosphorylation reaction. A set of
optimum conditions was estimated from the simulation and then preliminary sets of experiments
were conducted [16]. The general conclusion from the creatinine experiments and the model was
that such a sensor is indeed feasible and merits development. This modeling method can be
applied for determining the feasibility for measuring other analytes by bioluminescence.
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Hemo- and perlnoneal dialysis patients are often chronically malnourished, due in part to dialysis-
induced deprethn of their circulating amino acid levels, Thus a comprehensive panel for dialysis
pat_renrs should include some measures of amino acid nutrition, such as phenylalanine. This will
be implemented and tested in the luminescence-based microdevice [9]

Galactosemia Panel

Gaéaciosemia 15 a most interesting metabolic disease. The high circulating galactose
concentrations drive several enzyme biochemical reactions, which are normally not important: the
proc_luc_hon_ of galactitol and galactonate. Recent clinical research suggests that galactitol in
particuiar is the major “toxin”in galactosemia; its plasma and urine concentrations are likely to be
belte_.r measures of the severity of galactosemia — and of the dietary management of the
condition—than the traditional measures of galactose and galactose-1-phosphate. We will have
implemented galactose in the microdevice during the R21 phase and will implement and test
gataclpse—1-phosphate (G-1-P) [13] during this phase. Dr. Chris. Eu from our lab completed an
extensive modeling and simulation of the reactions appropriate to the measurement of the
metabolites relevant to galactosemia [54].

Buffered solution standards for each analyte will be used for this specific aim.

Specific Aim 2 - Blood and Urine Samples — Test and validate luminescent analysis with standard
urine and plasma samples.

Urine tests

A creatinine channel is needed for ALL urine analyses. As urine dilution is generally accounted
for via the measurement of creatinine, analyte “concentrations” in urine are generally referenced
to urine creatinine concentrations. The renal function panel will be tested with commercially
available urine samples. Internal standards, known amounts of each analyte will be added for
calibration purposes.

Blood Sample

S_ome analytes are measured in “blood” and some in plasma, or even serum. The major
difference between blood and plasma is the red blood cell component. We will incorporate a
pllasrna separatmp ‘membrane into the analytical microdevice, separating the red cells from the
plasma and permitting direct plasma measurements. To perform a blood measurement, an intact
blood sample is hemolyzed and the hemolysate plus plasma is measured. If the red blood cell
anglyte concentration is desired, then the plasma value is subtracted from the total blood value.
Qlfﬁ!gz gcnourse, means that the sample hematocrit must be known in order to do the simple

Plasma separation will be implemented in the microdevice using commercial plasma separation
membranes on the sample inlet of the device. Plasma separation membranes are available from
several suppluers_ to the invitro diagnostics (IVD) industry. The membrane permits the passage of
plasma and retains the cells. We will evaluate some blood separation membranes, although
some suitable for prototype construction and evaluation are already available. For plasma
analyses, the membranes should produce minimal hemolysis. We will experiment with surfactant
and polyethylene oxide (PEO) copolymer pretreatments, if needed, to minimize hemolysis.

Wel must also fac:_htate total blood analysis, by incorporating hemolysis agents (in the absence of
glps:jsma Separation membrane) on the inlet channel of the appropriate section of the davice.

Ioo s§mpfes may be hemolyzed and the entire solution component analyzed (hemolysate plus
pl _asma), or the !‘e.d cells may be filtered and only the remaining plasma allowed into the
microdevice, providing a plasma analysis. For whale blood measurements the red blood cells are
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fully hemolyzed (lysed) and the combined plasma and hemolysate is then processed through the
plasma separation membrane, which retains red cell ghosts and membrane fragments. We will
investigate several of the common hemolyzing agents already in use in clinical chemistry test kits
and protocols. The optimum agents will be further studied with respect to deposition on the
micredevices in the sample placement and pre-processing regions of the devices,

A small volume of the whole blood sample will be wicked to a separate channel/section of the
microdevice for the measurement of hematocrit (red cell volume); this is best done by measuring
tha absorbance of the fully oxygenated hemoglobin in the red cell fraction. The initial approach to
study this will use an ATP-luciferase bioluminescence standard as the light source, which is then
altenuated by the hemoglobin absorbance. By optimization of blood volume, path length, etc. we
feel a reasonable hematocrit measurement can be obtained. Should the ATP-luciferase
bioluminescence standard not work efficiently, a micro-LED (like the ones used for the detector
calibrations) will be used as the light source.

Commercially available blood certified free of HIV and hepatitis antigens will be used. Internal
standards, known amounts of each analyte, will be added for calibration purposes to the blood
samples. The accuracy, linearity and precision of the assays will be determined. Our results will
be referenced against standard clinical chemistry tests. Clinical chemistry services of ARUP, Inc
in Salt Lake City, UT and the Children's Hospital Clinical Labs, Los Angeles, CA, will be used for
confirmation of testing results. We will utilize common methods of evaluating analytical
performance. These studies will use standard assays and methods of analysis, including receiver
operating characteristic (ROC) plots and the Clarke Error Grid analysis commonly used to
evaluate glucose analysis strips.

Specific Aim 3 - Quality Assurance - Minimize measurement errors and develop quality
assurance features such as bubble/incomplete well filling detection, onboard calibration channels,
and optimum or dual ranging detection.

This specific aim will focus on minimizing measurement errors associated with chemistry and
stabilization, sample preparation and delivery, and device design

Improved Chemistry

The NADH-dependent oxidoreductase/bacterial luciferase reaction requires an alkyl aldehyde
reactant. Although our present assay formulations work well, the aldehyde has some volatility and
odor. We propose to produce a hydrophilic, low vapor pressure alkyl aldehyde by reaction with
polyethylene glycol (PEG). We will use reactive monofunctional polyethylene glycols (PEG) of
3400 molecular weight. These are available from Shearwater Polymers (www.swpolymers.com)
with epoxy, tresylate, or aldehyde functional groups. As these reactive groups require a
nucleophilic amine group to couple, the alkyl aldehyde precursor ideally should have a terminal
amino group. Fortunately, a 12-amino dodecanoic acid is commercially available (Aldrich/Fluka).
This 12 carben alkyl compound will couple to the reactive PEG. The product, a PEG-alkyl alcohol,
will then be oxidized to the aldehyde. The result is an alkyl aldehyde with a large, flexible,
hydrophilic PEG chain. This material should function in the bioluminescence reaction, while
exhibiting low volatility. In fact, it is likely that this aldehyde will have significantly greater activity
that the conventionally used form, due to increased solubility and availability. A highly efficient,
enhanced NADH bioluminescent reaction will permit even more sensitive assays for NADH-
related analytes, including nearly all of the 20 common amino acids, through amino acid
dehydrogenase reaction pathways.

We will also develop means to expand analytical ranges for several analytes in order to be able to
delect and compare normal and abnormal levels that may be dramatically vary in concentration.
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For example, PKU patients need to measure phenylalanine over the 100 to 1000 microMolar
range, while normal, non-PKU patients will need accuracy over the 50 to 300 microMolar range.
Dual ranging, which in this case requires two independent analyte channels or wells, is
accomplished by optimizing reagent concentrations and conditions to the range of interest. These
optimizations can be designed by the enzyme kinetic modeling software, GEPASI, described
above

Stabilization Studies
The stabilization studies performed in R21 will be expanded to test the long-term stability of the
lyophilized wioluminescent assays. The study will extend up to 15 months (with some experiments
running over from the R21 phase) at 3-month intervals. Stabilization test will be performed for
lactate, galactose, glucose, and creatine bicluminescent detection assays within the device

Sample Filling

The results from the sample delivery and mixing studies in the R21 phase (page 23) will
determine what type of system would be best for detecting and indicating insufficient sample
deposition, blocked channel or incomplete filling/bubbles in the wells. Such systems could include
electrode sensors in the channels to indicate when sufficient sample is applied. The optimized
detector determined in specific aim 3 of the R21 phase could also work to detect insufficient filling
of the wells. If the detector has multiple pixels (3-4) for each well it can detect irregularities in the
expactec sgnal. Should one of the pixels give an abnormally low signal compared to the other
pixels for that well, it could indicate a bubble in that well

Onboard Calibration Standards

We will develop ways to include reference solutions within the final device, or “chip”, to function
as onboard calibration or reference channels. One method we will try is to have two separate
sample reservoirs or inlet channels. As a biofluid ample such as blood or urine is applied to one
channel on one side of the device, a reference solution that includes known concentrations of all
the analytes to be detected is applied to a second inlet channel on the other side of the device.
Each side divides the samples into the analytical wells, where the same assays are prepared.
The measurements on the biofluid sample side of the chip are referenced to the measurements
from the reference side for each analyte for calibration. Any reduction in activity of the assays
would occur for both the reference and biofluid measurements because the same assays would
have been prepared on both sides of the chip at the same time. This is an approach similar to
glucometers, but may require calibrations for each analytical chip or at least for every batch of
chips.

Our resuiis will be referenced against standard enzyme spectrofluorometric assays for each of
tha analytes. The clinical chemistry services of ARUP, Inc. in Salt Lake City, UT and the
Children's Hospital Clinical Labs, Los Angeles, CA, will be used.

We will utilize common methods of evaluating analytical performance. These studies will use
standard assays and methods of analysis, including receiver operating characteristic (ROC) plots
and the Clarke Error Grid analysis.
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Specific Aim 4 - Data Analysis and Multi-Parameter Visualization — Develop analytical algorithms
to facilitate data presentation and usefulness; using the onboard reference and calibration
channels, a calibration model will be developed for each analyte and for each type of biological
sample (blood, plasma, urine). For some analytes, ratios, differences, or other processing of the
raw data will be required fo produce a useful, interpretable outout,

As it is difficult to deal with many different channels of information, we will also address what is
sometimes called the “cockpit problem” — how does a pilot, for example, deal with the many
sensors and their outputs in a modern jet cockpit? How does an anesthesiologist, surgeon, or
nurse deal with the myriad of monitors and signals in the typical operating room or intensive care
suite? In our case, how do physicians, patients, and family members effectively deal with the
interactions among perhaps 20 different analytes? Fortunately, advances in data analysis,
parameter presentation, and visualization — coupled with appropriate modeling, simulation, and
sensitivity analyses, allow this challenge to be effectively addressed. Clearly we cannot do justice
to this specific aim in this 2 year R33 grant, rather we will get started in this direction and then
apply for funds with which to continue the work.

We will experiment with a range of multi-parameter visualization tools; particularly multi-axes
radar plots (also called spider, radial, or tetra plots) [55, 56, 57] to produce disease and condition
specific signatures or patterns, which can be made recognizable by a lay patient population.

We present one example here as to the potential of simple methods for the visualization of multi-
parameter clinical chemistry data (Table 4)[54].

Table 4 shows how 4 key metabolites and the 3 enzyme activities are altered in the three different
types of galactosemia. If we had a seven-channel sensor, we could measure all seven analytes
and present the data in a radar plot (Figure 14) to enhance the recognizability of the three types
of galaclosemia. The “trick” to effective multi-parameter data presentation using such radial plots
1s to position and scale the axes to produce easily recognizable signatures. Note that the enzyme
axes are the reciprocal of enzyme activity. Normality is represented by the inner hexagon (made
by connecting the points on each of the 6 individual concentration axis). Type Il galactosemia
“points” fo the left, type | to the top, and type il to the right

Table 4: The concentration (or activity) change of 1/GALK rr——
metabolites and enzymes in whole blood for different 10 BTypei
types of galactosemia. WType il
- S THoR e T A = Gal-1-p : Gal {OType i
| Type- Ype- | Type-ii | al-1-P : |
‘ | Gatactosemie | Galactosemia | Galactosemia : \ B ol |
(GALK (GALT (GALE |
| deficient) deficient) | deficient) |
| GALK e el =
[ear [T 2= 1 \
GAE = —I—__ o ] ST 1/GALE
| B e ey - -
Gal' } aa il i j
GallF T T | TR |
Galaciitcl” Eii T [ NA 1 / -
% 5 | galactonate” “galactitol
Galactonale" | ™ N | NA

11 (highly increased), T (moderately increased),
w4 (highly decreased), — (unchanged), N.A. (not
available). " Variants of Type |l galactosemia have
higher GALT activity. ° Elevated concentrations of

these metabolites are also found in urine.

Figure 14: A preliminary Radar Plol for Galactosemia
Normality is represented by the inner locus, the various
galactosemia types by the other 3 patterns
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It is important to note that we can design sensing channels for enzyme concentration (activity) as
well as for substrate or product activity. If we want to measure a particular “substrates” activity,
We produce a channel with an excess of substrate and co-reactants and look for product (via an
ATP of NADH coupled reaction). We have already done this for galactokinase activity (Type 1)
[58]. We have also done similar analyses with multi-amino acid data from PKU patients and are
now looking at other data sets from the NHANES national clinical chemistry database.

The proposed pAS will in the end, be able measure up to 100 different metabolites in the sub-
microMolar to milliMolar range from one 1-100 ul bicfluid sample, and include customized
comprehensive diagnostic panels. The device will also provide an initial platiorm where which
clinicians, researchers and even lay patient end users will be able to interpret the complex data
that will be presented to them.

E. Human Subjects — None

F. Vertebrate Animals - None
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Grove TH. In Vitro Diagnostics: Bringing Testing to the Point of Care. Medical
Device & Diagnostic Industry, 2000: 78-94

l. Levine, Physical Chemistry 4" ed., McGraw-Hill, 1995, pg. 685

R. Davies, R. A. Van Wagenen and J. Andrade, "Stabilization of firefly luciferase
with anti-oxidants: a preliminary study," in 11th International Symposium on
Bioluminescence and Chemiluminescence. Monterey, California, 2000,

Kurt Petersen, William McMillan, Gregory Kovacs, Allen Northrup, Lee Christel,
and Farzad Pourahmadi, “The Promise Of Miniaturized Clinical Diagnostic
Systems" IVD Technology Magazine, July, 1998,

D. J. Kane and J. Lee, "Absolute Calibration of Luminometers with Low-Level Light
Standards”, in Bioluminescence and Chemiluminescence. Methods  of
Enzymology, M. M. Ziegler and T. O. Baldwin Eds., vol. 305 Part C, Academic
Press, pp. 87-96, 2000

BioThema, The Firefly Luciferase Reaction: Applications, Optimization and
Standardization. Bioluminescence and Cheliluminescence 2000: 61

Mizoguchi N, Ono H, Eguchi T, Sakura N. Galactose metabolites in blood from
neonates with and without hypergalactosaemia detected by mass screening. Eur J
Pediatr 2000,159(11):851-3.

Grove TH. In Vitro Diagnostics: Bringing Testing to the Point of Care. Medical
Device & Diagnostic Industry, 2000: 78-94.

Despont M, Lorenz H, Fahmi N, Brugger J, Renaud P, Vettiger P High-aspect-
ratio, ultrathick, negative-tone near-uv photoresist for MEMS applications. IEEE
Micro Electro Mechanical SystemsTenth Annual International Workshop 1997 518
-522

Kobayashi; Hironeri, Yamamoto; Manabu, Acki Daigo, Kamiyama; Hironori,
Hikosaka; Shinichi, Kashiwabara: Mitsuhiro, United States Patent 6,204,313,
February 18, 1999.

Arias F, Oliver SRJ, Xu B, Holmlin RE, Whitesides GM. Fabrication of Metallic
Heat Exchangers Using Sacrificial Polymer Mandrils. Jowrnal Of
Microelectromechanical Systems 2001 710(1):107-112,

B. H. Jo, L. M. Van Lerberghe, K. M Motsegood and D. J. Beebe, "Three-
Dimengional Micro-Channel Fabrication in Polydimethylsiloxane (PDMS)
Elastomer,” Journal Of Microelectromechanical Systems, vol. 9(1 (mar)), pp. 76-
81, 2000

Y. Lee, |. Jablonski and M. Deluca, "Immobilization of firefly luciferase on glass
rods: properties of the immobilized enzyme," Anal Biochem, vol, BO(2), pp. 496-
501, 1977

C. Y. Wang, S. Hitz, J. D. Andrade and R. J. Stewart, "Specific immobilization of
firefly luciferase through a biotin carboxyl carrier protein domain,” Anal Biochem,
vol. 246(1), pp. 133-9, 1897
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G. Wienhausen and M. Deluca, "Bioluminescent assays of picomole levels of
various metabolites using immobilized enzymes," Anal Biachem, vol. 127(2), pp.
380-8, 1982

Bland JM, Altman DG, Satistical Methods for Assessing Agreement Between Two
Methods of Clinical Measurement. The Lancet 1986;Feb:307-310

Eu J. Thesis. Ph.D.: University of Utah, 2000.

Cerra FB. Hypermetabolism, organ failure, and metabolic Support.  Surgery
1987,101(1):1-14

Andrade J. Proteins at Interfaces. Clinical Materials 1992:11:67-84

Vogt W, Nagel D, Sator H. Cluster Analysis in Clinical Chemistry. Chichester: John
Wiley & Sons, 1987.

Eu J, Andrade J. Bioluminescence Assay for Galactokinase Activity. In: Roda Aea,
ed. Bioluminescence and Chemiluminescence: Perspectives for the 21st Century:
Wiley, 1999: 489-492.

H. Consortium/Contractual Agreements — None

l. Consultants — None
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1) There is no change in the other support of key personnel since the last reporting period

2) There will not be, in the naxt budget period, a significant change in the level of effort for key personnel from
what was approved for this ect

3) It is not ant timated unobligated balance (including prior year carryover) will be greater
than 25 percent of the current year's total budget

A. SPECIFIC AIMS

There are no changes to Specific Aim 1 and Specific Aim 2 as stated

They remain as follows

SPECIFIC AIM 1: De

] and sizes

in the original competing application

n Limits and Scafe Optimiz 5ign micrascale chambers of various

and determine detection limits for specific bicluminescent analytical assays

2. Reagent Packaging and Sample Delivery - E eer methods for packaging dry
reagents in microfabricated chambers Analyze transport, mixi g. and diffusion characteristics of
sample fiquids with the dried reagents

Specific Aim 3 in the onginal proposal, was slightly changed before the final grant was awarded. The changes

were based on recommendations from the Scientific Review Group and personal conversation wilh Dr.

Gregory Farber as directed in a latter from Dr. Michael T. Marron in the Summary Statement of the Scientific

Review dated April 6, 2002 Instead of building cusiom photodiode arrays, we are using commercially available

photodetector amays. Additional time and resources saved by the availability of detector arrays are being speant

on addressing biosensor fabrication and microfluidic issues of the other specific aims. Specific Aim 3 i
SPECIFIC AM 3: Defector Selection - Canfigure and compare various commercially available
photodetector arrays and their detection limits when applied to the biolumin scence based sensor. The
milestones for Specific Aim 3 remain unchanged from the final milestones of the awarded grant

There were no budget modifications by the Scientific Review Group and Council

B. STUDIES AND RESULTS

SPECIFIC AIM 1: Instrument Calibration We develop a method for calibrating and comparing photodetectors

in standardized units of (photonsy teradian) using a light emitting diode (LED) as a light source standard

fses
This method can be used for calibrating bicluminescence and chem luminescence based analytical assays and
determining their detection limits. The method is described in section E (Publications)

Detection Limits: We have achieved the detection limits, as specified in Milestones 1 and 2, for measuring
2 propesed analytes (ATP and NADH) using lyophilized bioluminescence based assays (See Table 1pg 4). We
still need to parform stion limit experiments for galactose and lactate bioluminescence-hased assays

Biosensor Fabrication: We have built 5<5 arrays of sub-microliter wells in PolyDimethyisiloxane (PDMS)
and bonded them to glass as outfined in the propesal (Figure 1 pg 4). However, we have not been able to
achieve beller than a 50% yield in fabrication. The wells deform making precise volume control difficult. This is
in part due to limited capabilities of the functional plasma etcher in the University of Utah microfabrication
facility (the facility is now under major renovation and is difficult to access some equipment). Because of this
we have looked into other prototyping methods and materials and found successful alternatives
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gram Oirector (Last, first. micdie) Andrade. Joseph D.
d otyping method we investigated was to laser cut holes in opaque plastic and cover

the bottom of the holes with a clear membrane coated with an adhesive. We are currently
black Hic y Polyethylene (HDPE) and Polystyrene. Clear, medical grade adhesive polyester films
le from Adhesives Research, inc.) were bonded to polyethylene and polystyrene substrates with holes
uminescent reagents were added to the wells. The adhesive films survived the lyophilization process
without any of the reagenis leaking or film pealing away from the substrates. Further t ith these
plastic chips are outlined in section D (Plans)
Colfection Enhancements: We will address fight collection enhanceme
versions of the plastic prototype (mentioned above) are tested
SPECIFIC AIM 2: Lyophilization and Stabilization: We have been able to stabilize reagents within an array of
PDMS wells bonded to glass. Currently, these wells are filled by manually pipetting t £
In order to accurately test reagent and sample volume less than 0.4 ul, we have built a computer controlled
syringe pump/solenoid micro dispenser (Figure 2 pg 4). The variability drops is
than 40%) due to an unstable pump. We are currently addressing this issue by with a pressure regulato

Sample Delivery & Mixing: Limited results. The lyophilized reagent dly rehydrate when sample flu
are added to the top of the array. We have achieved CCD measurements of the juminescence occurrir g
each well when a hydrogel saturated with a sample fluid is placed on top of the array (Figure 3 pg 4)

SPECIFIC AIM 3: Detector Comparison: We have purchased photodetector arrays as well as the analog to
digital equipment to control and read the luminescent signals. We will begin assembling these items during the
next budget year

Supplements: Not Applicable.
C. SIGNIFICANCE
The ability to measure ATP and NADH, at the detection levels specified in Table 1 (pg 4), and in a s
form, suggests that multiple analytes (coupled to the ATP and NADH bicluminescent reactions) can be
measured from small sample volumes in a new type of Micro-Analytical System (uAS) that can be operated at
point-of-care and home environme| It will likely evolve to measure up to 100 different metabolites in the sub-
microMolar to milliMolar range f prehensive

it features once the basic

1 one +100 ul biofluid sample, and include customized com

diagnoslic panels br basic research, clinical research. and for personal disease and health management

These systems would provide rapid results, facilitate patient empowearment, and reduce health care costs

D. PLANS

SPECIFIC AIM 1: We will determine the detection limits and ranges for bioluminescence-based measurement

of lactate and galactose, as well as ATP and NADH. Measurements will be done with photomuttiplier tube and

CCD detectors using the biosen fabricated in HDPE and Polystyrene as described abave

SPECIFIC AIM 2: In addition to the microfluidic sample delivery methods outlined in the proposal, we wil

address sample delivery and rehydration by testing porous flow through membranes on top of the array of

holes as a method of sample delivery (Figure 4 Pg 4). This method is based on the rapid rehydration success

we had with the hydrogels that were soaked in a sample fluid (Figure 3 pg 4)

SPECIFIC AIM 3: We will assemble and test the photodetector arrays and determined the detection limit of

each of the proposed analytes with each detector

E. PUBLICATIONS

1. Bartholomeusz, DA and Andrade, J.D., “Photodelector Calibration Methad for Reporting Bioluminescence
Measurements in Standardized Units” in Bioluminescence and Chemiluminescence: Progress and Current
Applications. 2002. Robinson College University of Cambridge, UK: World ntific. p. 189-192. Abstract
in Luminescence: Journal of Biological and Chemical Luminescence 2002 17(2): p. 80.

2. Davies, R., Bartholomeusz, D.A., and Andrade, J., “Personal Sensors for the Diagnosis and Management
of Metabolic Disorders” in JEEE Engineering in Medicine and Biology Magazine, 2003. 22(1): p. 32-42

3. Davies, R.H., Andrade, J.D. “Diabetes-Related Luminescent Assays for Multi Analyte Measurement” in
Diabetes Technology & Therapeutics, 2003, 5(2) p. 237-238

F. PROJECT-GENERATED RESOURCES

The LED calibration method described in section B can be beneficial for standardizing photodetector

measurement units for accurate detector comparisan, The procedure is outlined in the list of publications and

will be prepared for a peer reviewed journal.
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Tables and Figures

T'able 1: Detection limits Achieved for ATP and NADH in Lyophilized Bioluminescence-Based A se

| Analyte | Minimum Sample | Experimental Detection | Detection Limit Time of |

Sample Volume | Detection Limit | Limit [ required for Assay
| Concentration | (lyophilized reguired for Milestone 2
form) Milestone 1 {lyophilized |
| (error less than | (wetassays) | assays)
+ 20%) (error lass | (error less than

than + 10%) | + 20%)
S e L

wd NADH biolumi » based assays were d in

: detection limits meet the Milestone nis for these analytes. The wet
ot shown) had 10x better detection limits, satisfyin

tate and Galactose detection limits ctil ed to be perforr

b

Figure 1: Array of
Wells in PDMS

Figure 2: Micro-dispenser in Spectrophotometer

photometar was used 1o calculate drop Figure 3: Luminescent Reaction in
. drop volumes of 40 + 30 nL for th 0* an Array of Wells in PDMS

zle and + 80 nL for the 0.007¢
hown) did not fun
as a constan! pres B SouUrc lr!r.'rﬂasing the ermor of A
the measured drop volumes. Sinc Ibrations firefly
have been performed, we have s abllized the

cco EXpOsUre
ence in 0.4 pul w from 1
Jhon mixing and reacting with a
uciferase platform that has been
Iyophilized and stored for 20 days

Figure 4 (right): T'hrough Flow Membrane

Facilitating sample Defvery into Lyophilized Sample Auid
% 5 Porous flow through =amp -
Reagents 3
membrane
We tested medical grade adhesive membranes %\ r Holes laser cut in opaque

on HDPE and polystyrene substrates with holes
fi with bloluminescen eagenis. The adhesive
survived the lyophilization process without
the reagents leaking or the film pealing
from the substrates During the next budget
period, we will test microfiuidic sample delivery
Including sample delivery through porous through '—"—_]— T

flow membranes bonded to the top of the HOPE | Photodatector Ar

and polystyrene  substr These  basic B i
prototypes will also be used 1o test the

COMMmernc: photodetector  arrays These

photodetector arrays can be used in a hand held

point-of-care device

HDPE or Poylstrene and
filled with | {
reagents

Luminescent
Signal *

adhesive membrane
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Principal Investigator/Program Director (Last, first, middle): A

List of Publications

1. Bartholomeusz, D.A. and Andrade, J D., “Photodetector Calibration Method for Reporting
Bioluminescence Measurements in Standardized Units" Bioluminescence and
Chemiluminescence: Progress and Cument Applications. 2002. Robinson College,
University of Cambridge, UK: World Scientific. p. 189-192. Abstract in Luminescence
Journal of Biological and Chemical Luminescence, 2002. 17(2): p., B0

| 1471 Fedaral Way Copy of Published Abstract ) Publication Appendix pg. 2
| Sanit ake Gt AT BAieD Copy of Published Article..............cco.ccrevcvrnn Publication Appendix pg. 3-8
| Vi gy Copy of the Presented Poster ...... Publication Appendix pg. 7

Lake City, UT 84112-

s 2. Davies, R., Bartholomeusz, D.A., and Andrade, J., “Personal Sensors for the Diagnosis and
Management of Metabolic Disorders” in IEEE Engineering in Medicine and Biology
Magazine, 2003. 22(1): p. 32-42
Copy of Published Article......... St Publication Appendix pg. 8-18
3. Davies, R.H., Andrade, JD. “Diabetes-Related Luminescent Assays for Multi Analyte

Measurement” Abstract in Diabefes Technology & Therapeutics, 2003, 5(2). p. 237-238.
Copy of Published Abstract 2 : Publication Appendix pg. 19-20
Copy of the presented poster ............. Publication Appendix pg. 21

4. Davies, R.H., Comy, J., Abemnathy, J., Andrade, J.D. “Enzymes lyophilized as part of a small-
volume bioluminescent multi-analyte guantitative detection system" presented in the 2002
Colorado Protein Stability Conference, Breckenridge, Colorado. There are no published
conference proceedings.

Copy of the presented poster < ; Publication Appendix pg. 22
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PROGRESS REPORT SUMMARY 3 F21 RR 17599:02
PERIOD COVERED BY THIS REPORT
PRINCIPAL INVESTIGATOR OR PROGRAM DIRECTOR | FROM THROUGH
_Joseph D. Andrade, Ph.D = 8/1/03 7/31/04

APPLICANT ORGANIZATION

University of Utah: Department of Bioengineering
TITLE OF PROJECT (Repeat
Multi-Analyte Micro-Devices for Biomedical Applications

{Complete Hem & on the Face Page)

& shown in ltern 1 on first page)

! Human Subjects N2 Change Since Previous Submission I Change

E No Change Since Previous Submission D Change

WOMEN AND MING USION: See PHE 390 Instrustions. Use Inclusion Enroliment Report Format Page and Targe ted/Pla

1) There is no change in the other support of key personnel since the last reporting period

2) There will not be, in the next budget period, a significant change in the level of effort for key personnel from
what was approved for this project. There are no additional Key Personnel involved

3) Itis not anticipated that an estimated unobligated balance (including prior year camyover) will be greater
than 25 percent of the current year's total budget (indeed, it will be about 0%)

ed Enraliment Format Page

MILESTONES for R21 (from Notice of Grant Award):

1) A microdevice with appropriate reservoirs will be fabricated using PDMS. This device will allow the
concentration of ATP, NADH, galactose, and lactate to be determined using bioluminescent based chemical
assays. A CCD, or anather detector array, will be used as the detector for these assays. For ATP, the
device must be able to detect 10 picomoles with a maximum error of 1 picomole. For NADH, the device
must be able to detect 200 picomeles with a maximum error of 20 picomales. For galactose, the device
must be able to detect 20 picomoles in & 1 microliter volume with a maximum error of 2 picomoles. The
device must be able to determine galactose concentrations in the range from 20 to 80 micromolar. For

lactate, the device must be able to detect 500 picomoles in a 1 microliter volume with a maximum error of 50

picomoles. The device must be able to determine lactate concentrations in the range from 05t0 2.5
millimolar;

2) Using the microdevice fabricated in milestone 1, methods will be developed to lyophilize the assay mixture
in the microdevica. At the conclusion of this milestone, the following detection limits should be achievable
using a lyophilized assay mixture. For ATP, the device must be able to detect 100 picomoles with a
maximum error of 20 picomoles. For NADH, the device must be able to detect 2 nanomoles with a
maximum error of 400 picomoles. For galactose, the device must be able to detect 200 picomoles in a 1
microliter volume with a maximum error of 40 picomoles. The device must be able to determine galactose
concentrations in the range from 200 to 900 micromolar. For lactate, the device must be able to detect 5
nanomoles in a 1 microliter volume with a maximum error of 1 nanomole. The device must be able to
determine lactate concentrations in the range from 5 to 25 millimalar. The sample fiuid for these assays
rmust flow from an input port and fill each well without any technical difficulty or complicated pumps. The
sample fluid must fill greater than 95% of the wells without bubbles. A CCD, or another detector array, will
be used as the detector for these assays; and

3) Bulld a detector array or adapt a commercially available detector array and coupling mechanism for the
microdevice fabricated in milestone one. This array will be used to measure the concentrations of ATP.
NADH, galactose, and |actate using lyophilized assay mixtures. For ATP, the device must be able to detect
10 picomoles with a maximum error of 2 picomoles. For NADH, the device must be able to detect 200
picomoles with a maximum error of 40 picomoles. For galactose, the device must be able to detect 20
picomoles in a 1 microliter volume with a maximum error of 4 picomoles. The device must be able to
determine galactose concentrations in the range from 20 to 90 micromolar. For lactate, the device must be
able to detect 500 picomoles in a 1 microliter velume with @ maximum error of 1 picomole. The device must
be able to determine lactate concentrations in the range from 0.5 to 2.5 millimolar

PHS 2590 (Rev. 05/01) Page _ 2
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MILESTONE RESULTS

1) Microdevices with Wet Reagents:
The ChemChip fabrication was simplified since last year's progress report for cost
effectiveness and prototyping flexibility. 15mm squares with a 5x5 array of 1Tmm
diameter holes spaced 2 mm apart, were cut out of 0.180 mm thick adhesive backed
vinyl film with a knife plotter used for conventional vinyl sign making. The ChemChip
patiems were then sealed to 15mm square glass cover slips after manually removing the
cut holes. The glass cover slips became the clear bottom for the 140 nL wells (Figure 1).
The chips were loaded, both manually and via a computer controlled syringe
pump/solenoid auto dispensing system (Figure 2), with the needed reagent cocktails. A
miniature solenoid valve with a 0.002" nozzle (the Lee Company) was used fo dispense
the reagents (10 ms pulses, pressurized at 8 PSl). The resultant drops were calibrated
at 360+£10nL. A computer controlled XYZ stage positioned a tray of 25 ChemChips and
dispensed reagent drops into individual wells (Figure 2)
The detection limits for wet ATP and NADH were already met in last year's Progress
Report; even lower detection limits were achieved recently using a commercial CCD
imaging detector.

2) Microdevices with Lyophilized Reagents:
The detection limits for dry ATP and NADH were already met in last year's Progress
Report. We have optimized the lyophilization protocels and applied them to the
fabrication of multi-channel ChemChips appropriate to Milestone 2
The reagents were dispensed as noted above onto a tray of ChemChips cooled to less
than =60 degrees C using dry ice (Figure 2 left shows the tray of chips on the cold
plate}—this allows the reagent droplets to freeze within seconds of dispensing. This
process prevented evaporation and maintained reagent stability prior to lyophilization
Since drops were larger than the volume of the wells, a convex meniscus formed above
each well
Lyophilization was performed in two stages in a VirTis Genesis 12 pilot plant lyophilizer.
The chips were placed in the sample chamber of the lyophilizer, which had been
previously cooled to at least ~50° C. Primary lyophilization began when the sample
chamber was connected to the condenser chamber cooled to at least -70° C and the
system pressure was below 100 milliTorr. Primary lyophilization was performed for 48-72
hours. After the temperature of the sample chamber is changed to 25 * C, secondary
lyophilization was performed for 12-24 hours.
The lyophilized reagents rapidly rehydrate when sample fluids are added to the top of
the array. In other studies dealing with analytes in hydrogel contact lenses, we realized
that the ChemChip can be easily filled from the top - vertical delivery. We adopted this
approach to sample delivery rather than a directional microfiuidic approach for simplicity
and reliability—this led to the Chip design already discussed (Figure 1). We thus deliver
samples to the dry ChemChips using 14 mm diameter circles of \Whatman filters; the
filters were clamped onto the center of the ChemChips. 25ul samples were dispensed
on the center on the membrane. The membranes hydrate uniformily; less that 1 L of the
25uL sample is available for each of the 25 wells. Given a 2mm well spacing and a
0.2mm thick membrane, up to 510 L is delivered to any given well. The sample wicks
along the membrane and in to each well whereupon the reagents rehydrate and the
bioluminescence reactions begin. An optimum process results in a convex lyophilized
reagent surface, which facilitates drawing the samples into each of the wells from the
membranes (this process will be more fully optimized in the next several months). The



porous and hydrophilic structure of the lyophilized reagents and filter allowed the sample
to uniformly fill the wells without bubble formation
A commercially available Andor DV-434 CCD was used to take a kinetic series of 30-
second exposures of the bioluminescence activity for each assay. Typical CCD Images
can be seen in Figure 3
The analytical results are summarized in Table | and Figures 4-6. The Milestone 2
detection limits were exceeded by at least a factor of 20 for all 4 analytes Although the
average error reported for galactose and lactate exceed 20% in this data, had we not
pushed the detection limit (we got carried away), we would have come in well under
20%. A major component of the error is sample volume delivery, which we are now
addressing using more controlled means for vertical sample delivery

3) Microdevice Detector Arrays
This milestone was easily met using the Andor DV-434 CCD (Table 1). We have
preliminarily evaluated two much less expensive detector arays: Hamamatsu S8550
and S7585 photodiode arrays. The assays produced an estimated 10
nanoWatts/steradian/cm”. Such a signal produces a current signal of about 50 pA (about
50 times greater than the dark current) on the Hamamatsu S8593 and S8550
photodiods arrays (given a collection angle of 1 steradian, an area of 5.3mm”. and a
photosensitivity of 0.3 A/W). Given the results reported above, these new arrays will be
adequate and will greatly simplify the detection instrument - they are now under
extensive evaluation and are the focus of the work in June and July, 2004)

PHASE Il (R33) RESEARCH PLANS

R33 Abstract:

We propose to continue the development of microdevices for the specific chemical
analysis of multiple metabolites in small sample volumes of biclogical fluids. The
bicluminescent-based enzyme reactions developed in the R21 Phase will be augmentad
by bicluminescent immuncassays to greatly extend the clinical applicability of the
ChemChip system. The Phase 1 (R21) Milestones wers successfully met

The goal of the second phase (R33) is to evaluate and utilize much less expensive array
detectors, implement other bioluminescent assays including immunoassays, develop
specific diagnostic panels, utilize practical biofluid samples, enhance analytical accuracy
and precision, and develop effective means of presentation of the multi-analyte data fo
the caregiver and patient.

Specific Aim 1—Analyte/Panel Developrent—will provide assays for additional
important metabolites, nutrients, and therapeutic drugs, including a kidney/hemodialysis
panel

Specific Aim 2 - Blood and Urine Samples — will deal with urine calibration issues. blood
separation and calibration, and tear sample analysis and calibration:

Specific Aim 3 - Quality Assurance — will develop means for on board chip calibration
enhance the stability of the chips for long term storage. and deal with range features:
Specific Aim 4 - Data Analysis and Multi-Parameter Visualization — what we commonly
call InfoWare —

will develop multi-parameter visualization tools: particularly multi-axes radar piots to
produce disease and condition specific signatures or patterns, which can be made
recognizable by a lay patient population.
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Figures and Tables

Table 1: Detection Limits and Ranges Achieved for ATP, NADH, Galac tose,

_Bioluminescence-Based Assays

Sample Experimental
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Detection Detectable (maximum Limit
Analyte Range Range Tested of 1ul) (lyophilized | Average

form) Error
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The Specific Aims for the R33 Phase Il have not been modified from the original
application. The details for each of the Specific Aims were presented in the original
proposal

Significance:

The ChemChip system will provide comprehensive diagnostic and monitoring panels for
basic research, clinical research, and for personal disease and health management
These systems would provide rapid results, facilitate patient empowerment, and reduce
health care costs. The development of panels appropriate to specific clinical research
areas, such as the kidney/hemodialysis panel, will greatly facilitate such research, due to
the ease of use, low cost, and multi-parametric data generation provided by ChemChip
rices. When more fully developed and available, ChemChips can be considered a
research resource for a wide range of clinical and biochemical studies. A specific
example is the thesis now underway by Jensen (see title balow) potentially applying
ChemChips to endocrine disorders.
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