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Abstract —The design and progress of a MEMS prototype
biochip device, which uses bioluminescence as a means for
detecting a potential of 10-100 total analytes from biofluid
samples, is discussed. Light enhancement was explored by
cpating etched square chambers with chromium and silver,
Light enhancement was also investigated by observing the
transmittance of licht along micra channels molded in PDMS,
Bioluminescent light generated from a 1-mM ATP with firefly
luciferase/luciferin solution was placed inside the channels and
chambers and the light output was observed through a close
up lens by a CCD. Light enhancement effectiveness was
determined from the CCD count increase per nL of sample
votume for the cross sectional viewing areas of the chammels or
chambers. Uncoated silicon, chromium coated and silver
coated square chambers enhanced light sutput about 1-4 CCD
counts/ nlL, 3-13 CCD counts/nL, and 300 to 1.300 CCD
counts/nL respectively. Uncoated PDMS channels enhance
light by about 79-101 CCD counts/nL.

I. INTRODUCTION

Current blood work and metabolic analysis in hospitals
generally utilize independent and in-house labs. Point-of-
Care (POC) devices are able to reduce analvsis time, cost,
and sample volume by using enzyvmatic, chromatographic,
electrochemical, and immunochromatographic methods.
Bioluminescence is a relatively underdeveloped method for
metabolic diagnostics in POC devices [1], [2]. It is 100 to
1,000 times more sensitive than conventional measurements
and is accurale over five or more orders of magnitude.
Therefore. bioluminescence has the sensitivity and range fo
decrease sample volumes of blood and urine. etc., currently
used for in vifro diagnostics by at least 100 fold (down to
0.1 to 1.0-uL or less).

Firefly bioluminescence results from the enzyme-
catalyzed oxidation of luciferin ulilizing adenosine
triphosphate (ATP) |1]. Bacteria bioluminescence is closely
coupled to nicotinamide adenine dinucleotide (NADH).
Since most of biochermstry depends on ATP and/or NADH,
nearly all metabolic reactions can be monitored by coupling

them to an ATP or NADH bioluminescent reaction. The
production or consumption of a metabolite of nlerest
causes a change in concentration of ATP (or NADH)
through enzyme-linked reactions. The change in light
intensity will be stoichiometrically proportional 1o the
dynamic concentration of ATP (or NADH) and thus
proportional to the metabolite of inferest [11. [2].
Detectable light is produced via the following reaction (for
ATP):

ATP + 02 + D-Luciferin + Mg™ — 21eerase o
Oxyluciferin + AMP + CO2 + PPi + Light (A =560 nm). ()

Widespread use of bioluminescent-based metabolite
detection has been limited due to the instability of the
enzymes and the expensive and cumbersome light detection
equipment. Recent advances in bioluminescent enzyme
preparation has enabled greater enzyme stability and
enhanced light cutput for multi-enzymatic reactions [3], [4].
These procedures have the potential to make the
incorporation of biolumineseence into small microfabricated
reaction chambers possible. The light output from these
microfabricated chambers can then be detected by an
inexpensive and hand held CCD-based detection device.

A Applying MEMS Technology for
Bioluminescent Reactions

Miniaturized

MEMS can be used to create an array of microfabricated
channels or chambers (or ChemChip) for multiple
metabolite measurement based on  bioluminescence.
Through careful design of the micro-fluidics, the channels or
chambers can enhance, focus or amplify the light output to
decrease the signal to noise ratio while minimizing sample
size.

1) Light integration using 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 = 1077o%"  where Absorbance = £,Ca(£-%), £; 1is the
molar absorption coefficient (L/mol-cm) and Cy is the
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concentration (mole/L) [5]. If light is generated from within
a homogeneous media, the transmitting light is integrated
along the length it travels and the total transmittance
(Tf'uf{drfl ) is deﬁned ds:

£ =
= = =107")
1, al(d) = i asm = = (2)
- 'tl,: kLnl0

where k = &£,C. Because k will vary as a function of the
bicluminescent-based enzyme constituents and their
concentrations, we plot 77,y versus channel length ¢ (Fig.
1) for various values of k& and observe the change in
expected transmittance of light through a chamber that has
length /. For each curve, there is a region where Trotagty
increases almost linearly with /. The smaller k is, the longer
the linear region before T oy Plateaus. Therefore, by
increasing the length of the channel {or depth of chamber) in
which the bioluminescent reaction is occurring, we can
increase the mtensity of the signal being sent to the detector.
This property will be effective up to a certain length
(depending on k) and then will become ineffective for the
extra sample volume required to fill the longer channels.
One method of increasing the effective transmittance length
£ of a mirco-chamber is to coat it with a reflective surface.
A reflectance coefficient of 1.0 would essentially double the
effective optical path allowing the light to integrate without
increasing the volume. Lower reflectance coefficients would
not be as effective. We experimented with this by coating
chambers, ranging from 50 to 250-um deep, with chromium
(reflectance = 0.68 at A = 560nm) and with silver
(reflectance = 0.86 at A = 560nm). This method will work
best for bioluminescent cocktails with a high k value. The
other method we experimented with was to simply create
long narrow channels ranging from 0.25 to 2.5-cm and
compare the light output per sample volume (which is
proportional to £).

II. METHODS

1) Fabrication of shallow micro reaction chambers with
light enhancing reflective surface: Square micro reaction
chambers ranging from 10 to 750-um were anisotropically
eiched into nine 3™ silicon <100> wafers at 50, 100, and
250-um depths. A 30% by weight KOH solution at 82°C
etched the <100> plane at 6.32m/hr and produced chambers
with a 469.5-A rms roughness (measured by a Tencor P-10

Ttotal (k = 0.5)
= = = Tiotal (k=1.0)
senmerneen Ttotal (k = 1.5)

0.8 +

Trotag

(From Equation {2))
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Fig. 1. Tolal Transmittance of Light from a Homogencous Light Generating
Media Along Various Channel Lengths (£} - At Various Values of k.

profiler). This slow etch rate was used to produce a smooth
reflective surface for the experiment. Three silicon wafers
were coated with chromium on a 600-A titanium seed layer
(1500-A, sputtered, reflectance = 0.68 at A = S560nm).
Another three wafers were coated with silver (1000-A_ e-
beam deposition, reflectance = 0.86 at A = 560nm). The
remaining three wafers were left untreated (for silicon, the
reflectance = 0 at A = 560nm). The results of the
comparison of light output between silicon and chromium
was published previously [6]. Here we include silver coated
substrates in the comparison.

2) ChemChips with long narrow channels: Instead of
etching channel into silicon, we decided mold the channels
into Poly(dimethylsiloxane) (PDMS -white opaque- RTV By
Dow Corning, Midland. MI) as a method for creating a
rapid prototype of our channels. We followed PDMS
molding methods reported by Whitesides et al. [7] with
minor variations. Various lengths of straight channel arrays
(Fig. 2) were patterned into negative photoresist (SU-8 10,
Microlithography Chemical Corp., Newton, MA) spin-
coated (800-rpm for 40-sec) onto the polished side of un-
oxidized 4” wafers. After development, the channel
thickness was verified at 38.1+0.1-um with a Tencor P-10
Surface Profiler.

The PDMS was prepared in a 10:1 ratio of prepolymer
and curing agent according to the manufacturer’s
instructions. A tiny drop of vacuum oil was smeared on the
outer perimeter of the waler to facilitate removal of the
PDMS after molding. The PDMS was poured onto the
master (about 5-mm thick) and degassed in a vacuum for 1-
minute while on the cast. The cast was then cured at 65°C
for 1-hour, The channel arrays were cut out of the PDMS
such that the ends of the channels were exposed. These
arrays were then placed onto glass slides cleaned with DI
water by conformal contact with slight finger pressure,
leaving the ends of the channels open at the edge of the
glass (Fig. 3). Glass was used to seal the PDMS channels so
that the capillarity could be visualized. The PDMS was not
oxidized with a plasma cleaner as described by Whitesides et
al. [7] so that the PDMS would not stick irreversibly with
glass. This allowed the channels to be cleaned and reused
during the bioluminescent light measurements.

3) Light measurements from the shallow micro-
chambers with light enhancing reflective surface: A 1.84-
pM  firefly luciferase (Promega)/1.25-mM luciferin
(Biosynth) luciferin solution was prepared according lo

Fig. 2. ChemChip Straight Channel Array.
There are seven sets of channel widths, 230, 200, 150, 100, 73, 50 and 25-
pm, each in sels of 5. Each wafer had two sets of chanmel amays for each
value of £ (23,20, 15, 10, 7.5, 5.0, 2.5 and 1.5-mm long),
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Fig, 3. PDMS Slab Sealing to Top of the V-Channels.
Both ends of the sealed channels are open to air. At one end, the
bioluminescent fluid is applied. The light is detected “end on™ from the
other side.

similar methods used in previous research [8], [9]. Other
constituents m this solution included 1.25-mg/mL bovine
serum albumin (Sigma - used for coating the glass vial to
prevent denaturing of the luciferase), 1.25-mM ethylene
diaminetetra acetic acid (Sigma), 12.5-mM Mg++ (Sigma —
from MgS804), in a 1.25mM glyevl-glycine buffer. This
mixture was able to maintain 90% activity for about 10-
hours when stored in the dark ai room iemperaiure. A 3-
mM ATP, glycyl-glycine buffer solution was also prepared.
The firefly luciferase/luciferin solution and the ATP solution
were mixed in a 20:5 volumetric ratio, resulting in a 1.5-puM
luciferase, 1.0-mM luciferin, and 1.0-mM ATP nixture,
This high ratio of ATP to luciferase and luciferin results in
peak luminescence within 3 seconds after mixing, which
then lapers and levels off after 1 minute [1], [2]. [9]. Lighi
measurements for this experiment were integrated 2 minutes
S-sec after the ATP and luciferase/luciferin solution mixed
for 20 seconds, when the light flux was approximately
constant.

20-pL. of the mixed ATP, luciferase and luciferin
solution was dispensed onto a 20x15-mm” area surrounding
the micro chambers. A thin glass cover slip was placed on
the solutiorw. starting at one end and tilting the cover slip as
it was laid down. so that the excess bioluminescent fluid
would disperse. An ST6-A CCD camera. by Santa Barbara
Instruments Group was fitted with a Vivatar wide-angle lens

focused 55-mm below the lens with the aperture set at 2.8,
The field of view was about 20x15-mm? The camera was
operated at —20.0°C and shrouded in a darkroom. The
resulting images were saved as TIF files. The average CCD
counts (which is proportional to intensity) for the areas
surrounding the micro-chambers was subiracied as
background noise from the CCD counts recorded for the
micro-channels, using Scion Image (based on the NIH
image software).

4) Light measurements from the ChemChips with long
narrow channels: The 1.84-uM firefly luciferase/1.25-mM
luciferin solution and the 5.0-mM ATP solutions were
prepared as explained above. They were then dispensed into
i-mL-aliquots and frozen at -70°C. The two solutions were
thawed for 3.5-minutes at 29°C in a dark container, and
then mixed in a 20:5 {luciferin/luciferase: ATP) volumetric
ratio as before. New 1-mL aliquots of both solutions were

used for each channel array tested. Although freezing these
solutions does decrease their activity. and thus total light
intensity, all channels were tested with the same decrease in
activity bv ensuring that the reagents were used afier the
same thawing time.

The channels filled via capillarity on one end. afier
dispensing 5-ul. of the mixed ATP and luciferase/luciferin
solution onto one side of the channel arrays. The
bioluminescence was viewed “end on™ at the other side of
the channels with the same CCD setup used for viewing the
micro-channels. However. a 48-mm close-up ring was used
and the ends of the channels were focused 8.75-mm away
from the lens in order to have a larger magnification (with a
field of view was about 5-mm x3-mm?). A 20-sec light
exposure was taken 1.5 min after the luciferin/luciferase &
ATP solutions were mixed. Images were saved in TIF
format and again analyzed with Scion Image The light
intensity (in CCD counts) from each channel was compared
to channel length.

HI. RESULTS DISCUSSION

1) Coating enhancement of micro reaction chamhbers:
Fig. 5 shows the CCD images recorded from the
bioluminescence on the chromium and silver coated
(respectively) substrates. Fig. 4 shows the light intensity
from the different reflective coatings (measured as averace
CCD counts) for cerlain size reaction chambers. The higher
intensity values occur for the deeper wells due to the
integration of the light generating media as predicted by the
Beer-Lambert law. The intensity/volume slope indicates the
effectiveness of increasing intensity with slight increases in
voiume. Steeper slopes occur for smailer windowed micro
reaction chambers and for substrates with higher reflectance
at A = 560-nm lght Comparison of the slopes
(intensity/volume) is seen in TABLE 1.

2) Light intensity varying as a function of channel
length: In observing the capillary action of the
bioluminescent fluid into the channels, we noticed that the
narrower channels filled at a slower rate than the wider
ones. This was due to the hydrophobicity of the PDMS
walls. As the channels got narrower, the ratio of
hydrophobic PDMS wall surface area to the hydrophilic
glass surface area increased, reducing the surface tension
driving the capillarity.

Fig. 6 shows the bioluminescent light images seen by the
CCD from the ends of the channels. Comparison of the
intensity versus sample volume (Fig. 7) resulted in an
intensity/volume of 101 CCD counts/nL for the 250-mm
wide channeis and 79 CCD counis/mL for the 200-mm wide
channels. The P value between these two slopes was 0.08.
Comparison of the intensity/volume for the other channel
widths did not show any correlation for any of the graphs.
This inconsistency could have been due to the poor capillary
filling in the smaller channels (as described above). This
would cause lower than expected intensity measurement
because the channel would only be partially filled. Initially,
the PDMS channels were left hydrophobic (un-oxidized) in
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Fig. 3. 20-Sec Integration Of Bioluminescence for a Walers Etched 230-
.

Top) Coated With Cr. Showing the 750, 500, 400, 300, 250, and 200-pm
wide squares.

Bottom) Coated with Ag. Showing the 730, 300, 400, 300, and 250, The
10-pm wide chambers to the right of the 750-pum chambers are loo small to
picked up by the CCD.

TABLE 1
COMPARISON OF INTENSITY/VOLUME SLOPES FROM Fig, 4

W Intensity\dlure Siqe
Viadi piniensityvdiume Siope Retice Feticx Silver Vierses
Crarium\ersss Siiaon | P\ELe Chroium P\HLE
302 oot 1284 35ERB
237 002 831 3ME®
49 oo 50 32E0

IR E

Comtparison of the Intensity/Volume slopes between the reflective surfaces
had P values = 0.28 for square chamber sizes less that 400-pm.

order to'be able to clean and reuse the arrays during the
bioluminescent measurements. Because the PDMS was left
hydrophobic, the capillaritv did not work well for the
smaller channels. The capillarity can be improved for this
experiment by oxidizing the PDMS in a plasma cleaner as
was done by Whitesides et al. This will, however,
permarently seal the PDMS channels.

Error could also have been introduced by light cross talk
between channels occurring from internal reflection within
the glass. This could have occurred even though the glass
was on a black matte surface durmg the light measurements.
The cross talk might be elimmnated i the future by using
chromium or silver coated glass slides. This might also
improve the signal intensity.
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Fig. 4. Average CCD Counts from the 20-Sec Integrated CCD Reading for
Bioluminescence in Micro Reaction Chambers with Different Reflective
Coatings.

Data was plotted in sets for the same viewing area (or width of micro
reaction chamber). For ecach set of data (wells with same width and
coating), the increasing volume occurs from the thres etch depths used
(250-mm, 100-mm and 50-mm), The higher intensity values oceur for the
deeper wells. The ntensitv/volume slope indicates the effectiveness of
increasing intensity with slight increases in volume. Steeper slopes occur
for smaller windowed micro reaction chambers and for substrates higher
reflectance at 1 = 3560-nm light Comparison of the slopes
{mtensity/volume) is seen in TABLE 1.

The poor correlation of light intensity and sample
volume for the smaller channels could have also been due to
the difficulty in obtaining a precisely focused image of the
smaller channels. Selecting the area to measure average
intensity (using Scion Image) for each channel was
somewhat subjective when any blur in the image for the
small channels occurred. Precise coupling of the channels to
the CCD will continue to be an issue. Large camera lenses
are impractical for developing a hand held bioluminescent-
based POC. Eventually, a linear CCD array could be
fabricated right onto the ChemChip with mnimal coupling
error,

IV. CONCLUSION
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Fig. 6. CCD Images of the Bioluminescent Light from PDMS Channels of
WVarious Lengths — “End on™ View

Top) 12.0-mum long channels. From lefl to right, two 75-um, five 30-um
and two 253-wm wide channels are seen.

Middle) 11-mm long channels, Three 250-pm, and five 200-um wide
channels are seen.

Bortom} 2-mm long channels. Two 200-pm, five 150-jum, and one 100-pm
wide channels are seen.

Based on these experiments, silver coaled substrates
have the greatest potential to enhance light output for small
sample volumes. The largest silver coated chambers were
able to reach CCD counts of 30,000 for sample volumes of
about 85-nL. These values of ntensity were not obtained in
the PDMS channels except at volumes of about 200-nL.
However, the output in the channels may be improved by
coating the walls (or some of the walls) with silver. This
however, will not double the effective transmittance length
unless there is a back reflective wall designed into the
channels.

The next step in the development of the bioluminescent-
based ChemChip will be to perform calibration curves of
ight output at low concenirations of ATP (in the pM
range). After that, we will be determining wavs of preparing
and lyophilizing the bioluminescent compounds within the
channels and then sealing the channels without inactivating
the enzvmes. (Methods such as anionic bonding and UV or
high temperature curing adhesives would denature the
enzymes.)

Depending on the microfabrication procedure used to
build it, the ChemChip can easily be integrated with other
MEMS technology. An example of integrating the
ChemChip with other MEMS technology is in the area of
microneedles The increased light observed for long narrow
channels can also be used to effectively design a
bioluminescent micro-needle. These microneedles can be
incorporated into the ChemChip or designed to have the
bioluminescent reaction occur within one or more of the
lumens [10] [11]. With increased sensitivity, smaller
amounts of sample fluids are needed for accurate analysis. A
0.05-mL sample size can be drawn by micromachined
needles, which can painlessly access small amounts of body
fluid to be analyzed via bioluminescence.

Bv integrating bioluminescence with other analytical
methods, using MEMS technology, inexpensive yet
comprehensive POC metabolic analytical panels can be
created,
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within 1% accuracy during the 3 second exposure with the CCD (as vcril]c_d by PMT
measurements). We determined,, (7) by CCD measurements and/ ., (A) by
specirometer measurements. Equations 3, 5, and 6 were used to determine [ (1)
where I (=3.5min) replaced Jppp(f) and Opgecio(t=3.3 min) was measured,
Radiance Rpp(f) was determined by equation 4.

RESULTS AND DISCUSSION
Measurement errors were determined by standard propagation of error methods. The
error in Ry for the PMT was large because the data used for Spag(h) was uo_l high
resolution, which affected the error in the integration of f(A)S‘P_w(,I}d,lin equation 5.
The radiance measurements in Table 1 show that once a device is calibrated,
bioluminescence can be recorded in units that allow comparisons independent of
instruments and setup. Standard equipment usually available to those rescar{:hiqg
luminescence, was used for calibration. Standardizing luminescent measurements in
units of rad.iancc, which accounts for collection angle, would allow better
comparisons of luminescent assays between different instruments and labs.

Table 1. Conversion Constants, Collection Angle, Irradiance, and Radiance
for ATP/FFL bioluminescence measurements at £ = 3.5 min

iT ; 7 -adi Tlemey Ve T |
[ gp and Kyeteetor Values  [Value [Error Irradiance (n'W/cm’)[Value |Error

| 1pp (nWiem®) ~ 127]  0.07| ey Sidetector | 53| 03
|k (RLUMW) 30| 09| Im PMT 5 1
keen (CCDeounts/nWis) | 46x107| 9x10°| Ik CCD 0.36920.0002
Collection Angles £ (sr) Radiance (nW/cm®/sr) .
LED (Figl (a)) 0.03317(0.00002] Rz Si | 1o20] 60
| ATP/FFL Si 1.893| 0.002] Ry Si 2.8 0.2
| ATP/FFL PMT T 1.928]  0.002| Rpm PMT 3 24| 06
" ATP/FFL CCD | 0.1309] 0.0001] Rge, CCD 28| 0.1]
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PHOTODETECTOR CALIBRATION METHOD FOR REPORTING
BIOLUMINESCENCE MEASUREMENTS IN STANDARDIZED UNITS

DA BARTHOLOMEUSZ, JD ANDRADE
Dept of Bioengineering, University of Utah, Salt Lake City Utah 84112-9202, USA
Email: d.bartholomeusz@m.co.wtah.edu

INTRODUCTION

Bioluminescence measurements are reported in relative light units (RLU), which are
dependent on the specific detector used and its operating conditions. In order to
compare bioluminescent measurements from different detectors and assays, or to
determine the quantum efficiency of a particular assay, photodetectors need to be
calibrated such that measurements are reported in radiance (W/cm?/sr). This allows
intensity measurements to be expressed in units normalized to the collection angle
and independent of the device. We explore a calibration method using a diffused
light emitting diode (LED) as a light source standard. The uniform light source is
focused onto a silicon photodiode detector whose spectral calibration is traceable to
a National Institute of Standards and Technology (NIST) standard. The intensity of
the focused light source is calibrated in W/cm?® as a function of the solid collection
angle. The calibrated light source is then used to calibrate a photomultiplier tube
(PMT)-based luminometer and a charge-coupled device (CCD) in W/cm’/sr. The
method accounts for spectral properties of detector responsivities and light sources.

METHODS

In order to calibrate a detector, the intensity of a source (¢, ¥ ,A) (in irradiance units
of W/em®) must be known as a function of time 1, position at the detection plane # =
(x, v), and wavelength & (Fig. 1). An LED operating at a steady state temperature
with a constant current source and a diffuser plate is used in order to define the
intensity as a function of £, ¥ , and A. In this case, /(7) is a constant value for all & and
/' due to the constant temperature and current, Since the Lambertian diffuser plate
averages any variance in /(A, 7 ) due to uneven temperatures on the surface of the
LED, /(%) can be integrated over the emission spectrum independent of ¥ . I(£, ¥ , 1)
can be further simplified by normalizing /(¥ ) and /(%), according to their respective
peak intensities in position and wavelength. Thus, /(¢,7 ,1) for the LED source
described becomes:

Lo (6 F, ) = LOTFIA) = 1 (OT () [ T(A)I Higuationd,
A

The optical power of the source at the detection plane, P(L) (in radiant flux
units of waits), is the integration of the intensity, /, normal to the detector over the
area, A, of the detector (equation 2}.l Oy is the calibrated silicon detector output
from incident source power, P, on the detection plane is a function of the detectors
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normalized spectral responsivity, S_(1)(equation 3). All detectors in this

experiment were normalized to their responsivities at 555 nm, the peak wavelength

of the LED. The second half of equation 3 combines P(%) and /(z, 7 , A) in the
calculation of Oy,

P(A) = [I,5 (1,7, A)dA Equation 2.
A

O (1) - fP(Z)S(z) =l (@) F(?)JA J’f(,l)._? (A)dA Equation 3.

Black walled, clear bottom
Lens cuvette filled with (b)
bioluminescent solution
and placed on window
above detector surface

aperture

(a) I | F Detector

Figure 1. Setup for measuring Og; and (a) calibrating the LED light standard
for subsequent calibration of the PMT based luminometer and CCD detector
and (b) subsequent bioluminescence measurements

Fig. 1 (a) shows the experimental setup used to measure Oy and calibrate the
LED source standard along with subsequent detector calibrations. A constant voltage
source from a DC power supply across a precision resistor was used to create a
constant current across the LED (555 nm peak wavelength intensity, 24 nm full half
width maximum, Fairchild HLMP-D600). This LED was used because its spectral
emission fell within that of the firefly luciferase bioluminescence, which was verified
later. The light from the LED was diffused through a 5 mm diameter Lambertian
diffuser plate (Edmund Optics A46-162). An aperture on the diffuser plate was
created by using photolithography to etch a 250 pum hole in aluminum that was
evaporated onto the clear side of the diffuser plate. This provided a small enough
source such that the diameter of the source divided by d, was much less 0.02,
effectively acting as a point source.” d, was selected such that the maximum incident
angle, 0, was less than 5°, This ensured that over 99% of the light was within the +5°
radiance response curve for which the photodetector was calibrated.” dy/d, was
chosen such that all of the magnified image of the uniform source easily fit within
the detector area for all detectors. Since d, = 5 x diameter of lens (focal length = 50.2
mm), the solid collection angle, ©, could be approximated as the area of the lens
aperture area divided by the square of d, (less than 1% error).”

A calibrated silicon photodetector (Newport 818-SL) with a known
responsivity, S(L), traceable to a NIST standard, along with a CCD (Santa Barbara
Instruments, ST-7E with a Kodak KAF-0401E CCD) was used to solve for the
intensity of the LED source standard for the specific set-up in Fig. 1{a). Oy was
measured by the calibrated photodetector. The normalized intensity as a function of
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position, 7 (# ), was determined by CCD measurements and the normalized intensity
as a function of wavelength, 7 (1), was determined with a spectrometer (Jobin Yvon
Spex #HR-460). After determining Op, 1 (¥ ), and T (L), Fopplt) was c-alculitcd from
equation 4., /. () from equation 1 was then determined. The radiance, R(# ), of lhe.

LED standard was then determined by equation 4, where Q is the solid collection
angle,. For a uniform source, /(7)and R(# ) are both constant. The LED source had a

gaussian distribution, giving radiance as follows: ‘

R.\‘aurcc(‘rﬂ ;) = I."'ﬂmn: (I’ 'F) +0 qulatlﬂﬂ 4.

Once the radiance of the LED source standard was determined, the same setup
shown in Fig. 1 was used for calibrating the PMT based luminometer (Turner Desing
20/20 with Hamamatsu R6427 PMT). The operation of the luminometer allows the
user to adjust the sensitivity, which adjusts the amplification voltage of the PMT.
Because of this, each sensitivity setting would have to be calibrated for any given
PMT. Here we only performed one calibration for a single sensitivity setting (4.2%).
The calibration of the PMT was based on the following modification of equation 3,

Opr () = by L1 8) [T(F)AA [T(A)S e (A)dA Equation 5.
A A

where Opyr is the output of the luminometer (in RLU), kpyr is the conversion factor
of RLU/MW at the specific sensitivity settings, and § py(X) is the normalized
spectral responsivity of the PMT. Since Opy was constant for all 7, (4), I(¥),and
(i) was known from the LED calibration, we then solved for kpyr.

The calibration of the CCD was similar to that of the PMT, but accounts for
the integration of the charge accumulation in the CCD wells during the exposure.
Thus, the calibration of the CCD is as follows:

Occo (A1) = kegep T o At [T(F)dA [T(A)S ey ()R Equation 6.
A A

where Ogcp is the output of the CCD (in CCD counts), k¢ is the conversion factor
of CCDcounts/nW/s at the specific temperature setting of the CCD(-6.9°C), and

S"C(,D(?\.} is the spectral responsivity of the CCD (in V/incident watts) normalized at

555nm. Since the light source is constant for all ¢, Ocep/ At (where At is the
integrated shutter exposure time) was used to solve for kqep. :

kppsr and keep can be determined for all respective detector operating
conditions using the method described above. Once kg and kepp were known for
their respective detector operating conditions in this example, we calculated the
irradiance and radiance of a 250 pL volume of an ATP/firefly luciferase (FFL)
bioluminescence assay with the setup as seen in Fig. 1(b). [l mM ATP (Sigma), 1
mM Luciferin (BioSynth), 0.11 mg/mL Luciferase (Promega), 250 mM
Mg*'(Sigma), 0.8 mg/mL BSA (Sigma)].

Measurements of the three detector outpuis were performed 3.5 min after
mixing the ATP into the bioluminescent solution, such that the intensity was constant
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METHOD FOR IMPLEMENTING BIOLUMINESCENCE-BASED
ANALYTICAL ASSAYS IN NANOLITER YOLUMES

DA BARTHOLOMEUSZ, RH DAVIES, TSM YANG, JD ANDRADE
Dept of Bioengineering, University of Utah, Salt Lake City UT 84107, USA

INTRODUCTION

Bioluminescence-based analytical assays were used to measure various analytes in
nanoliter sample volumes. Nanoliter volumes of multiple bioluminescent analytical
assays were deposited in an array format and lyophilized. ATP-firefly luciferase
(FFL) and NADH-bacterial luciferase (BL) platform reactions were compared. We
achieved parallel sample delivery via sample-hydrated membranes. A CCD camera
measured the luminescent kinetics for each assay. These miniaturized assays and
instruments can be prepared as micro-analytical systems to operate in point-of-care
(POC) diagnostic devices.

METHODS

ChemChip fabrication

We built arrays of clear bottom reaction wells, or ChemChips, consisting of 5x5
arrays of 1 mm diameter holes spaced 2 mm apart. The holes were cut in 15 mm
squares out of 0.180 mm thick adhesive backed vinyl film with a knife plotter. The
array patterns were sealed to 15 mm square glass cover slips after manually
removing the cut holes. The glass cover slips became the clear bottom for the 140 nLL
wells (Fig. 1A).

Reagents and samples

ATP, NADH, Lactate, and Galactose assays were formulated according to Table 1.
Mixed analyte samples were made at various concentrations in 50 mM Trizma buffer
(pH 8.0). Lactate and Galactose assays were measured using samples without ATP
and NADH since they interfere with their respective competition and production
reactions.

Table 1. Analytical assay recipes

Reagents ATP |Galactose Reagents NADH | Lactate
FFL -Pramega 5 UM 3.3 M FMMN -Sigma 200 M 100 uM
Luciferin -Biosynth 0.1 mM 0.0 67mM |RCHO -Sigma 200 M | 100 uM
CoA -Fluka 100 pM |67 puM BL -U of Utah 2 uM 1M
Mannitol -Pfansiiel 04M J0.27M Oxidoreductase -Roche |24 w/ml |1.2 w/mL
40kD Dextran -Pharmacia 1mg/mlL. |0.67 mg/ml. |Sucrose - Pfanstiel 05 M 0.5M
8kD PEG -Sigma dmg/mL 3.3 mg/ml.  |8kD PEG -Sigma 2 mg/ml. |2 mg/mL
BSA -Sigra 0 uM 20 pM BSA -Sigma 5 mg/ml |5 mg/mL
ATP -Sigma 5 uM GPT -Sigma 125 pg/ml.
Mg'" -Sigma 50 uM Glulamate -Sigma 2 mM
Galactokinase -Sigma 0.2 w/mL Lactate Dehydrogenase -Sigma 250 pgfmL

NAD® -Sigma 1 mM
233
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Figure 1. A) Empty ChemChip, B,C) Reagent deposition system

Reagent deposition

Individual ChemChip wells were filled with reagent cocktails via a computer
controlled XYZ stage with a syringe pump and solenoid dispensing system (Fig.
1B,C). A miniature solenoid valve with a 0.002" nozzle (INKX0516350AA, The
Lee Company) dispensed reagents in 10 ms pulses, pressured at 8 PSI. The drops
were calibrated at 360+10 nL. A tray of 25 chips was cooled to less than -60 °C
using dry ice (Fig. 1C shows the chips on the cold plate), allowing the reagent
droplets to freeze within seconds of dispensing. This process prevented evaporation
and maintained reagent stability prior to lyophilization.

Lyophilization

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 =70 *C with a
system pressure below 100 mTorr. Primary lyophilization was performed for 48-72
hr. Secondary lyophilization was then performed for 12-24 hours after changing the
sample chamber to 25 °C.

Simple sample delivery _ .

25 pL samples were dispensed on the center of 14 mm diameter circles Whatman
qualitative membrane filters clamped to the center of the ChemChips. Since the
membranes hydrate uniformly, less than 1 pL of the 25 pL sample was delivered to
each of the 25 wells. Given a 2 mm well spacing and a 0.18mm thick membrane,
only 510 nL of sample was available to each well. The sample wicked along the
membrane and into each well, whereupon the reagents rehydrated and
bioluminescence reactions began. Since reagent drops were larger than the volume of
the wells, a convex meniscus formed above each well. This convex structure, porous
and hydrophilic in nature after lyophilization, facilitated drawing the sample from the
membrane into each well without the risk of bubble formation.

Detection

An Andor DV-434 CCD was used to take a series of six 30-s exposures to record the
bioluminescence activity for each assay (CCD temp = —50 C, binning = 4x4 pixels).
CCD images can be seen in Fig. 2. Although we used a sensitive CCD camera, some
of the assays were bright enough to see with the human eye. These assays produced
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an estimated 10 nanoWaus/steradian/cm”." Such a signal produces a current signal of
about 50 pA on the CCD. This is about 50 times greater than the dark current for the
less expensive photodiode arrays (Hamamatsu 58593 and S$8550) (assuming a
collection angle of 1steradian, an area of 5.3 mm’, and a photosensitivity of 0.3 A/W
on the photodiode arrays) These arrays would enable the ChemChip to be
implemented in a less expensive POC diagnostic device.

Data Analysis

The native Andor data files were opened in Image] (from NIH) where a macro
integrated the CCD counts across the area of each well for each exposure. We used
Matlab to sort the data by analalyte and sample concentration. Calibration curves for
ATP, NADH, and Lactate assays were created by time integrating the CCD counts
across each well. Time integrated CCD counts were then averaged across all 5 rows
for each column of analyte. An average integration was also taken across multiple
chips that were tested at each sample concentration. The calibration curve for the
Galactose assay was based on the area integrated CCD counts at t=180 s, divided by
the area integrated CCD counts at t=30 s (the brightest exposure period).

RESULTS

Fig 3 shows the kinetics for the ATP assays. Fig. 4 shows assay calibration curves.
The estimated detection limit for each assay was as follows: 0.51 picomoles ATP
+19%, S.1 picomoles NADH +21%, 5.1 picomoles Galactose +26%, and 51
picomoles Lactate £22%.

Column  Analyte
NADH
ATP
Lactate
i Galactose
Blank

NALGB A

CI_E

Figure 2. CCD images of luminescent ChemChip arrays

A) Bioluminescence assays were dispensed in separate columns for replicate data (5
rows per column). B1) NADH and ATP at 1 and 0.1 mM, respectively. B2) NADH
and ATP at 0.01 and 0.001 mM, respectively. This is dimmer than Bl due to lower
concentration of analytes. C1) Galactose assay (1 mM sample) at first 30 s exposure.
C2) Galactose assay (I mM sample) at sixth 30 s exposure. This competition
luminescence dims with time. D1) Lactate assay (10 mM sample) at first 30 s
exposure. (Streaks of light across are due to a cracked cover slip). D2) Lactate assay
(10 mM sample) at sixth 30 s exposure. Being a production assay, the luminescence
increases with time.
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Figure 3. ATP kinetic data averaged over 3 chips, 5 rows/chip
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Figure 4. Analyte calibration curves
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Time integrated CCD counts

SIGNIFICANCE .

The ChemChip system will provide comprehensive diagnostic and monitoring panels
for basic and 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 will greatly facilitate such research, due to the ease of use, low cost,
and multi-parametric data generation of the ChemChip systems.
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Xurography: Rapid Prototyping of Microstructures
Using a Cutting Plotter

Daniel A. Bartholomeusz, Ronald W. Boutté, and Joseph D. Andrade

Abstract—This paper introduces xurography, or ‘“razor
writing,” as a novel rapid prototyping technique for creating
microstructures in various films. This technique uses a cutting
plotter traditionally used in the sign industry for cutting graphics
in adhesive vinyl films. A cutting plotter with an addressable
resolution of 10 yzm was used to cut microstructures in various
films with thicknesses ranging from 25 to 1000 ;m. Positive
features down to 35 ;:m and negative features down to 18 pm
were cut in a 25 pm thick material. Higher aspect ratios of 5.2
for positive features and 8 for negative features were possible in
a 360 y;m thick material. A simple model correlating material
properties to minimum feature size is introduced. Multilayered
microstructures cut from pressure sensitive and thermal activated
adhesive films were laminated in less than 30 min without pho-
tolithographic processes or chemicals. Potential applications of
these microstructures are explored including: shadow masking,
electroplating, micromolds for PDMS, and multilayered three-di-
mensional (3-D) channels. This inexpensive method can rapidly
prototype microfluidic devices or tertiary fluid connections for
higher resolution devices. [1488]

Index Terms—Laminate object manufacturing, layered mi-
crochannels, microelectromechanical devices, microfluidic struc-
tures, micromachining, rapid-prototyping.

I. INTRODUCTION

URRENT interest in microfluidic and microelectrome-

chanical systems (MEMS) for scientific, industrial, and
biomedical applications has lead to the development of a
number of two- and three-dimensional (2-D and 3-D) microfab-
rication methods [1]. Initial fabrication methods used integrated
circuit (IC) fabrication techniques in semiconductor materials.
However, complicated fabrication processes, bonding diffi-
culties, and brittleness of semiconductor material motivated
alternative microstructure fabrication techniques and rapid
prototyping processes.

Current commercial rapid prototyping methods for mi-
crostructures include: micromolding in polydimethylsiloxane
(PDMS) [2]-[9], laser ablation [10]-[14], stereo lithography
[15], micropowder blasting [10], hot embossing [4], [16], and
micromilling [17]. Due to its simple fabrication and bonding
techniques, micromolding in PDMS has become a common
prototyping microfluidic method in the laboratory environment
[2], [3], [6]. Other advantages include low material costs, high
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resolution capabilities (down to 30 nm), gas permeability,
and optical transparency. Micromolded PDMS structures are
typically made by casting the PDMS on photolithographically
patterned photoresist. Epon SU-8 photoresist is commonly
used because it is capable of producing micromolds as thick
as 1 mm with aspect ratios up to 20 [18]. However, even when
using SU-8 patterns, PDMS molded microstructures can only
have aspect ratios ranging from 0.05 to 2 [3] unless the PDMS
is supported. Patterning SU-8 microstructures requires standard
photolithographic masks, chemicals, and procedures which in-
volve long pre and post bake development steps. However, once
a micromold is created, PDMS structures can be repeatedly
molded. Unfortunately, any design change requires a repeat
of the long photolithographic process. Alternative photomasks
with features down to 15 ;sm have been used to shorten proto-
typing time to less than 24 hours [2], [7], but the rate limiting
step is still the photolithographic process.

Other prototyping methods such as micropowder blasting
and laser ablation directly build microstructures without pho-
tolithography. Micro-powder blasting is capable of features
>100 ysm in hard materials, such as glass, with aspect ratios up
to 1.5 (www.micronit.com). Laser ablation produces features
on the order of sub-microns (>100 nm) [19], with an aspect
ratio up to 10 [20]. Channels made by these methods are sealed
with adhesive films [11]-[14], PDMS layers [21], or anodic
bonding. Micronics Inc. (Redmond, WA) has even developed
a proprietary method for aligning laser-cut 3-D channels in
multiple layers of adhesive backed polymer films [11], [12].
Stereo lithography also builds microstructures directly, with
features sizes >1 yrm [22] and aspect ratios up to 22 [20]. These
techniques require expensive fabrication equipment which
makes it difficult for in-house prototyping.

Many features for microfluidic applications do not neces-
sarily need the high resolution capabilities used by IC fabri-
cation techniques. Characteristic dimensions for micropumps,
valves, and sensors range from 100 ;sm—50 mm [23]. Micro-fil-
ters and reactors range from 10 jsm—10 mm and microanalysis
systems range from 1-100 mm [23]. Micro-needles and mi-
crofluidic channels range from 1-100 ;sm wide [2], [24], but
can go as high as 1000 ;m and still maintain sub microliter vol-
umes depending on channel depth. Micro-channels for whole
blood applications can clog when hydraulic diameters are less
than 50 j¢m [25].

Here, we present a rapid and inexpensive microfabrication
technique using a cutting plotter (a plotter fit with a knife
blade) that has 10 ;tm resolution to directly create microstruc-
tures down to ~20 jmm in various polymer films, without
photolithographic processes or chemicals. We call this method

1057-7157/$20.00 © 2005 IEEE
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Plotter blade

I

Release Liner

Film

1) Cut film

. Squeegee

/

3) Apply application tape

Substrate

5) Transfer and press
pattern to substrate

Fig. 1.

release liner
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Adhesive
side (grey)

2) Weed unnecessay
film around pattern

Scored

4) Peel off pattern with
application tape

Pull

6) Peel off application tape
Pattern remains on substrate

Pattern transfer method. After cutting, unnecessary parts are peeled off the release liner, or “weeded.” The application tape holds structures in place while

transferring. For finer negative structures (<100 pm), the entire pattern in step 1 is transferred to application tape before weeding. The pattern is then weeded while
on the release liner from the backside before transferring. This minimizes adhesive left in negative channels. Another method for small structures (~100 gzm) with
positive and negative features (like serpentine channels in Fig. 2) is to lightly transfer the cut-patterns to the substrate and then weed the unnecessary portions. In
step 6, pull the application tape at a sharp angle while pressing down with the squeegee at the peeling interface to prevent delicate substrates, like glass cover slips,

from breaking.

Xurography, for the Greek root words Xuron and graphé
meaning razor and writing, respectively.

Positive and negative structures, primarily channels, are xuro-
graphically fabricated in polymer films ranging from 25-1000
4sm thick. The microstructures can be fabricated to create single
layer or 3-D layered channels for microfluidic devices, micro-
molds, shadow masks, sensors, and electroplated structures. A
method for testing cutting conditions is reported along with
a model predicting minimum feature size based on material
properties.

II. EQUIPMENT AND MATERIALS

The graphic arts industry often uses a tool called a cutting
plotter for cutting the outlines of letters and designs in adhe-
sive backed films when making large retail signs. These adhe-
sive backed films, often vinyl, come in rolls laminated on a re-
lease liner. After cutting pattern outlines, the undesired portions
of the film are “weeded” off the release liner by hand, leaving
the letters and designs in place on the release liner. The re-
maining graphics are transferred to a substrate (wall, billboard,
sign, etc.) with an application tape, which is often a light paper
based adhesive tape similar to masking tape. The application
tape is then peeled away, leaving the graphics attached to the
substrate. Fig. 1 shows this transfer process.

Previously, cutting plotters have been used for macroscale
prototyping applications [26]-[28]. However, because plotter

technology has dramatically improved upon resolution, align-
ment, and user control, microscale prototyping with a cutting
plotter is now possible. Manufacturers specify the resolution of
the cutting plotters in terms of mechanical and addressable reso-
lution. The mechanical resolution specifies the resolution of the
motors, while the addressable resolution is the programmable
step size. Most cutting plotters have addressable resolution
down to 25 jim, which is the resolution limit of the Hewlett
Packard Graphing Language® (HPGL™) driver to print plotter
files. For higher plotter resolution, a different driver is required.
The repeatability of the cutter is the quantitative measure of
the machine’s ability to return to the exact point where a cut
initiated, such as occurs when cutting a circle. Cutting plotters
control the material feed by friction rollers or sprocket feed
spools.

Cutting plotters use different blades for various materials.
Blade angles of 30°, 45°, and 60° are common throughout the
sign industry. Blade angle is measured from the surface of the
material to the blades’ cutting edge. Blade angle and depth de-
termine the amount of uncut material between the blades leading
edge. Blade depth is controlled by a depth or force setting, de-
pending on the plotter.

There are three types of cutting methods which cutting plot-
ters use, namely; drag knife, true tangential and emulated tan-
gential. Drag knife cutting uses a swivel blade that follows the
cutting path of the feature as it moves relative to the mate-
rial. This introduces lateral force from the blade at sharp fea-
ture corners, which can break the tip when cutting harder or
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Channel
Test Pattern

middie—s| |« [10 mm

filet _ channel width _|
radius

Force
Test Pattern
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Test Pattern

channel spacing =
channel width

weeding
tab

Fig. 2. Cutting modes and test patterns. The blade in TMO (drag knife mode) pivots at the corners. TM1 (tangential mode 1) cuts each line segment and lifts. The
blade then rotates into position as it starts to cut the next line segment. TM2 only applies a start and end overcuts at the object start and finish. Channel width was
measured at the start of the channel test pattern near the tab and where the taper leveled off in the middle. The force test pattern is used to determine the proper force
to completely cut the material. The serpentine test pattern consisted of channels with equal width and spacing. The smallest serpentine test pattern that successfully

weeded determined the minimum feature spacing.

thicker substrates. True tangential cutting controls blade posi-
tion with an addressable motor. When cutting corners, the blade
lifts completely out of the material and rotates to the new di-
rection. Line segments can be over-cut to ensure the material
is completely cut from top to bottom at feature corners. This
is useful when cutting thick materials. Emulated tangential cut-
ting uses a swivel blade but lifts the blade just to the surface of
the material before pivoting on the tip at a feature corner. This
reduces lateral force on the blade. Over-cuts in emulated tan-
gential plotters bring the blade into position before initiating a
cut and ensure feature corners are completely severed from the
rest of the material.

In order to have flexibility for testing xurography on multiple
materials, a friction feed cutter with the ability to cut material
up to 1 mm thick was needed. Test patterns with round, rectan-
gular, and angled features ranging from 10 jtm to 2 mm wide
were sent to a few cutting plotter manufacturers. Each manu-
facturer cut test patterns in sample materials ranging from 50 to
~1 000 ;tm thick. Cutting plotters with tangential blades were
able to cut rectangles and square patterns better then those with
swivel blades. However, those with swivel blades were able to
cut circular features down to 50 ysm in diameter better than tan-
gential blade machines due to the continuous cutting nature of
the swivel blade.

We purchased the FC5100A-75 from Graphtec (~%4 000
USD, www.graphtecusa.com) because it has an addressable
resolution of 10 yrm (most plotters only go down to 25 ;im)
and it cut channels less than 100 ;sm wide with a uniform
channel width that surpassed other manufacturers. It also has
the capability to cut in two emulated tangential modes as well
as drag knife mode (TMO) without needing to change blades
(Fig. 2). The first tangential mode (TM1) lifts and turns the
blade, just to the surface, at each line segment. The second
tangential mode (TM2) lifts the blade only at the beginning and

end of each series of continuous line segments. The machine
over-cuts a programmable distance (between 0 and 1 mm) each
time the blade lifts when using TM1 or TM2. This cutting
plotter is able to cut sharp angled features using TM1 and cut
curved features using TMO, without changing the blade or the
cutting origin. The FC5100A-75 can also cut material up to 1.1
mm thick with a force up to 300 g.

Various films were tested including thick and thin polymer
films, hard and soft films, films with and without adhesives,
thermal adhesive coated films and pressure sensitive adhesive
coated films. We also tested thin metal films and filter mem-
branes. Table I is a list of the materials tested and their proper-
ties. Materials without release liners, such as filter membranes
and thermal laminates, were cut after temporarily applying them
to a layer of application tape. The application tape in these cases
functioned as a release liner.

III. THEORY

The smallest features that can be cut in a film depend on cer-
tain mechanical properties. The major factors that limit feature
size are tension in the material, blade sharpness, cutting speed,
and material properties such as Young’s modulus and Poisson’s
ratio [29]—-[31]. Others have studied the mechanics of slitting
polymer films [30], [31] and show that the stress (o, normal
to the film’s cross section is greatest near the blade’s edge. 0.,
is resisted by the shear stress 7., at the interface of the film’s
adhesive and release liner (Fig. 3). When the total force in the
& direction is greater than the yield sheer stress 7, _max of the
film, multiplied by the bottom surface area of the feature, the
feature will slide relative to the release liner. This will occur at
a critical feature width . assuming a constant o, for a given
cutting speed, material, blade shape, and blade sharpness.
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TABLE 1
MATERIALS AND OPTIMAL PLOTTER SETTINGS
. Young's , . Material  Adhesive
Material Malier Pt # Maerial _\Iode’ua PO'SS(?“ ¥ Adhesive  Thickness  Thickmoss Rg]ease Cutting hode Blade Foree
Narne ) Ratio . linet = angle
(MPa) (pty (pni}
Rub:lith®  Ulano  RA3 Red 173 147 none 25 (] Poly- T™ 45 5
Corp. crulsion esler
Static - mknown  Clear high 6 0.49 nane 190 i} AT TW2 £ 0. T 45 15
Vil kol stane vinyl
Clear 3 Scotcheal  Clear vimyl 123 .49 servlie 30 25 Krafi TMO 43 9
Vinyl 220
Cast Vinyl  3M Scotcheal  Cast white 108 0.4 PSA 0 25 Kraft TMO 4% 10
220 vinvl
Calendered  Gerber  Quantum  Calendered 288 46 PSA 75 25 Kraft ™I 45 12
Vinyl Sc1. 2000 vinyl
Polvester M 9798R White 1932 139 PSA 51 19 Krafi T™I0 45 13
polvester
Cireen Hartco, 315 Vinyl toam 140} 031 Water 300 &0 Kraft T™2 + 1 1nan 45 20
SandHast  Inc. sundblast based
Mask stencil asrvlic
Tan I 520 series Tan rubber 6 .49 unknown 1010 unknown  Poly- Sham angles: 0 25
Sandblast sarnlblast esler T™1 £ 1.2 mm
Mask slencil Smoulh shapes:
T™2 1L 0.2 nun
Thermal Gorbor Edgeheat Thermal 44 .43 thermal G 25 Kraft T™O 45 8
Transter adhesive
Thetnal Nerox 3 mil Clear 1175 0.440 therimal 15 61 AT T™IO 45 13
Tanwnate lamimate Polyester
Thermal GRC Sml Clear 1043 .40 thermal Ta 51 AT TM™2Z + 1 1lnm o) 12,137
T aminate HeatSeal  Polyvester
Thermal GRC 141 mil Clear 13040 (.44 thermal 178 75 AT ThiZ = 0. ltnm 60 15,1820,
Laminate HeatScal  Polvester tillet comers 22,24.10
Filter Milli- Hardened  Nitro- M NM none 114 it Al THIC} 45 3,577
Paper pore cellulose
Aluminum  3M 9792k Aluminum 3143 035 PRA 3 A0 Rorafi TxA0 LN AR
PSA = Pressure Sensitive Acytlate.
Kraft = Polvethylene coated. bleached Kratt paper with a silicon coating on onc side.
AT - Application Tape.
TG, TAM, and TA2 refer to the cutting modes discussed in Fig. 2.
N - not measured
Displacement in x ,
y g caused by blade wedge Previous
/ Cut
1 }.’
Fax ox Gyxly) = h Material
lowdy)dy e =
f(y tan®)
{=> X
\‘cyx at adhesive interface |
Direction of cut | I
- ; Fyx o€ Tyx I
is along z axis | ,
I€ w >

Fig. 3.
normal force F, .. is resisted by the shear force F,,. at the adhesive interface.

The 2-D Hooke’s law for isotropic material defines o, as a
function of the strain e, the material’s Young’s modulus &, and
its Poisson’s ratio v [32]

_ £ 1 1
Cow = m<€”( — V) + veyy). D
Eyy = _Ex:r/l/~ @)

Force diagram of a film’s of cross section. Normal stress . is resisted by the shear stress 7, - 0., is a function of the displacement y tan 6. The total

€z varies with y according to the blade’s wedge angle (#) and
the width («) of the previously cut feature. Thus

Exx(f) = —Htand /w, 3)
_ Iy i tan f
Our () = D ( - ) 4)

The total force along (::({., ), normal to the cross section of
material being cut, is the integration of o, () along the hieght
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of the material /, times the length of the blade £. The shear
force resisting I, along the adhesive interface is I,

W2E tan v
- . )
2w(l+v)(1— 2v)
Fyp = LTy, (6)

sz:

As u decreases, T, approaches T,,_max until ¥, equals
I, at the critical width w, which is can be approximated as

h2F tan v
e = .
21+ v)(1 — 2v)Tyw—max

Therefore, thinner, softer material, with low Poisson’s ratio, and
a high 7, _ .« generally produce smaller features.

)

IV. METHOD
A. Plotter Settings

In order to achieve the highest resolution possible, the
Graphtec FC5100A-75 was set at 10 yxm addressable resolution
with the slowest speed and acceleration. Test patterns and
designs were drawn with 10 jsm resolution in a CAD program
and imported into Adobe Illustrator. The FC5100A-75 was
controlled by a Graphtec plug-in application for Illustrator,
called “Cutting Master.” The channel test pattern (see Fig. 2)
was used to determine the best machine settings that were
material independent. Setting optimization was based on visual
examination of the channel ends and circles with a 100 ¢ stereo
microscope. A reticule was used to determine which settings
achieved consistent channel widths, 90° corners of rectangular
features, and completely cut 500 ;sm diameter circles. The
best material independent machine settings were as follows:
Offset angle = 0, offset force = 4, and step pass = 0.
Patterns were sorted before cutting, via an option in Cutting
Master, to restrict media movement by layer so as to minimize
material shift.

Next, the optimal material dependent settings were deter-
mined (see Table I). First, the square and triangle test pattern
(see Fig. 2) were cut with a 45° blade. The force settings were
gradually increased until it was possible to remove the square
without pulling up the triangle, thus indicating a complete cut.
If corners tended to tear due to incomplete corner cuts, both
tangential modes (TM1-TM2) were tested with a start and/or
end over-cut of 100 ;xm (the smallest over-cut setting). Overcuts
were useful on materials thicker than 200 jrm. The channel
test patterns (see Fig. 2) were used to compare TM1 and TM2
on materials that required overcuts. The optimal mode was
determined by the smallest channel that was removable without
breaking from the weeding tab. After mode selection, the same
pattern was cut with the 60° blade to determine the best blade
for each material.

Small features were difficult to cut in harder materials such
as polyester based films because the blade tips tended to break
at sharp corners. In these cases, the sharp angle were cut with
over-cuts using TM1. Alternatively, the patterns could be re-
drawn with rounded corners, or fillets. Another way to avoid
breaking the tip when cutting hard thick materials was to cut
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it multiple times with lower force settings without resetting the
cutting origin, increasing the force after each pass.

B. Weeding

The cut film was weeded using a fine pair of tweezers and
a 50 ¢ stereo microscope. Even though this was a bit tedious,
dense patterns up to 100 cm? took only 15 min to weed. Isolated
features like circles less than 250 j¢m or channels less than 100
jim were especially difficult to weed. Weeding tabs greater than
250 ytm were attached to one or more ends of the smaller chan-
nels to avoid this difficulty. The smaller channels easily pulled
up when the tabs were picked out with tweezers. The space left
by the tabs can be used for fluidic ports or electronic leads.

C. Heat Lamination

A Xerox XRX-LM1910, 10” heat laminator with tempera-
ture control, was used to laminate thermal films to glass, plastic
and other layers of thermal laminates. Laminating temperatures
were set at ~95 °C to melt thermal adhesive just enough to seal
but not so high that the adhesive melted into the microchannels.

D. Characterization

After determining the best cutting method for each material,
the long channels were measured at the start and the middle
of the channels to determine accuracy and taper (narrowing
of the channel due to blade and/or material movement) for
positive and negative features (see Table II). Next, serpentine
channels (see Fig. 2) were cut to determine minimum feature
spacing. Measurements larger than 300 jrm were done with a
100 x microscope with 5 jtm reticule markings. SEM images
were analyzed with Image], a free image analysis program from
NIH (http://rsb.info.nih.gov/ij/), to measure features less than
300 ytm. Film thickness was measured by a caliper (£10 jtm)
or taken from the manufacturers’ specifications.

E. Material Property Measurements

The Young’s modulus £ and yield sheer strength 75 max
for each material were measured by an Instron® 4443 universal
materials testing machine. Stress vs. strain was measured on
strips of film while stretching them at 10 mm/min without their
release liners. The yield sheer strength was found by measuring
the peak force required to separate a film from its release liner
and dividing it by the overlap area of the two layers. The film and
release liner were pulled apart in a direction parallel to the plane
of the film. Films were reinforced with a layer of calendered
vinyl to minimize stretching before the yield sheer strength was
reached. Poisson’s ratios were measured in the Hookean region
[32].

V. RESULTS AND DISCUSSION

Table II shows each material’s minimum feature size for var-
ious patterns. In general, the start of the channels deviated less
than 10 j#m from the drawn dimensions, which is within the ad-
dressable resolution of the plotter. There were some exceptions
to this rule. For example, the large inaccuracies on the tan sand-
blast and the two thickest thermal films may be because these
were the only material the 60° blade was used on. The shorter
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TABLE II
MINIMUM FEATURE SIZES
Total Smallest Positive Channel Width Smallest Negative Channel Single Slice Width Smallest Serpentine Channel Width
Material Material {pan) Width (um) {um}y and Spacing Dimensions ()
‘Thicknass Actual  Actual _Actual  Actual | ) Average Average
am | P St siddle OR | DO Toon aidgle R | Top Bottom AR Drawn o 0o Spacing
Rubylith® 25 40 32z 30710 B 21 14 & 13 4 80 93 +22 64+ 18
Static Vinyl 190 150 140 8 L7 100 o0 15 36 10 NM 19 200 162+ 42 26264
Clzar Vinyl 75 110 105 93 0¥ T 78 4 11 2w 2 250 268+ 13 231+1%
Cast Vinyl 75 100 102 76 U8 8O 43 17 25 19 3 180 18034 177216
Calendered 10} 0 47 43 2.3 70 53 29 2.5 32 2 6 120 99111 111136
Vinyl
Polyester 70 110 73 3113 110 72 52 11 4% 16 2 200 204+26 19+ 26
Creen 360 80 20 52 52 50 58 3% 80 023 NM 16 200 197+ 71 239+29
Sandblast
Tan 1000 500 5400 460 20 200 185 150 60 40 14 37 S0 4500117 463149
Sandblast
Thermial 25 60 &+ 127- 02 40 58+ 58—~ 04 Re- NM  NM 110 TR+ 23 137+ 16
Transfer 10 17 14 14 seals
Thermal 7% 70 72 58 L2 60 579 40 16 16 1 9 120 12227 105+29
T.aminate
Thermal 127 100 6 92 14 70 33 4] 27 7 3 28 200 1o =% 267 £ 10
Laminate
Thermial 254 300 339 294 0% 250 248 248 L0 9 10 5 400 291 +40 460+ 10
Laminate
Tilter Paper 110 300 526 526 Q2 NAM NM NM ONM NM M NM 00 391352 526150
Alurminum 69 250 28% 278 0.3 250 247 238 0.4 40 14 3 500 129+ 91 485 + 135
AR - Aspect Ralio. This was caleulated by dividing the material thickness by the average of the actual start and final channel dimensions.
WK1 — ot miesured
leading edge of the 60° blade, compared to the 45° blade, may 600 v r T T T
reduce control of the blade as it swivels into position. The start Tan Sandbéast
of the positive channels in the aluminum and paper films were &
also off by more than 10 ;tm. These films tended to catch on F 500 I
the blade and tear before cutting, which may have affected the 3
. . . . R2 =091
swivel of the blade as it started its cut into the channels. The ®
smallest features of the calendered vinyl and white polyester 400
films were inaccurate by more than 30 jem, the reasons of which &
are explained later. % 00 | Avrinum ]
Fig. 4 compares the actual start of the positive channels to g
the predicted . in (7). The material thickness without the ad- e
hesive was used to calculate .. The aluminum and paper films % 200
are not included in the trend line because they tended to catchon 5
the blade and tear before cutting. The predicted values were not 8
in perfect agreement with the measure results and were scaled 2 100 ﬁhema
by 0.04. This scaling factor accounts for constants not in the Toum * olgester Creen Sandnlast
model, such as cutting speed and stresses at the leading edge of Ty Mcalendercd
. . . i
the blade. The discrepancies of the model (reduced v2 = 132) Rubylth, : 3 . :
0 100 200 300 400 500 600

may be due to other factors not accounted for, such as blade
wear, material hardness, and friction. The model also assumes
that stresses and strains remain in the Hookean region; how-
ever some materials permanently compressed under the blade.
Crushed materials were wider at the tops of the channels than
at the bottom as seen in the single slice channel dimensions.
Despite the factors missing from the model, there is a correla-
tion between minimum feature width and the ratio of material
properties (£, /, and Ty, — max ) described in (7). The correlation
coefficient for Fig. 4 does indicate that the variance in the mea-
sured minimum width is attributed, at least in part, to the vari-
ance in the estimate of . (P > 99%). Thus, in general, thinner,
softer material, with low Poisson’s ratio, and a high 7, _max
will produce smaller features.

_ . ! #Etard
Fredicted Width wc =0.04 2= o, VI e (pm)

Fig. 4. Minimum channel width verses predicted width w.. The 0.04 scaling
factor accounts for constants not included in (7). Aluminum was not included
in the trend line because it tended to catch on the blade and tear before cutting.
Although some factors are missing from the model, there is a correlation
(P > 99%) between minimum feature width and the ratio of material
properties (E, b, and Ty, —max) used to estimate w..

The smallest features for both positive and negative channels
tapered from the initial dimension to a smaller final dimension
in the middle of the channel. Once tapered, channel width varied
less than 2 jim (sidewall surface roughness was not measured).
The exception to this was the thermal transfer film because the
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Fig. 5. Patterns cut in Rubylith®. (a) 21 pm channel (drawn 10 zm wide) without a fillet. (b) The same channel cut with a 50 gm fillet. (c) 32 gm positive
structure (drawn 40 pm). (d) Tapering of a 50 and a 60 gm channel drawn without a fillet. (e) A single 6 pm slice. (f) Lab logo showing potential of positive
patterns. Serpentine channels drawn at (g) 80 pm, (h) 100 gm, and (i) 140 pm width and spacing. Variability decreases to ~10 pm for serpentine channels that

were at least 2 X greater than those recorded in Table II.

100um

Fig. 6. Positive channels, negative channels, and serpentine channels in various films. (a) 100-80 pm features in 360 p«m thick green sandblast. (b) 150-180 pm
features in 190 pm thick static vinyl. (c) 250 pm channels in 75 pm thick clear vinyl. (d) 120-100 gm channels in 190 gm thick static vinyl. (e) 40 pm single
slice in 1000 pm thick tan (rubber) sandblast mask. (f) single slice in 100 pm thick calendered vinyl.

adhesive melted into the channels. The distance from the start
of the channel to the final tapered dimension varied for each
material and channel width. It was observed that for the same
material, the 60° blade caused the channels to taper sooner than
the 45° blade. The calendered vinyl and white polyester films
had relatively short taper lengths which made it difficult to mea-
sure the exact starting width of each channel. This may explain
the deviations in channel dimensions from their drawn sizes for
these films.

The taper can be explained from the derivation of . above
(7). For dimensions less than ., the shear force I, (6) is less
than the lateral force I, (5) causing the blade to move toward
the first cut. Taper was much less prominent in single channels
that were at least 2 x greater than the smallest positive channel
dimensions listed in Table II. In these cases, neither taper nor
deviation from drawn dimension exceeded 10 j«m, probably be-
cause [, doesn’t exceed I ,.

Rubylith® was the only material that had a positive taper. This
was because the fillet into the smallest channels was less than
the machine’s minimum radius of curvature of 50 ;sm. The min-
imum radius of curvature can be seen in Fig. 5(a) where the

blade swiveled into a 90° turn without a fillet. The smallest
channels on the calendered vinyl also had fillets less than 50
jsm which may have contributed to its inaccuracy.

Table II only shows the minimum feature sizes for channels
cut perpendicular to the material feed direction in the cutting
plotter. Minimum features sizes for channels cut parallel to the
material feed direction were about 10-20 ;¢m greater. This was
probably due to differences between the blade positioning and
material feed motors on the cutting plotter.

The high variability of the serpentine channels occurred
mostly at the turns and tapers in the channels. The variability
decreases to about 10 ysm for serpentine channels that were at
least 2 x greater than those recorded in Table II.

VI. EXAMPLE APPLICATIONS

With exception of the shadow mask and electroplated struc-
tures, the following microstructures were built without the use
of a clean room. Fig. 5 shows the cutting characteristics of the
Rubylith® material. Fig. 6-7 show examples of other materials
tested.
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Fig. 7.

Sealed channels. (a, b) The adhesive and polyester layers can be distinguished in channels cut in 127 gm thick thermal laminate. Since the channels were

cut from the adhesive side, they are slightly narrower at the top then they are at the bottom. (c, d) Sealed channels in 75 gm thick clear adhesive vinyl.

Fig. 8.

1000 um

(a) Silicon traces sputtered onto a glass slide using Rubylith® as a shadow mask. (b) Copper channels electroplated using Rubylith® as a sacrificial layer.

The channel walls were destroyed during handling of the sample. (c) A negative | mm diameter gear with 100 g m teeth patterned in Rubylith®. (d) A positive gear

electroplated with Rubylith® as a mask.

A. Shadow Mask

Rubylith® is normally used as a photomask for
screen-printing, although it has also been used as a photomask
in IC applications (www.ulano.com). It consists of a UV
opaque emulsion without adhesive on a clear polyester backing.
In order to use Rubylith® as a shadow mask, cut patterns
were peeled off the release liner using application tape and
then transferred to glass slides (see Fig. 1). The application
tape was wetted with a small amount of water to reduce its
adhesion to the Rubylith® and then peeled away using the
technique described in Fig. 1. The Rubylith® stuck to the glass
by electrostatic interaction.

Glass slides with patterns cut in Rubylith® were then placed
in a Denton Discovery 18 sputter system (100 W RF power,
Ar flow of 50 sccm at 4.8 mTorr) for 30 minutes, to deposit a
375 nm layer of silicon. The Rubylith® was then peeled away,

leaving narrow channel traces that started at 55 jrm and tapered
down to 28 yrm [see Fig. 8(a)].

B. Electroplating

Electroplated microchannels were created using Rubylith® as
a sacrificial layer. Cut channels were transferred to a clean glass
slide using the same method as described for shadow masking.
Channel openings were covered with kapton tape and then the
slide was placed in the sputter system (same system and set-
tings as mentioned above). A 20 nm thick titanium seed layer (1
min sputtering time) was sputtered onto the slide followed by a
200 nm layer of gold (7 min sputtering time). The kapton tape
was then removed and the slide was placed in a copper sulfate
solution (100 g CuSQOy: 25 ml HoSO4: 450 ml DI H,0). A 20
mA/cm? current density was applied for 50 min, forming an 18
jtm copper deposition. The sacrificial Rubylith® was dissolved
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Fig. 9. PDMS patterns molded on xurographically cut (a) Rubylith® and (b) 127 pzm thick thermal laminate. (c) A positive 250 gm serpentine channel in 127

pom thick laminate used for molding PDMS features similar to (b).

(a) Syringe

Rubber access
/ port

7 Adhesive

/ Port layer
Channel layer
— _Glass bottom

Fig. 10.

300 um

(a) Rubber access ports made from the 1 mm thick sandblast masking material. (b) Flow in channels ranging from a single slice to 250 gm in 127 ptm

thick thermal laminate. Similar channels were fabricated in clear vinyl adhesive and static vinyl.

in acetone and rinsed with methanol and DI water, leaving the
hollow electroplated channels.

Stand alone structures were also electroplated using a neg-
ative Rubylith® pattern. The pattern was transferred to a gold
coated glass slide and the slide was then placed in the same
copper solution as the channels mentioned above. Fig. 8 shows
the electroplated channels and an electroplated gear.

C. Micromolding in PDMS

PDMS was molded on positive microstructures cut in
Rubylith® and thermal laminate films (see Fig. 9). The Rubylith®
patterns were left on the polyester release liner and the thermal
films were laminated to glass cover slides. PDMS prepolymer
was mixed with a curing agent (SYLGARD 184, Dow Corning,
Midland, MI) at a 10:1 weight ratio and then poured over the
Rubylith® and laminate structures [2]. The PDMS mixture was
degassed at ~100 mtorr for 10 min to remove air bubbles. The
samples were cured at 80 °C for 40 min. Higher temperatures
cause the thermal glue on the laminate film to melt. The cured
PDMS was then peeled away from the molds. Thermal laminate
micromolds were successfully reused for recasting PDMS; how-
ever mold integrity after repeated use was not investigated. The
Rubylith® micromold was also reusable, but only for features
greater than ~100 j:m. The smaller features tended to peel
off the release liner with the PDMS. Features that stuck to the
PDMS were rinsed off in acetone.

D. Laminated Microfluidic Structures and Ports

Fig. 10 shows fluid flow in 2-D channels cut in 127 j¢m thick
thermal laminate film and sealed with the same material to a
glass slide. Channels ranged from a single slice to 250 jrm wide.
The top layer sealing the channels had holes for port access.
These holes were covered with a small piece of 1 mm thick sand-
blast mask material (~4 mm diameter) that had a needle hole
poked though its center [see Fig. 10(a)]. A flat end 25 gauge
syringe was inserted into the needle hole so that the sandblast
material sealed around the syringe. Blue dye was then injected

into the channels. The maximum pressure for the rubber ac-
cess ports is limited but can be improved with better adhesive
backing. Similar channels were fabricated in clear vinyl adhe-
sive and static vinyl. The static vinyl had to be clamped down
to prevent leaking.

A 3-D microfluidic structure was cut in 127 ;sm thick thermal
laminate film, following an example made in PDMS by Anderson
et al. [8] which consists of a coiled channel surrounding a straight
channel. Coupling holes, access ports, and alignment holes were
also cut in the pattern. Because there were not any free standing
features, the channels and holes were weeded by blowing them
out with an air nozzle after peeling the cut pattern from the release
liner (application tape). The coupling holes, which connected
channels across layers, were relatively large (~:300 jrm) because
of the difficulty of cutting and weeding smaller holes. Fig. 11
shows how each layer was aligned to the bottom layers by using
two glass capillary tubes as alignment pins in the alignment
holes. After alignment, each layer was taped to the previous
layer, the glass tubes were removed, and then the taped layers
were sent through the heat laminator, top side down to prevent
the thermal adhesive from re flowing into the channel. Alignment
within 60 jsm was achieved using this method. The channels
were designed to be 100 and 200 ;«m thick. The 100 ;¢m straight
channel narrowed to about 50 y:m because of tapering. The
entire seven-layer structure took less than 30 min to build.

VII. CONCLUSION

Xurography functions as a truly inexpensive and rapid proto-
typing method for microstructure fabrication. It can create mi-
crostructures in less than 30 min without photolithographic pro-
cesses or chemicals. Laboratories without access to clean room
microfabrication facilities can quickly design, build, and test
first stage microfluidic device prototypes for a variety of appli-
cations, such as biochemical sensors. After feasibility and de-
sign are tested using xurographic fabrication, the devices can be
built using techniques that are conducive for high throughput,
such as injection molding.
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(a) Layered structures to build a 3-D coiled channel surrounding a straight channel in 127 g¢m thick thermal laminate. Each layer consisted of coupling

holes, access ports, and alignment holes. (b) The final structure. (c) Dye flowing in channels drawn at 100 and 200 p#m 3-D channels.

Although xurography does not have as high of a resolution as
standard lithographic techniques, the accuracy of this method
is within 10 j#sm of drawn dimensions and feature variability is
less than 2 jysm. When higher resolution or materials that cannot
be cut by a blade are required, such as semi-conductor based
sensors, xurographically cut channels can be laminated on top
to function as tertiary fluid connections. Pressure sensitive films
also make it possible to safely seal channels or wells filled with
thermally labile reagents for biosensor applications.

The xurographic method described here can be further
studied for machine and material optimization. Higher address-
able resolution of the plotter, down to the width of the blade
edge, can improve accuracy. Smaller holes could be fabricated
by operating a heated pouncing needle in tandem with the
blade. According to (7), a smaller Young’s modulus % and
larger yield sheer strength 7,,_max can also improve feature
size. The Young’s modulus can be reduced by heating the
blade to the films melting temperature. The heated blade could
also anneal the channel to make the walls smoother, reducing
surface tension (a significant factor in microfluidics) within the
channel. An increase in T,;_max Would potentially improve
feature size, but would make it difficult to weed. A possible
solution is to use a UV degradable adhesive on the release liner.
Tyz—max Would be high while cutting, holding smaller features

in place, and reduced after exposure to UV. This could work
well for nonadhesive films.

Specialty films could be created for specific applications. Pas-
sive valves in Teflon® cut using xurography would be less ex-
pensive than laser ablation [13], [14]. Xurographically cut UV
curable or UV degradable polymer films could be used to build
up structures or function as sacrificial layers in PDMS, SU-8, or
metal structures. Some materials could also be fabricated on a
release liner with a slight internal tension so as to create specific
channel widths with a single slice.

Xurographic prototyping is less precise than other fabrication
methods but is a useful and inexpensive research tool. The time
and prototyping costs saved will allow researchers to focus on
the device development before moving on to more expensive
fabrication techniques.
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ABSTRACT

A centrifugal-based microfluidic device' was built with lyophilized bioluminescent reagents for measuring multiple
metabolites from a sample of less than 15 uL. Microfluidic channels, reaction wells, and valves were cut in adhesive
vinyl film using a knife plotter with features down to 30 #m and transferred to metalized polycarbonate compact disks
(CDs). The fabrication method was simple enough to test over 100 prototypes within a few months. It also allowed
enzymes to be packaged in microchannels without exposure to heat or chemicals. The valves were rendered hydrophobic
using liquid phase deposition. Microchannels were patterned using soft lithography to make them hydrophilic. Reagents
and calibration standards were deposited and lyophilized in different wells before being covered with another adhesive
film. Sample delivery was controlled by a modified CD ROM. The CD was capable of distributing 200 nL sample
aliquots to 36 channels, each with a different set of reagents that mixed with the sample before initiating the luminescent
reactions. Reflection of light from the metalized layer and lens configuration allowed for 20% of the available light to be
collected from each channel. ATP was detected down to 0.1 #M. Creatinine, glucose, and galactose were also measured
in micro and milliMolar ranges. Other optical-based analytical assays can easily be incorporated into the device design.

The minimal sample size needed and expandability of the device make it easier to 51multaneously measure a variety of

clinically relevant analytes in point-of-care settings. .

Keywords: Bioluminescence, centrifugal devices, microfluidics, point-of-care, rapid-prototyping
1. INTRODUCTION

1.1. Point-of-Care

During the past 10 years, some in vitro diagnostic (IVD) testing has moved from centralized labs to point of care testing.
The point-of-care (POC) is where treatment decisions are made and includes emergency rooms, battlefields, outpatient
clinics, nursing homes, patients” homes, or hospital bedside. POC testing is mostly vsed in applications that require
frequent testing, such as diabetes, or for tests that need to be done quickly, such as in emergency rooms. POC sensors are
being developed around the need to measure common analytes, which include blood gases, coagulation, and general
chemistry, and immunoassays for drugs and proteins to provide physicians and caregivers with quantitative information
to diagnose, triage, and treat patients’.

Effective management of some pathologies require regular, routine clinical chemistry measurements of low molecular
weight biochemicals important to metabolism. A well-known example is glucose measurements necessary for the
ma_nagemeni of diabetes. Other diseases such as the inborn metabolic diseases phenylketonuna (PKUY’ and
galactosemia® also need regular monitoring of relevant analytes. POC sensors for measuring multiple low molecular
weight metabolites would help determine multi-parametric profiles of different pathologies in clinical diagnostics and
research,
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Luminescence-based detection is a highly sensitive and specific analytical method that is starting to be used more
frequently in IVD laboratory analyzers, but has not been readily implemented in POC devices®. Luminescence-based
assays can have a detection range of five or more orders of magnitude without dilution or concentration of the sample
fluid’. Luminescent reactions have inherently low background noise that can be 100 to 1,000 time less than that which
can come from emission sources in fluorescence based measurements® and can have up to 90% quantum efficiencies’.
In the last 20 years, the detection limit of luminescence-based methods has improved from 10™* moles (10 femtomoles)
to 10™"* moles (1 attomole) using reasonably priced reagents and luminometers.

Bioluminescent reactions, which are luminescent reactions catalyzed by enzymes, have the potential to measure a wide
range of low molecular weight metabolites. The firefly luciferase (FFL) reaction below is a common bioluminescent
reaction involving Adenosine Triphosphate (ATP:

Luciferin + ATP __Fireflytuciferase o oy ylyciferin + AMP + CO, + PP + Light (560nm). (1)

Metabolites can be measured by coupling the appropriate enzyme reaction(s) to an ATP bioluminescent reaction and
measuring the light output. The specificity of the luminescence-based analysis is determined by the selectivity of a
coupling reaction. Analytes of interest are measured by coupling them to enzymatic reactions that produce or consume
ATP as follows:

Production: Analyte + ADP + Reagents — My products + ATP 2)
Competition: Analyte + ATP + Reagents — My products + ADP. 3)

Numerous metabolites can be measured using the ATP platform luminescent reaction (Equation 1) since many
metabolites in the body are within one or two enzymatic reactions from ATP’. Even more metabolites can be measured
by using reactions that produce or consume nicotinamide adenine dinucleotide (NADH) or H,O,. These reactions can be
coupled to a bioluminescent platform consuming NADH through an oxidoreductase and bacterial luciferase reaction, or
a chemiluminescent platform consuming H,O, though a peroxidase reaction. Details of these platform reactions are
discussed by Andrade et al.” *. These platforms have already been used to measure metabolites in solution, human
blood (serum & plasma), and urine.

The changes in light intensity reflect stoichiometrically proportional changes in concentration of the platform molecule
(ATP). The light intensity changes are proportional to the metabolite of interest. Equation 2 represents a production
reaction, which feeds into one of the platform reactions (Equations 1). Higher concentrations of analyte produce more
ATP and thus more photons (or photons per unit time) in production reactions. Competition reactions (Equation 3)
consume more ATP, thus producing less intense signals as the concentration of the analyte increase.

Although bioluminescence-based analysis is well known and has been used regularly in research for sensitive reactions,
it has not been widely applied to POC or routine clinical analysis due to issues associated with the enzymes. Luciferases
have a reputation for being somewhat labile, unstable, and difficult to utilize, with precise and somewhat sophisticated
protocols. However, there have been recent advances in enzyme stabilization techniques and highly active, thermally
stable mutant luciferases that have become more available’, allowing bioluminescent detection assays to be prepared
and stabilized with relatively straightforward protocols. Luciferases tend to be expensive, however the sensitivity of
bioluminescence assays does not require large volumes for measuring microMolar analyte concentrations.
Microfabrication and ink-jet dispensing make it possible to dispense small amount of enzymes, reducing the cost per
test.

Through microfabrication and ink-jet dispensing, a bioluminescence based sensor capable of measuring multiple low
molecular weight metabolites can be built. Different assay reagents can be deposited and lyophilized in separate
reaction wells. Microfluidic structures can deliver sample aliquots to each well, whereupon the reagents rehydrate and
the luminescent reactions begin. In addition to the ATP platform reaction, creatinine, galactose, and glucose assays were
tested on a centrifugal based sample delivery system, or “ChemCD,” as described below.



1.2.1. Assays tested

Serum creatinine measurements are used to assess kidney function and glomerular filtration rate’. Normal adult serum
creatinine levels range from 50 to 100 uM. Since creatine concentration is relatively constant, the measurement of
creatine in urine is used to allow for correction of urine dilution when measuring other analytes in urine. Creatine can be
measured by coupling a two stage reaction, involving creatinine deaminase and N-methylhydantoinase, which competes
for ATP in reaction (1):

Creatinine Deaminase

Creatinine + HO < > N-methylhydantoin + NH;

N-Methylhydantoinase

N-methylhydantoin + ATP < > N-carbamoylsarcosine + ADP + Pi. (5)
Galactose measurements are used in the management of galactosemia. Normal serum galactose concentration in
newborns is 0-44 pM, while galactosemics can have galactose concentrations in the millimolar range® °. Galactose can
be measured by competing for ATP in reaction (1) through the galactokinase reaction

Galactokinase, Mg™*

Galactose + ATP < 7 Galactose-1-Phosphate + ADP. (6)

Glucose is a frequently measured analyte and is commonly measured to help diabetics monitor and manage their blood
glucose levels through diet and insulin injections. Glucose concentrations in blood can range from 3 to 6 mM in normal
patients and 5 to 20 mM in diabetics. Glucokinase competes for ATP in reaction (1) as seen here:

Glucose + ATP «—Seokinae o Apyp + Glucose-6-Phosphate. @)

1.3. Centrifugal devices

Simultaneous and quantitative measurements of multiple analytes through bioluminescence-based assays requires
separation of sample aliquots. Since luminescent reactions involve cofactors that cannot be immobilized, reaction wells
must be isolated, even if the enzymes are immobilized. If there was more than one reaction well in a channel, unbound
reagents would flow from one well to another, causing crosstalk. Variations in sample volume could change the amount
of analyte available to react as well as final enzyme concentrations after rehydration, thus affecting the luminescence.

Centrifugal pumping is an ideal sample delivery method for a bioluminescence-based POC device. It uses centrifugal
force to move fluids radially outward from the center of a disk with fluidic channels. Centrifugal pumping is also
capable of valving, decanting, calibration, mixing, metering, sample splitting, separation, and capillarity without
sensitivity to bubbles, ions, or type of fluid" '°. Microfabricated centrifugal devices have been used in a variety of
commercial and research applications''. An extensive review of the principles of centrifugal pumping, fluid control, and
applications was done by Zoval and Madou'. Only a few details are presented here.

Passive valves, including hydrophobic and capillary valves, are commonly used in centrifugal devices" ' to meter, or
aliquot, specific sample volumes for downstream reactions or other sensing functions'. This is done by filling liquid
metering reservoirs through common distribution channels at a low rotation rate (Fig. 1a). The fluid stops at the passive
valve barrier and the excess fluid leaves the distribution chamber as the device continues to spin, leaving a metered
volume (Fig. 1b). This sample volume then passes the barrier by increasing the spin speed o until the centrifugal
pressure P exceeds the valve’s burst pressure Py (Fig. 1c¢).

The effectiveness of hydrophobic and capillary valves, i.e. the magnitude of Py, depends on the surface tension and
contact angle of the fluid involved. Low surface tension fluids, including biological fluids, tend to have low contact
angles, decreasing the maximum burst valve pressure for a given channel. Plasma’s surface tension ranges from 25 — 55
dynes/cm (Gyaer ~ 73 dynes/cm)'? because proteins are present in high concentrations (> 1 mg/mL)" and act as a
surfactant.
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2. METHODOLOGY

Zigzag shaped hydrophobic burst valves were built and tested on a compact disk (CD) shaped device to meter multiple
aliquots of 200 nL. samples into separate reaction channels (Fig. 2 & 3). The sample is delivered from a reservoir and
pumped through a distribution channel to fill multiple metering chambers. Each channel had two wells, wherein
reagents were deposited and lyophilized. After distributing the sample aliquots to each channel, the spin speed was
increased to rehydrate and mix with the reagents. The bioluminescent reactions started as the sample, mixed with the
reagents in the first well, entered into the 2™ reagent well/reaction well. The luminescent signal from each well was
recorded as the CD rotated over a photomultiplier tube (PMT).

2.1. Fabrication

Prototypes were built using xurography, which is a rapid prototyping method that uses a knife plotter to cut microfluidic
structures in adhesive films'®. This prototyping method was fast and inexpensive enough to allow the device to go
through over 100 design iterations within a few months, until the final design in Fig. 3 was achieved. To summarize, a
Graphtec FC5100A-75 knife plotter (Graphtec, Irvine, CA) was used to cut channel and cover layers in adhesive backed
films, which were then transferred to a CD substrate (Fig. 3). First, channels, valves, and wells were cut in 100 ym thick
Quantum™ 2000 calendared vinyl film (Gerber Scientific, South Windsor, CT). The channels and wells were removed,
or weeded, and transferred to metalized polycarbonate CDs using an alignment jig described below. The channel layer
was then modified to create hydrophobic valves and hydrophilic channels and wells (also described below). The
reagents were deposited in the wells and then lyophilized. Finally, the channels were covered with a 75 um thick
Scotchcal 220 clear adhesive vinyl (3M, St. Paul, MN) with air holes cut in it using the knife plotter.

2.1.1. Alignment

The channel and cover layers were aligned onto the CD using the alignment marks seen in Fig. 3 and 4. After weeding
the channels and wells, the pattern was transferred to a clear application tape. With the pattern sticky side up on the
application tape, the tips of the guide pins were manually aligned to the corner of the alignment marks (Fig. 4a). A 3/8"
thick acrylic frame was then placed on the application tape (Fig. 4a,b). The outside corners of the alignment marks fit on
the inside corners of the frame. The guide pins helped align the frame as it was being placed on the pattern. The CD was
secured onto a %4”’ thick acrylic square that fit exactly inside the frame. The CD was held in position on the square by a
120 mm circle that was cut in 180 um thick acrylic adhesive film and aligned on the square. The frame was then turned
over (Fig. 4c) and placed over the square, holding the application tape with the pattern about 2 mm above the CD. The
pattern was then pressed onto the CD using a plastic squeegee, pressing from the center of the CD outwards (Fig. 4d).
The sample reservoir was created by drilling a hole through the polycarbonate CD after transferring the channel layer.
After modifying the channel surfaces, the reagents were deposited and lyophilized. The clear cover layer with air holes
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was then aligned and transferred to the CD using the same methods (Fig. 4a-d). Rotational alignment came from marks
on the CD and the alignment jig. Alignment using the jig had = 200 pm accuracy. The adhesive film cover allowed the
channels to be sealed and enzymes to be packaged without exposing them to excessive heat or harsh chemicals.

2.1.2. Surface modification

The CD and vinyl films had to be modified to make hydrophobic valves for the sample metering chambers, and
hydrophilic channels for easier sample delivery in the distribution channel. The CD channels and valves were made
hydrophobic using Granger’s wash-in waterproofing solution for synthetic materials (Granger USA, Everett, WA). The
solution consists of fluorocarbons emulsified in water with a detergent and has been used by others to make super-
hydrophobic surfaces in patterned SU-8"°. After the channel layer was cut and transferred to the CDs, the covered CDs
were then baked at 55°C for 30 minutes in a dry oven. (The Quantum 200 film can withstand temperature up to 85° C.)
This first baking step served two purposes. First, since single slices were only about 30 um at the top end of the slice
and about 10 um at the bottom end of the slice, flow in the slices was restricted and tended to clog easily. Heating the
material shrunk the vinyl film, expanding the single slices to about 80 um (top and bottom of the slice). This increased
the flow and reduced clogging. Second, since the Granger’s solution had to be cured above 54°C for optimal
hydrophobicity and fluoropolymers alignment'®. Pre-shrinking the channels prevented uncoated channel regions from
being exposed during the final curing bake. After the first bake, the whole CD was placed in the Granger’s wash-in
solution, diluted 50x with deionized water, for 30 minutes. After soaking, the CDs were rinsed gently in DI water and
dried with an air nozzle. The CDs were then cured at 55° C for 30 minutes. After the final bake, the channels had
expanded again but ranged from 60-150 um. The final contact angle on the polycarbonate CDs and vinyl films was
116£2°.
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A stamp molded in poly(dimethylsiloxane) (PDMS) was used to pattern bovine serum albumin (BSA) in the distribution
channel and reagent wells to render them hydrophilic. The PDMS stamp was wetted on a filter paper soaked in 5 mg/ml
of BSA and then pressed onto the CD. The PDMS stamp was made by casting a 10:1 mixture of PDMS oligomer and
cross- linking agent (Sylgard 184, Dow Corning, Midland, MI)'” onto a mold machined in acrylic using conventional
computerized numerically controlled (CNC) machining. Mold features were 1 mm thick and down to 1 mm in diameter.
The BSA passivated the reagent well surfaces to protect the bioluminescent enzymes from adsorbing to the surface and
denaturing. The contact angle of the BSA coated surfaces was 21+2 degrees.

2.2. Deposition and lyophilization

A dispensing system using miniature solenoid valves (INKX0516350AA, The Lee Co.) capable of dispensing 40 to 500
nL (+ 5%) droplets was used to dispense the reagents. Each solenoid had 1.97” long stainless steel nozzles (0.05” OD,
0.031” ID) fit with 0.005” (£ 0.0002”) laser cut sapphire orifices (INZX0530450AA, The Lee Co.). Up to 24 uL of
enzyme reagents could be aspirated into each solenoid without contaminating the solenoid’s active parts. A spike and
hold driver circuit (IECX0501350AA, The Lee Co.) was used to open and hold the solenoids for extended periods of
time when aspirating and cleaning the nozzles, without over heating the solenoid. The 24 V spike was set to 250
microseconds, the shortest spike width required to consistently open the solenoid. The holding voltage was set to 3.1 V,
the lowest voltage required to hold the solenoid open. Pulse width and number of pulses were controlled by a National
Instruments PCI 6601 counter card.

The valves were plumbed to a computer controlled syringe pump (0162573 PSD/2, Hamilton Co.) fitted with an eight
port valve and a 500 pL syringe. A LabVIEW program was used to communicate with the PSD/2 via the computer’s
serial COM port. The pulses from the PCI 6601 counter card were directed to one of six spike and hold driver circuits
by a 8 channel multiplexer (DG408DJ, Analog Devices) which was controlled by TTL output signals from the PSD/2.
The TTL outputs were controlled by serial commands from the LabVIEW program. Before dispensing, a three way T-
valve opened the solenoid line to an air line that could be regulated at 5 PSI.

Six micro-solenoid dispensers were attached to a vertical stepper motor translation stage (VT-80-25-2SM, Phytron,
Inc.). The dispensing platform was attached to an XY stepper motor translation stage (VT-80-150-2SM, Phytron, Inc.).
The translation stages were controlled by a 4-axis motion control card (PCI-7334, National Instruments) via a



LabVIEW program. Each stepper motor was powered by a microstepper motor driver (Gecko G201A, ToolTech, Inc.)
which resulted in a 0.5 um step per pulse.

Enzyme dispensing was complete in about 25 seconds for each CD. Immediately after dispensing, the CDs were placed
in the sample chamber of a VirTis Genesis 12 pilot plant lyophilizer, which was already cooled to -50 °C. This allowed
the reagents to freeze before evaporating, which would have denatured the enzymes. Primary lyophilization was
performed at less than 100 mTorr with the condenser chamber cooled to —70°C for 48-72 hr. Secondary lyophilization
was then performed for 12-24 hours after changing the sample chamber to 25 °C at an average ramp rate of ~3 °C/hr.
After lyophilization, the CDs were sealed with the cover layer as described above and stored in vacuum sealed
aluminium coated nylon pouches.

2.3. Assays tested

The basic ATP bioluminescence assay was tested in the ChemCD to determine detection limits and the potential of
onboard calibration. ATP was dispensed into the calibration wells (reagent well 1) in seven channels in different
amounts and then allowed to air dry. During sample delivery, the ATP in each channel mixed with the 200 nL of
metered sample of deionized (DI) water to act as a standard. Final concentrations of the sample mixed with the
standards ranged from 0.001 uM to 100 um in logarithmic increments, plus one blank. The standards then moved
downstream to mix with the FFL reagents in the 2™ reagent wells. These 7 channels were repeated 5 times on the CD,
leaving the 36th channel empty as a blank. The enzyme concentrations (200 uL each) dispensed in the reaction wells
(reagent well 2) are listed in Table 1. The ATP test CDs also compared enzyme concentrations. 14 channels used 1 uM
of firefly luciferase (FFL), another 14 used 2 M, and another 7 used 5 uM FFL. The enzyme reagents were then
dispensed into the reagent wells.

2nd Assay Recipe
Reagent Assay (in uM) Creatinine Galactose Glucose Supplier
Well Recipe Wells Wells Wells . ATP stock 200 200 1,000 Sigma
. . =
(200 uL) gn ;;]M) 1-114 15£28 29;35 PSuppller = 2 § Mg?" (as SO,) 5.000 5,000 50,000 Sigma
: Lo ML 1= 8 & Volume of 200 40 200
Sz 5 S .8 ATP stock
& »  crase %1) = g (nL)
=< Lucif- 100 100 100 Biosynth | | 8 27
erin = £ g Rehydrated 200 40 1,000
— . ~ £ 8 ATP
Tgc;n; 100,000 Sigma = concentration
ph /. -
BSA 2 mg/mL Sigma Creatlpe 10 ICN
? ] 2 Deaminase
55 PEG 2mg/mL Sigma 5, N-methylhy- 4 Roche
SE (8kD) 5 & E dantoinase
Mannit 200,000 Pfanstiehl Qé* Té ©  Galactokinase 1 U/mL Sigma
ol 5 < pH 8.5
DTT 10,000 Fluka = Glucokinase 10  Sigma
Py :
Table 1: Assay concentrations for ATP tests. & g . Elreﬂy ! Promega
= &35 uciferase
° = % Luciferin 100 Biosynth
Zigzag angle % ~
=i
) & Tricine pH 7.8 100,000 Sigma
Exit T b .
o » BSA 2 mg/mL Sigma
length Zigzag |9 & & :
] width | & &2 PEG (8kD) 2mg/mL Sigma
%) 2§ CoA 100 Fluka
\l/ ©  Mannitol 200,000 Pfanstiehl
Entrance
length DTT 10,000 Fluka

Figure 5: Example zigzag valve. Table 2: Assay concentrations for creatinine, galactose, and glucose tests.
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zigzag angle. metering burst valves. to 36 reaction wells.

ChemCDs with assays for measuring creatinine, galactose, and glucose were also tested. The reagents and enzymes
used are listed in Table 2. The ATP for the competition with the FFL reaction was placed in the first reagent well. The
remaining reagents were dispensed and lyophilized in the 2™ reagent wells. Samples with varying concentrations of
creatinine, galactose, and glucose were dispensed onto different CDs and the results were compared.

2.4. Sample delivery

The cover layer on the CD aligned over the channel layer, sealing the channels and one side of the hole that was drilled
for the sample reservoir. The CDs were turned over to place 13 uL samples in the other side of the hole and sealed with
cellophane tape. The reservoir fed directly into the distribution channel.

Sample flow and observation was performed on a modified computer CD ROM for spinning the sample through the
CD. The CD speed was controlled by sending an analog voltage from the data acquisition card to the voltage input line
of the Hall effect motor driver chip on the CD ROM. The CD frequency was monitored by attaching an encoder wheel
from the hub of the motor and reading the signal from another optical encoder. Flow visualization and indexing
functionality was achieved by using a second optical encoder marking each rotation of the CD. An indexing tag was
included on the CD channel layer when it was cut. As the indexing tag passed the encoder, it triggered a 50 us flash
from a 12 V ultra bright LED array through a transistor switch. The flash was used to strobe the CD with each rotation,
allowing the flow to be observed. The encoder signals were squared using a Schmitt trigger. Pulse functions, encoder
indexing signals, and data acquisition was processed and controlled through two PCI data acquisition cards (PCI-6229
M and PCI-6036 E, National Instruments, Austin, TX). The PCI cards were installed in a desktop PC set to run with
LabVIEW RTS as a real-time stand alone unit. The CD ROM and data acquisition was then controlled from a
LabVIEW program on a laptop over the internet though an Ethernet line. The speed was controlled through a PID
(Proportional Integral Derivative) feedback control loop to maintain program set speeds. The system was able to control
speeds from 1 to 120 Hz with variability <1%.

The burst pressure of the zigzag valves were almost twice as high as would be expected based on the channel diameter
(D, =85 ,um)lo. Therefore, burst pressure experiments were performed to determine which portion of the zigzag valve
design components (Fig. 5) contributed to the increased burst pressures. No variability was seen in the burst pressure
when the entrance and exit channels varied in length. The angle at which the zigzag turned did affect the burst pressure
(Fig. 6). However, increasing the valve length by increasing the width of the zigzag or number of zigzag turns did not
show in improvement in burst pressures. Thus, the improved burst pressure of a zigzagged burst valve is mainly due to
the combinati?gn of capillary and hydrophobic valve effects at the zigzag turns like the vertical wall structured valves of
Tiensuu et al. .

The spiral distribution channel started at 25.5 mm and ended at 40 mm to ensure sample flowed at less that 20 Hz. The
angle of the zigzag channels were changed for each sample metering burst valve to make them burst at about the same
frequency (Fig. 7). To deliver a 13 uL sample, the CD spin speed was ramped up from zero to 19 Hz over the course of
90 seconds to distribute the sample to all 36 sample metering chambers. The CD maintained 19 Hz for an additional 90
seconds to ensure the distribution channel was drained without prematurely bursting the sample metering valves. The CD
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then spun ramped up to 90 Hz in 11 seconds and maintained that speed for an additional 15 seconds to ensure the 200
nL aliquots were delivered all the way to the reaction wells (Fig. 8). The CD then slowed down to 1 Hz within 10
seconds before acquiring the luminescent signal from each channel.

2.5. Light collection
To optimize the amount of light collected, the geometric extent G of the lens collection system was considered.

G=4,Q= ADﬂ|:1 - cos(aTan(D%fjﬂ (3

where A is the area of the detector, f'is the lens focal length, and D; is the lens diameter, and € is the solid collection
angle of the lens in steradian (sr)"’. A Hamamatsu H5784 PMT (Hamamatsu Corp., Bridgewater, NJ) was chosen as the
detector because of its size and built in amplifier (see Fig 9). The LightPath® aspheric lens (NT46-355, Edmund Optics,
Barrington, NJ) was chosen for its short focus length (3.1 mm, with a working distance of 1.76 mm) relative to its clear
aperture (5 mm), resulting in a collection angle of 1.4 sr (Fig 9). The small lens size and short focal length also allowed
the reaction wells to be placed closer together without crosstalk between wells. The collection angle nearly doubles
from the metalized coating on the CD. The best geometric extent possible with the chosen components and metalized
CDs is 1.3 srem®. At the highest gain setting, the noise equivalent power of the PMT is 1.4x10™"* W (DC at 560 nm).
Given the geometric extent determined above, the luminescent source must have a radiance greater than 1.1x10™*
W/sr/cm?. (Radiance is a measure of the flux density per steradian®®).

2.6. Data collection

The PMT was attached to the optical carriage of the modified CD player. As the CD spun at 1 Hz, the rotation encoder
triggered 150 samples at sampling rate of 100,000 Hz for each reaction well, after a specified delay (Fig. 10). Each 15
ms sample was integrated, indexed and sorted by well. The sensitivity of the PMT’s anode was set to 14 V/nW for a 560
nm signal. The PMT has a built in current to voltage converter through a 1 MQ resistor, converting the photocurrent by
a factor of 1 V/uA. The integrated voltage samples were proportional to the number of photons generated during the
sample collection period. The 1.6 mm diameter reaction wells were only in front of the collector lens for ~9 ms. The
remaining integrated sample from the 15 ms window averaged out to the background noise of the system, which was
0.01 V. Data was recorded for about 200-300 seconds using the LabVIEW user interface described above.

3. DATA

3.1. ATP assay
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The logarithmic ATP standards packaged on the ChemCD mixed with the DI sample to produce logarithmic increases
in intensity. The kinetic results for the 5 uM FFL assay is plotted in Fig. 11. The resulting calibration curves for all the
FFL assays tested are plotted in Fig. 12. The lowest measurable concentration was 0.1 M, which is a detection limit of
200 femtomoles. There was 9% error between wells of the same concentration. There appears to be little difference
between concentrations of FFL used. The extra FFL at higher concentrations probably only functions as an excipient.
There also appears to be a slight background luminescence for the blank sample, compared to the 0.001 and 0.01 uM
ATP samples. This could be due to background luminescence of the luciferin, or that at low ATP concentrations, the
ATP binds to the FFL, holding it in a stable formation®.

3.2. Creatinine & glucose assays

The creatinine and glucose assays did not produce a 1:1 ratio of photons to the analyte concentration due to the
competitive nature of the assays (Fig. 13&14). The intensity of the blank samples for the creatinine and glucose assay
seemed to differ by a little over one order of magnitude, even though the ATP added to the glucose assay was only 5%
that of the creatinine assay. The difference is probably due to better quantum efficiency, or better activity after
lyophilization, of the creatinine deaminase compared to the glucose kinase, which means it consumes the ATP faster.

3.3. Galactose assay
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therefore results are proportional to the change in dphoton/dt. change in dphoton/dt.

The galactose assay had to be calibrated by comparing the rate of change in intensity for each concentration. To do this,
the PMT signals were normalized to the peak intensity of each channel (Fig 15). The normalized signals were then
averaged to produce a standard curve (Fig 16).

4. RESULTS
Approximates

Smallest % Error Detection

Measured Between Limit
Analyte Concentration CDs (picomoles)
ATP 0.1 uM 20% 0.2
Creatinine 50 uM 78% 10
Galactose 50 uM 21% 10
Glucose 10 mM 20% 2,000

Table 3: Summarized results of the assays. The variability between channels on a single CD was 9%

The variability between channels on the ChemCD was 9%. The variability of the reagent dispenser accounts for 5% of
that variability. Unfortunately, the variability between CDs was high as seen in Table 3. This high error is associated
with not being able to capture the kinetic peaks of the competition signals. In order to compare the measurement
between wells, the kinetic peaks are usually normalized, as was done with the galactose assay’. The CD ROM uses a
Hall effect motor, so the CD could not stop immediately after the samples enter the reaction wells. Therefore, the
signals peaks could not be measured right away. A stepper or servo motor with position control would work better to
control the spin speed. It would hold each well in a stationary position directly above the lens for each data point
measured.

5. CONCLUSIONS

The ChemCD was capable of distributing 200 nL sample aliquots to 36 channels, each with a different set of reagents.
Although only a few assays were tested on the ChemCD, it has potential for measuring a variety of analytes from small
sample volumes. The ChemCD can be designed to incorporate specific assays to test multiple diagnostic panels.
Sequential mixing channels could be designed for a variety of assays, including immunoassays. Different microfluidic
designs can easily be tested using xurography to build the prototypes. The optical system can be configured for
fluorescent and absorbance assays by including the appropriate light sources and patterning clear sections on the CD.



Standards can be incorporated on the CD to perform some onboard calibration. Plasma separation from whole blood can
also be incorporated into the design to make it even more practical for use at the point-of-care. The small sample
volumes required means the blood can be acquired from small pin pricks, which improves patient comfort and makes
testing easier. The ChemCD makes it possible to automatically perform sample preparation and measurements for
multiple analytes and can easily be used for many point-of-care applications.
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