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ABSTRACT

Grating-coupled, thin-film integrated optical waveguide (IOW) structures were fabricated using standard
transmission photolithography and employed in a fluoro-affinity assay for the trace detection of analyte.
Using a ruled chrome-on-quartz mask with a 0.7 u repeat, gratings of three etch depths—0.6, 0.8, and 1.0
pum—were ion milled into 0.5-mm-thick quartz substrates. Silicon oxynitride (SiON) guiding films (1.5 um)
were deposited on the etched substrates by plasma-enhanced chemical vapor deposition (PECVD). Coupling
efficiencies for the first diffracted grating orders into the zero-order IOW-guided modes were evaluated at
632.8 nm. The deepest gratings coupled the most light; however, their efficiency was less than half that of
prisms. Binding isotherms for fluorescently labeled avidin (Cy5-Av) binding to a biotinylated bovine serum
albumin (BSA) adlayer were generated from both prism- and grating-coupled SiON sensor data. Both tech-
niques discriminated the binding of avidin from a 107> M solution; however run-to-run (intraassay) and
between-sensor (interassay) variability reduced reliability of the measurements. © 1997 Society of Photo-Optical Instru-
mentation Engineers. [S1083-3668(97)00104-4]

Keywords planar integrated optical waveguide; photolithography; grating efficiency; affinity sensor.

1 INTRODUCTION

Owing to a large interaction path length created by
densely packed reflections in the guiding film, thin-
film IOWs are a highly sensitive technique for per-
forming  biological assays. Receptor-ligand
binding,' protein adsorption,” cell attachment,” mo-
lecular diffusion,* and protein hydration® are some
of the interfacial events assessed using IOW tech-
niques. More recently, low-loss, sol-gel IOWs pro-
duced the first ever broad-band ATR spectrum of
an adsorbed protein.®” A comprehensive review of
these and other IOW topics is available.?®

Our prism-coupled, thin films of silicon oxyni-
tride (SiON) allowed fluoroimmunoassay measure-
ments into the femtomolar range.” Although ex-
tremely useful in a laboratory setting, the prism
coupling of laser light is cumbersome and imprac-
tical for the “user friendly” point-of-care device we
desire. To alleviate this problem, surface relief grat-
ings have now replaced prisms in our system.

Figure 1 shows the “buried grating” design cho-
sen for use with IOWs. Buried between the sub-
strate and thin film, the grating acts to diffract light
into the IOW. Most of the light is passed directly
through the grating (6;0) and only slightly into the
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higher order modes. It is possible to choose a grat-
ing period (a), etch depth (d), and profile to maxi-
mize intensity in a particular diffraction order. Our
gratings have been designed and fabricated to
couple through the substrate at an oblique angle of
incidence and match their first diffraction order
with the zeroeth order of an IOW.

Unlike other more time-consuming and expen-
sive fabrication methods, such as direct-etch elec-
tron beam'® and phase-shift'" lithographies, our
gratings are photolithographically produced, re-
quiring only direct masked exposure, chemical de-
velopment, and etching of photoresist deposited on
the substrate. The ease and quantity of production
are almost equivalent to embossing,'? yet offer the
potential for creating sharper gratings permanently
etched into the sensor.

This paper describes in detail the photolitho-
graphic technique for producing 0.7-um, rectangu-
larly justified diffraction gratings at three different
etch depths. Coupling efficiencies of grating- and
prism-coupled IOWs were compared to evaluate
the goodness of grating design. The most efficient
grating-coupled IOW was tested against a prism-
coupled IOW in a simple fluoroaffinity assay. The
responses of both methods were sensitive yet both
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Fig. 1 Schematic of the buried grating used to couple light into an
IOW. Light incident at an angle 6; on the grating surface
(period=A, etch depth=4d) is reflected (6,), transmitted (6, ), or
diffracted (6,,). Light is coupled into a guided mode when the
propagation angle supported by the waveguide equals the diffrac-
tion angle (6, = 65).

displayed signs of intra- and interassay variability
which must be addressed in future generations of
the sensor.

2 THEORY

The theory of 1ntegrated optics and grating cou-
plers is well established." Briefly, referring to Fig-
ure 1, coupling from the substrate into the guided
mode through the grating occurs when the plane
wave direction departing the grating (6; ) matches

the plane wave direction of the guided mode (6,).
Using the relationship for constructive interference
at a grating interface and Snell’s law at the sub-
strate interface, the guiding angle 6, can be related
to the incident angle « as

A(n, sin ,—mny sin a)=p\ (1)

where A is the grating period, n, and n, are the
refractive indices of the guiding and incident medi-
ums i.e., the waveguide and air, p is an integer cor-
responding to the grating diffraction order, and \ is
the wavelength. The waveguide angle ¢, for an
SiION IOW on a quartz substrate and water super-
strate is 83.6 deg and is found by solving the fol-
lowing eigenvalue equation'*

2k2d2_ 2 tanfl(kl /kz) -2 tanfl(k3 /kz) =2mr
()
where d, is the IOW thickness, m is an integer mul-
tiple corresponding to the IOW mode and for trans-
verse electric polarization, the constant k; is given

by
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ki=— X \/n2 sin® 6,— 2 3)

where i=1,2,3. Currently, the resolution of our pho-
tolithographic process is 0.7 u; using this constraint
and 632.8 nm light, the first diffracted order and
therefore the guided mode is coupled at 38.03 deg
from the substrate normal.

3 MATERIALS AND METHODS

3.1 GRATING FABRICATION

Quartz wafer substrates (Hoya, Woodcliff Lake,
New Jersey, QZ 4W55-325-UP) measuring 100 mm
in flat length and 0.5 mm in thickness were cleaned
at room temperature in a 6% solution of hydrogen
peroxide in sulfuric acid. The wafers received a
hexamethyldisilazane (HMDS) vacuum vapor
prime. They were then spin coated with photoresist
(Shipley SNR 200, Massachusetts) at a rate of 4200
rpm for 1 min, producing a film approximately 0.7
pm thick, and soft baked at 100°C for 1 min. Nega-
tive resist, exposed to ultraviolet light (248-nm KrF
excimer laser, Laser Stepper GCA-ALS, Tewksbury,
Massachusetts) with a chrome-quartz mask (Du-
Pont, Kokomo, Indiana) at a dose of 20 mJ/cm?,
was used to define the 0.7-u structures. The wafers
received a postexposure bake at 130°C for 90 s. Pho-
toresist was developed in a solution of Shipley MF
312 at a normalization of 0.17 and then spun dry. A
60-s 100°C postdevelopment bake was performed
and the quartz was reactive ion etched (8110 reac-
tive ion etcher, AME, Santa Clara, California) with
O, and CHF; gases at an etch rate of 450 A /min.
Etch times of 13.33, 17.77, and 22.22 min were em-
ployed to produce grating etch depths of 0.6, 0.8,
and 1.0 u. Residual photoresist was removed by O,
plasma.

3.2 WAVEGUIDE FABRICATION

Thin-film SiON waveguide layers were formed
on the grating-etched quartz wafers in a process
similar to that described by Walker et al."> Briefly,
the wafers were introduced into a plasma-enhanced
chemical vapor deposition chamber (Texas Instru-
ments) operating at 300°C, 50 W, and 1.25 torr. The
gases used were SiH, silane, nitrogen, ammonia,
and nitrous oxide. SiON films were produced at a
depos1t10r1 rate of approximately 590 A/min for
25.42 min, yielding a film thickness of 1.5 um. The
resulting waveguide wafers were diced (Disco
DAD-2H/6) into three rectangular pieces measur-
ing approximately 1X3 inches.

3.3 WAVEGUIDE CHARACTERIZATION AND
EFFICIENCY MEASUREMENTS

Prism-coupled waveguides were characterized for
refractive index and thickness as already
described.”® Grating waveguides were character-
ized in a similar fashion. Briefly, incoupling angles
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for each IOW-guided mode were measured by
mounting the IOW on a goniometer (Picker X-Ray)
and tuning the incident angle of a 2-mW He:Ne la-
ser (632.8 nm, 10 mW maximum, Melles-Griot, Uni-
phase, Manteca, California) until a guided mode
was established. Thicknesses were determined by
converging on a solution to the eigenvalue equation
[Eq. (2)] using an IOW refractive index guess (1,
=1.53) and substrate and superstrate refractive in-
dices (n13=1.46 and n,;=1.00). Separate computer
programs were used to account for differences in
converting measured incident angles to guiding
angles through their respective couplers.

Efficiencies for both prisms and gratings were
measured by using the method of Dakss et al.'®
IOWs were mounted on a rotation stage and the
intensities of the incident, reflected, and transmit-
ted beams were recorded as the waveguide entered
and passed through a guided mode. Since power
contained in the guided mode was difficult to mea-
sure, the incident minus transmitted plus reflected
intensities were used to approximate this quantity.
Efficiencies were determined by ratioing the guided
mode intensity with the incident intensity and in
the case of grating IOWs, normalized by the prism
efficiency.

3.4 GRATING WAVEGUIDE SAMPLE CELL

The sample cell (refer to Figure 2) employed was a
modified version of a prism sample cell reported
previously.” Quarter-inch stock aluminum was cut
into a 1X3-inch rectangle. Four flow ports were
drilled into the aluminum at 1-inch diagonals from
the corners. The entire piece was anodized flat
black (Precision Alloys, Raleigh, North Carolina)
and fit with hose connectors (Small Parts, Inc., Mi-
ami Lakes, Florida). A rectangular, two-channel
gasket was formed from 0.02-inch medical-grade
NRYV silastic sheeting (Dow Corning Corp., Mid-
land, Michigan). Each channel, which ran length-
wise from one flow port to another, was 0.25
X2 inches, producing a sample cell volume of ap-
proximately 160 ul.

3.5 ASSAY FOR CYANINE DYE-LABELED
AVIDIN

Cyanine dye (Cy5, Research Organics, Inc., Cleve-
land, Ohio) was used to label avidin (Sigma Chemi-
cal Co., St. Louis, MO) with 3 to 4 dyes per protein.
Briefly, 2 mg of avidin were dissolved into a pH 8.3
bicarbonate buffer and added to a vial containing
the dye. This mixture was allowed to incubate at
room temperature for 30 min, vortexing every 10
min. The protein was separated from free dye using
a PD-10 column (Pharmacia Biotech, Piscataway,
New Jersey) and reconstituted in a phosphate-
buffered saline solution (PBS, Sigma Chemical Co.).
Stock concentration was determined to be approxi-
mately 2X 107> M by measuring absorbance (Spec-
tronic Genesis Spectrophotometer, Milton Roy,

352 JOURNAL oF BIOMEDICAL OPTICS * OCTOBER 1997 ¢ VoL. 2 No. 4

Dual grating coupled guided modes

Ligquid nitrogen
cooled CCD
camera

Sample Out

Sample In

Filter

Referencg Out L .
Split incident laser light

Reference In

Separately
integrated

o channel

intensities

CCD image of
sample and
reference
channels

Fig. 2 Apparatus used in dual-channel affinity assay. A CCD col-
lects fluorescence from the IOW surface that has been filtered by a
bandpass interference filter and is subsequently sent to a computer
for analysis.

Rochester, New York) at 280 nm (eJg vidin
=96,000 M ! ecm™) for protein and 6xX107° M at
653 nm (€527=250,000 M~ cm™) for the dye. This
was subsequently diluted serially into a back-
ground solution containing 1x10~7 M Cy5-BSA
€95 B54=144220 M~! cm™) labeled in a similar
fashion to give 1-ml samples in the range of 1
X107 M to 11078 M; i.e., each avidin “analyte”
dilution was premixed with a 1x1077 M Cy5-BSA
“tracer’” solution prior to measurement. A dual-
channel assay’ was performed on both a grating
and prism-coupled SiON waveguide preadsorbed
for 2 hr at room temperature with 2 mg/ml biotin-
labeled BSA (Sigma Chemical Co.).

The apparatus used to collect images in both
prism and grating configurations is shown in Fig-
ure 2. Each injected sample or reference solution
was incubated with the waveguide surface for 7
min, followed by image collection over a 10-s inte-
gration time. Sample and reference images were
collected simultaneously. The sequence of images
for each assay consisted of (1) collecting a “buffer”
background of PBS in both reference and sample
channels, (2) collecting a ““tracer” background in
both reference and sample channels, and (3) collect-
ing serial images of increasing analyte/tracer mix-
tures in the sample channel and tracer solution in
the reference channel.

A total of six assays were conducted: three for
prism-coupled waveguides and three for grating-
coupled waveguides. Seven analyte concentrations
were tested per assay (10715, 107 10718, 10712
and 107!, 1071°, and 1077 M avidin). At the end of
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0.7 um

Fig. 3 SEM of photolithographically defined grating. The period
between grooves is 0.7 um and the etch depth is 1.0 um.

each assay, a 10-nM solution of Cy5-Av was in-
jected to saturate the sample channel surface, pro-
ducing a “saturation” image for normalization pur-
poses. Images were converted to pixel intensities
with NIH Image. Background-subtracted sample
intensities were used to construct binding curves
for each experiment.

4 RESULTS

4.1 WAVEGUIDE CHARACTERIZATION

The final form of an etched grating is shown in Fig-
ure 3; this particular scanning electron micrograph
(SEM) is for a 0.7-um period grating having an etch
depth of 1 um. Rectangular profiles are evident ex-
cept for a slight curvature in each trough. Although
the etch process should be perfectly anisotropic, oc-
curring only in the vertical direction, some lateral
etching appears, giving the tapered appearance.
The duty cycle of the grating structure is 50%, i.e.,

GRATING COUPLED IOW AFFINITY SENSOR

the distance between crests is the same as the dis-
tance between troughs. The gratings have been
etched deeper than they are wide, giving an aspect
ratio (etch depth/grating period) of 1.4. SEMs were
not obtained for the 0.8- and 0.6-um-deep gratings.
Table 1 lists further measured properties of prism-
and grating-coupled SiON IOWs in the presence of
a water superstrate.

Prisms were determined to couple 85% of inci-
dent light, almost 4 percentage 7points above their
theoretical maximum of 81.4%."” This overestimate
most likely arises from our inability to measure
light lost to scatter and oblique reflections. To ac-
count for this, we ratio grating values to prism val-
ues in order to obtain a relative degree of coupling
for the gratings. Although this does not give an ex-
act value for coupling efficiencies, it is a good indi-
cator of grating performance compared with prism
coupling. There was not a significant difference in
relative coupling efficiency of the 0.6- and 0.8-um
deep gratings: 19.21+4.75% and 19.61+7.56%, re-
spectively. The 1.0-um-deep gratings significantly
improved in efficiency to 55.29+4.25%. Although
the trend in the data is correct, one would predict a
greater increase in efficiency between 0.6-um and
0.8-um-deep gratings—ideally this trend would be
proportional to the increase in etch depth. It is
likely that the actual efficiency of the 0.8-um-deep
gratings lies somewhere between 25 and 35%. The
failure of our observations to follow this trend and
the elevated standard deviation of the 0.8-um grat-
ing measurement suggest that an experimental er-
ror arose from inaccuracies in the optical alignment
or signal collection method.

4.2 ASSAYS

Fluorescent images of the reference and sample
channels were collected in triplicate for a series of
avidin analyte concentrations over the 1fM to
10nM range using both prism- and grating-
coupled waveguides. The dose-response curves for
each set of assays are shown in Figure 4. A two-
component, three-parameter model was used to fit
the data. Briefly, this model assumes that there are
two noncooperative populations of receptors on the

Table 1 Physical characteristics of prism- and grating-coupled SiON waveguides measured with a water superstrate at 633 nm.

Prism Grating
Measured® Expected Measured Expected Efficiency (7) data
@ (m=0) 19.0+0.2 deg 19.3 deg 37.8+0.8 deg 38.0 deg Depth % Prism 7
dy (um) 1.3+0.1 1.5 1.5+0.2 1.50 0.6 um 19.2+4.8
ny 1.53+0.00 1.53 1.53+0.01 1.53 0.8 um 19.6+7.6
A (um) N/AP N/A 0.7 1.0 um 55.3+4.3
® From Ref. 9.

b N/A=not available.
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Fig. 4 Doseresponse curves generated from prism- (squares) and
grating- (circles) coupled IOW affinity binding experiments
(n=23). The boxed region defines the ultradilute regime studied in
this work. The solid line is a two-component, three-parameter Lang-
muir fit.

surface. One fraction (r;) of the population binds
with unusually high, multivalent affinity (K;) and
the other (1—r;) with lower, monovalent affinity
(K3), so that the overall response is expressed as
the sum of the two terms

K,C
+(1-r) 77—~ 4)

_ 1
O=n1ix.c 1+K,C’

where 6 is the total fraction of bound analyte and C
is the bulk concentration. Table 2 shows the curve-
fitting parameters of intra- and interassay data. The
goodness of fit in all cases was at least 95%. Al-
though discrete changes in intensity were measured
at low concentrations (<107 ''M), one case in each
intraassay group predicted 0% multivalent binding
while the remaining cases predicted at least 5%.
Both intra- (CV>70%) and interassay groups
showed an order of magnitude difference in the

high affinity rate constant (K;), which varied from
as low as 2X10”M ! up to 3X10"°M . These re-
sults suggest that the model is extremely sensitive
to intensity fluctuations, which may account for
some or all of the signal at low concentrations. It is
encouraging that the low-affinity rate constant K,
was in good agreement across all experiments at 5
X108M ™1, correlating well with our previous
work.” Clearly, optimization of both apparatus and
surface chemistry is necessary in future generations
of the grating-coupled sensor if the low-
concentration regime is to be adequately studied.

5 DISCUSSION

The ultradilute regime, boxed range of Figure 4
covering the 1fM to 10 pM concentrations is the
region of interest for this study. The tracer-
corrected sample channel images (i.e., tracer image
subtracted) for each ultradilute measurement are
given in Figure 5. These images have been inverted
and converted from color to gray scale. Averaged
over a 15X100-pixel area, the mean intensities of
prism-coupled fluorescent images were at least
twofold greater than the corresponding grating-
coupled images. However, when the normalized
mean intensities are plotted against concentration,
both predict a semilogarithmic response (also al-
ready reported”).

Although theoretically nonlinear over the dose-
response curve, Figure 6 clearly shows that a semi-
logarithmic fit to the data works well in the ultradi-
lute concentration range. The solid lines are linear
best fits to the data, described in Table 3. Prism-
and grating-coupled methods yielded slopes rang-
ing from 0.4X 1072 to 2.6X 1072, with five of the six
assays having an error in slope of 26% or less.
Viewed independently, all of the prism-coupled as-
says produced linear fits that were extremely sig-

Table 2 Two-component, three-parameter values for individual and grouped experiments.

Intraassay data

Interassay data

Prism Grating Prism Grating
Parameter 1 2 3 Ccv 2 3 Cv Avg # Avg #
n 0.06 0.05 0.00 9.1 0.09 0.00 0.09 0.00 0.05 0.05
T-n 0.94 0.95 1.00 2.7 0.91 1.00 0.91 4.5 0.95 0.95
K;e 2.67 26.1 N/AP 81.4 0.1 N/A 0.02 69.2 17.0 1.78
Ky© 5.34 5.45 4.06 12.7 5.02 3.64 4.11 13.5 5.09 4.16
ro 0.97 0.97 0.94 0.98 0.96 0.97 0.97 0.95
o x10"“MT.

b N/A=not avialable.
¢ x108M~ 1.
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Fig. 5 Sample channel images for (a) prism and (b) grating ex-

periments (n=3) over the concentration range 1x107""M to
1x107""M.

nificant (p<<0.01). Whereas two of the three
grating-coupled assays had significant linear fits
(p<0.05), the remaining grating-coupled assay had
a linear fit that was statistically insignificant.

An important piece of information derived from
the work presented here would be to quantitatively
determine how well gratings performed relative to
prisms in the affinity assay. The standard for mak-
ing this assessment is determination of the confi-
dence envelope, usually the 95% confidence limit,
and the resulting detection limit. In order to gather
this information, the data from the three prism- and
grating-coupled assays were pooled into two data
sets and input into the statistical program InStat
(GraphPad Software). Figure 7 is the result of this
analysis. The upper and lower curved lines are the
resultant 95% confidence envelopes. The solid
straight lines are the linear best fits to the data. Us-
ing the technique described by Lin et al.,'® the de-
tection limit was determined from extrapolation of
the confidence envelope (see dashed lines). In both
cases, the 95% confidence detection limit was deter-
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Fig. 6 Log-normal plot comparing the mean pixel intensity versus
analyte concentration of (a) prism- and (b) grating-coupled sensors
(n=3). The numbers in the upper lefrhand corner of each image
are the slopes (x 10?) of bestfit lines to the data points.

mined to be on the order of 0.1 pM. It is interesting
that the linear best fits to the pooled prism and
grating data produced identical sensitivities (Stu-
dent’s t-test) and nearly identical standard errors,

Table 3 Llinear regression to individual prism and grating data over the ultradilute regime.

Prism Grating
No. Slope*percent error p Value Slope=percent error p Value
1 1.03x107%2+14 6.0x 1073 8.80x1073+86 3.3x107!
2 1.59x1072+5.0 0.3x 1073 2.54x1072+23 2.4x1072b
3 4.30x1072+2.3 2.7x107%¢ 1.59x1072+26 3.1x10°2b

@ Significant to 99% confidence limit (p<0.01).
b Significant to 95% confidence limit (p<0.05).
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Fig. 7 Comparison of grouped prism and grating data. The upper and lower curved lines are the resultant 95% confidence envelopes. The
solid straight lines are the linear best fit to the data. The numbers in the lefthand corner are the bestit slopes (X 10?) and their errors. The
detection limit was determined from extrapolation of the confidence envelope (see dashed lines) to be on the order of 0.1 pM.

and both data sets fit a straight line with greater
than 99% confidence (p<<0.01). This information is
summarized in Table 4. Viewed individually, how-
ever, both grating and prism-coupled sensors were
clearly capable of detecting a 10~ °M analyte above
background; however, it is also clear that the
grating-coupled sensor exhibited more scatter in
the data.

Per run variability arises from scatter and bulk
contributions; this is a prevalent problem with grat-
ing sensors, which tend to scatter more incident
light than prisms. Run-to-run changes may arise
from the variable number of binding sites immobi-
lized on each transducer and from variations in
coupling efficiency. These effects can be controlled
in future generations of the sensor by (1) maintain-
ing the total number of binding sites between ex-
periments, (2) engineering an alignment system to
ensure identical placement of the transducer, and
(3) reducing scattered light introduced into the
sensing area by improving the grating design to
boost efficiency and possibly adding optical stops
down line from the coupling area.

Interesting questions that arise from this ultradi-
lute detection are “Why does one observe affinity
binding at these very low concentrations?”” “Why is
this response semilogarithmic?”” “Is this response
confined to high-affinity systems like avidin/
biotin?”” Possible explanations have been offered
for this non-Langmuirian behavior”: (1) the system
is not in equilibrium after the short binding times

(<10 min) and (2) there are possibly multivalent
interactions taking place between receptor and
ligand. Others have observed similar effects with
their sensors that corroborate our observations.
Herron et al.'” proposed that multivalent tracer
molecules stabilized receptor-ligand complex for-
mation at the surface, further increasing detection
below that predicted by the Langmuir model. Inter-
estingly, they observe semilogarithmic responses in
lower affinity systems, such as antigen/antibody.
Schlatter et al’® suggested implementation of a
more rigorous binding model when receptor and
ligand have the potential to interact multivalently,
as in the case of avidin and biotin. Clearly, these
effects warrant further elucidation.

6 CONCLUSIONS

Photolithography was used to produce gratings
with a 0.7-u pitch and 1.0-u etch depth. When used
as optical couplers for thin-film IOWs, these grat-
ings were roughly half as efficient as prisms in cou-
pling 632.8-nm light. In a set of comparative IOW
fluoroaffinity assays, two of the three experiments
with each sensor detected analyte above back-
ground in the ultradilute regime of 1 fM to 10 pM.
All measurements exhibited the semilogarithmic re-
sponse that was noted previously.” The grating-
coupled measurements were less precise, run to
run, than prism-coupled IOW-FIA measurements,
as indicated by the uncertainty of an arbitrary lin-

Table 4 Llinear regression and comparison of slopes for pooled prism and grating data over the ultradilute regime.

Slope*percent
error p Value

Statistical comparison of grating
and prism slopes using Student’s
Detection limit t test

Prism 1.00x1072x26 2.4x1073¢

Grating 1.67x1072+23 8.6x 1074

8.0X 10712 M f:0929, f0.0S(Z],Zé =2.056

1.2x1071B3 M p value: 0.3835; no significant

difference between slopes

@ Significant to 99% confidence limit (p<0.01).
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ear regression. To judge reproducibility, the three
grating-coupled and three prism-coupled measure-
ments were pooled into two data sets, both of
which fit a straight line with extreme significance
(p<<0.01). Viewed in this manner, the grating- and
prism-coupled IOWs yielded similar sensitivity, de-
tection limit, and percent error. Although both ap-
proaches detected samples with femtomolar con-
centrations above background, the run-to-run
variability, more so than the per run variability, ap-
pears to be the primary source of uncertainty in the
detection limit.
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