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The light-scattering properties of submicroscopic metal particles ranging from 40 to 120 nm in diameter
have recently been investigated. These particles scatter incident white light to generate monochromatic light,
which can be seen either by the naked eye or by dark-field microscopy. The nanoparticles are well suited for
detection in microchannel-based immunoassays. The goal of the present study was to detect Helicobacter pylori-
and Escherichia coli O157:H7-specific antigens with biotinylated polyclonal antibodies. Gold particles (diam-
eter, 80 nm) functionalized with a secondary antibiotin antibody were then used as the readout. A dark-field
stereomicroscope was used for particle visualization in poly(dimethylsiloxane) microchannels. A colorimetric
quantification scheme was developed for the detection of the visual color changes resulting from immune
reactions in the microchannels. The microchannel immunoassays reliably detected H. pylori and E. coli
0157:H7 antigens in quantities on the order of 10 ng, which provides a sensitivity of detection comparable to
those of conventional dot blot assays. In addition, the nanoparticles within the microchannels can be stored for
at least 8 months without a loss of signal intensity. This strategy provides a means for the detection of
nanoparticles in microchannels without the use of sophisticated equipment. In addition, the approach has the
potential for use for further miniaturization of immunoassays and can be used for long-term archiving of

immunoassays.

Immunoassays are based on specific antibody-antigen reac-
tions (26). Quantification of immunoassays is generally
achieved by measuring the specific activity of a label, for ex-
ample, radioactivity, fluorescence, chemiluminescence, biolu-
minescence, or electrical conductivity (20, 21, 26). However,
these labels share a common drawback, which is that they are
not suitable for long-term preservation (26). While different
isotopes have various half-lives, the use of radioactivity is more
difficult because of issues of disposition and potential harmful
health effects. Furthermore, fluorescence suffers from the issue
of photobleaching (15).

Recently, nanoparticles, especially gold and silver particles,
have been successfully applied for labeling because of their
easily controlled size distribution, long-term stability, and com-
patibility with biological macromolecules, including proteins
and nucleic acids (4, 11). Multiple nanoparticle detection
methods have been developed, including scanning and trans-
mission electron microscopy (12, 25), Raman spectroscopy (6,
9, 27), and the naked eye (16, 24). Detection by the naked eye
may be preferable, as other techniques are expensive and re-
quire specialized equipment and additional preparations. Both
a DNA microarray and a heterogeneous immunoassay have
been developed with 10-nm gold particles amplified with silver,
which can be detected by the naked eye (16, 24).

Most recently, the light-scattering properties of submicro-
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scopic metal particles, such as gold nanoparticles, have been
investigated (28). These particles scatter incident white light to
generate monochromatic light and can be seen either by the
naked eye or by dark-field microscopy (29). The intensity gen-
erated by a nanoparticle is 100,000 times that generated by a
fluorescein-labeled molecule (29). The approach has been
used with success in DNA hybridization arrays, immunohisto-
chemistry, and immunoassays (29). The resonance light-scat-
tering (RLS) properties of nanoparticles render them well
suited for use in microchannel-based immunoassays (11).

The goal of this study was to develop a resonance light-
scattering nanoparticle-labeled immunoassay with a microflu-
idic platform and dark-field zoom stereomicroscopy as a sim-
ple and inexpensive strategy for the detection of the
gastrointestinal microbial pathogens Helicobacter pylori and
Escherichia coli O157:H7.

MATERIALS AND METHODS

Bacterial growth conditions and antigen preparations. The procedures used
for bacterial culture and antigen preparation were described previously (13, 14).
Briefly, H. pylori strain ATCC 49503 was cultured on Columbia agar plates
containing 5% sheep blood, and the plates were incubated at 37°C under mi-
croaerophilic conditions (5% oxygen, 85% nitrogen, and 10% carbon dioxide)
for 72 h (13) Bacteria were then inoculated into brucella broth supplemented
with 10% fetal bovine serum and were grown overnight with gentle shaking
under microaerophilic conditions at 37°C. E. coli O157:H7 strain CL-56 and
nonpathogenic E. coli strains K-12, HB101, F18, and C25 were cultured on 5%
sheep blood agar plates at 37°C overnight and were then stored at 4°C (14). The
bacteria were then cultured in static Penassay broth (Difco Laboratories, De-
troit, Mich.) overnight at 37°C.

For use as an additional negative control, Lactobacillus rhamnosus strain R011
(Institut Rosell-Lallemand Inc., Montreal, Quebec, Canada) was cultured on 5%
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sheep blood agar plates at 37°C overnight, stored at 4°C, and subsequently
cultured in static Mann-Ragosa-Sharpe broth (Difco) overnight at 37°C (13).

Liquid cultures were centrifuged in a Beckman GPR centrifuge at 1,600 X g
for 15 min, and the supernatants were removed. The bacterial pellets were
washed four times in sterile phosphate-buffered saline (PBS; pH 7.6). The cell
pellets were then resuspended in RIPA buffer (10 mM Tris HCI [pH 8.0], 150
mM NaCl, 0.5% Triton X-100) containing a mixture of proteinase inhibitors
(Roche Molecular Biochemicals, Mannheim, Germany) for 40 min at 4°C. The
lysates were then centrifuged at 10,000 X g for 15 min at 4°C, and the superna-
tants with whole bacterial proteins were collected. The samples were then as-
sayed for their protein contents and were stored at —70°C. These lysate antigens
were then diluted to concentrations of 0.6, 6, 60, and 600 ng/ul in a coating buffer
consisting of 0.03 M NaHCO; and 0.02 M Na,CO; at pH 9.6. The diluted
antigens were immobilized onto solid substrates for subsequent immunoassays
(13).

Electron microscopic measurements of gold nanoparticles. A 5-ul aliquot of
the RLS particle suspension (from the One-Color Microarray Toolkit [Invitro-
gen Life Technologies, Carlsbad, Calif.]) was fixed with 5 .l of a universal fixative
containing 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) on a Formvar-coated copper grid for 2 min. The grid was blotted
with a piece of filter paper and washed with 10 ul of distilled water. For
transmission electron microscopy, the wash was immediately followed by nega-
tive staining with uranyl acetate. The grid was examined with a JEM-1230
transmission electron microscope (JEOL Corp., Tokyo, Japan). Digital images
were acquired directly with a charge-coupled-device camera system (1,024 by
1,024 pixels; Advanced Microscopy Techniques Corp., Danvers, Mass.). For
scanning electron microscopy, the grid was allowed to air dry after the wash with
distilled water and was sputtered coated with chromium before examination in a
JSM-6700F field emission scanning electron microscope (JEOL Corp.).

Replica molding of PDMS microchannels. Fused-silica capillaries with an
outer diameter of 360 wm (Polymicro Technologies, Phoenix, Ariz.) were cut to
a length of 2 cm and placed onto a clean plastic petri dish (Fisher Scientific,
Nepean, Ontario, Canada) for use as a mold. The procedures for replica molding
of poly(dimethylsiloxane) (PDMS) layers were similar to those published previ-
ously (13, 18). Briefly, a 10:1 (wt/wt) mixture of PDMS prepolymer and curing
agent (Sylgard 184 silicone elastomer kit; Dow Corning, Midland, Mich.) was
mixed thoroughly in a plastic weighing dish. The PDMS microchannel device was
then cast by pouring the mixture over the mold in the petri dish, which was placed
in a vacuum desiccator and degassed at 20 torr to remove the air bubbles created
during mixing and was then cured for 7 h at 75°C. After the device was cured, the
PDMS replica of the master device was cut into rectangular slabs containing a
pair of straight channels and was then peeled from the petri dish. A hole of 3 mm
in diameter was bored through the PDMS slab on one end of each channel for
use as a waste reservoir. The capillaries were then removed to expose the
microchannels formed in PDMS.

To mount the PDMS, glass slides (Micro Slides; Corning Glass Works, Corn-
ing, N.Y.) were soaked in acetone for 5 min and then rinsed in filtered (syringe
filter; pore size, 0.2 wm; Pall Corporation, Ann Arbor, Mich.) distilled water. The
slides were first placed onto a hot plate to facilitate evaporation, and then the
PDMS slab containing microchannels and a glass slide were placed into a plasma
sterilizer (model PDC-32G; Harrick Scientific, Ossining, N.Y.) for 1 min to allow
surface oxidation. Immediately after removal from the sterilizer, the PDMS slabs
were brought into contact with the glass slides and an irreversible seal was
formed spontaneously (18). The channels were then allowed to set for an addi-
tional 30 min at room temperature to promote surface rearrangements, which
resulted in the appearance of new hydrophobic groups on the PDMS surface
(18).

Microchannel nanoparticle immunoassay. The delivery of reagent solutions
through the PDMS microchannels was accomplished with a pressure-driven flow,
as described previously (13). A 1-ml syringe with a 30-gauge needle (both from
Becton Dickinson, Franklin Lakes, N.J.) was inserted directly into the micro-
channel at the end opposite the waste reservoir, and each solution was injected
in turn. A 5 ml-syringe with a 25-gauge needle (Becton Dickinson) was inserted
at the waste reservoir to aspirate waste liquid.

Lysate antigens of H. pylori and E. coli O157:H7 (from 0.6 to 600 ng/ul), L.
rhamnosus strain RO11 (60 ng/ul), and coating buffer alone were injected into
each of the microchannels and passively adsorbed overnight at 4°C. Excess lysate
antigens were washed off with PBS containing 0.05% Tween 20, and the channels
were incubated in blocking solution containing PBS with 1% (wt/vol) bovine
serum albumin (pH 7.6) for 45 min at room temperature. For H. pylori antigen
detection, a commercially available biotin-conjugated rabbit polyclonal anti-H.
pylori antibody (Biodesign International, Saco, Maine) diluted to 1 part in 1,000
parts of blocking solution was used to probe the coated microchannels for 1 h at
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room temperature. For E. coli O157:H7 antigen detection, a commercially avail-
able biotin-conjugated goat polyclonal anti-E. coli O157:H7 antibody (Kirkeg-
aard & Perry Laboratories, Gaithersburg, Md.) diluted to 1 part in 250 parts of
blocking solution was incubated in the coated channels for 1 h at room temper-
ature.

The two antibodies without biotin conjugation (i.e., the anti-H. pylori [DAKO,
Glostrup, Denmark] and anti-E. coli O157:H7 [Kirkegaard & Perry Laborato-
ries] antibodies) were used as negative controls for the primary antibodies.
Additional negative controls included normal rabbit immunoglobulin G (IgG;
1:1,000; Santa Cruz Biotechnology, Santa Cruz, Calif.) and goat serum (1:250;
Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.).

After incubation with primary antibodies, the microchannels were washed
thoroughly with 0.5% wash solution A supplied with the One-Color Microarray
Toolkit. A blocking solution from the kit was incubated in the channel for 20 min,
which was followed by a wash step with 0.5% solution A. The RLS gold nano-
particles functionalized with the goat antibiotin antibody supplied in the kit were
used as the secondary antibody (2:1 dilution) and were incubated in the micro-
channels for 1 h at room temperature. After incubation, the channels were
washed with 0.5% solution A.

Images of the PDMS microchannels were taken by using a zoom stereomicro-
scope (SMZ 800; Nikon, Tokyo, Japan) and a color digital camera (Micropub-
lisher, version 3.3; Qimaging, Burnaby, British Columbia, Canada) at X25 mag-
nification. The proprietary archive solution was subsequently delivered into the
channel, and the channel was stored at 4°C in a cold room for long-term pres-
ervation. After 7 weeks and 8 months, the microchannels were rehydrated with
the archive solution and images were again taken by using dark-field microscopy.
All experiments were performed in duplicate on three separate occasions (n =
3), except for experiments demonstrating the linear range of E. coli O157:H7
detection (n = 2) and the specificity of enterohemorrhagic E. coli O157:H7
detection (n = 1 for each of the nonpathogenic E. coli strains). Color changes
within the microchannels were then quantified by using novel software developed
specifically for this study.

Color quantification. The red-green-blue values of the pixels of the color
digital images of the PDMS microchannels were first transformed to a percep-
tually uniform color space established by the Commission Internationale de
L’Eclairage (CIE) (2, 23). An extended version of the CIE color space, referred
as CIE Ixa*b* space, was used, as described previously (13). Briefly, background
pixel values were determined by using two narrow strips each with a five-pixel
width, one on the top and the other one on the bottom of the images. The
difference between the value of each pixel within the channel and the background
(i.e., the Euclidean distance) was then calculated. The average difference across
the whole channel was computed, and the average distance was normalized
against the channel length. For the purpose of this study, the intensities of brown
color were used for quantification.

Data analyses. Results of color quantification were expressed as means *
standard error of the mean. Statistical analyses were performed by using InStat
software (version 3.01; GraphPad Software Inc., San Diego, Calif.). To test for
statistical significance between multiple groups, a one-way analysis of variance
(ANOVA) was used, followed by post-hoc comparison by the Tukey-Kramer
multiple-comparison test (19). A P value of <0.05 was considered statistically
significant.

RESULTS

Electron microscope measurements of gold nanoparticles.
As shown in Fig. 1, the functionalized gold nanoparticles were
visualized by electron microscopy. The particles were observed
to be surrounded by an antibody halo by both transmission
electron microscopy (Fig. 1A) and scanning electron micros-
copy (Fig. 1B). By transmission electron microscopy, the mean
size of the gold nanoparticles was 85.6 = 2.1 nm (n = 7) and
the mean size of the antibody layer 3.5 = 0.7 nm (n = 3). The
shape of the particles was circular, and the particles appeared
as both clusters and single particles when they were in suspen-
sion.

Microchannel nanoparticle immunoassay. Figure 2 shows
that by use of the antibody-nanoparticle conjugate for immune
reaction detection, both H. pylori (Fig. 2A) and E. coli
O157:H7 (Fig. 2B) antigens were detected at concentrations
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FIG. 1. Electron microscopy of the functionalized gold nanoparticles. (A) Transmission electron microcopy of gold particles with measure-
ments (magnification, X400,000); (B) scanning electron microscopy of gold particles (magnification, X100,000).

between 6 and 600 ng/pl, as evidenced by the golden brown
color in the microchannels visualized under a dark-field micro-
scope. The volume of the microchannel was approximately 1.5
pl. Hence, the detection limits for H. pylori and E. coli
O157:H7 antigen were in the range of 10 to 1,000 ng, which are
similar to those of conventional dot enzyme-linked immu-
nosorbent assays (ELISAs) (13, 14).

Validation of the colorimetric quantification software. A
computer-generated brown strip with decreasing intensity and
a black background strip was produced (Fig. 3A) to simulate a
real microchannel with a positive reaction (brown). The Eu-
clidean distance was calculated for each brown pixel from the
background, and the results were plotted against the locations
of the pixels (Fig. 3B). The color difference between the brown
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FIG. 2. H. pylori and E. coli O157:H7 antigen detection in PDMS microchannels with the RLS nanoparticles as the readout for the
heterogeneous immunoassay. Bacterial protein lysates were passively adsorbed onto PDMS microchannels. Polyclonal biotinylated H. pylori and
E. coli O157:H7 antibodies were used as primary antibodies (1° Abs), and a goat polyclonal antibiotin antibody-functionalized RLS nanoparticle
was used as the secondary antibody. Dark-field microscopy was used for image acquisition. (A) H. pylori lysates were used as positive control
antigens, while L. rhamnosus strain R011 and coating buffer alone were used as negative controls. The biotinylated anti-H. pylori antibody was used
as a positive control primary antibody, while a nonbiotinylated anti-H. pylori antibody (DAKO) and normal rabbit IgG were used as negative
controls. (B) E. coli O157:H7 lysates were used as positive control antigens, whereas L. rhamnosus R011 and coating buffer alone were used as
negative controls. Biotinylated anti-E. coli O157:H7 antibody was used as a positive control primary antibody, while a nonbiotinylated anti-E. coli

0157:H7 antibody (Kirkegaard & Perry Laboratories [KPL]) and goat serum were used as negative controls.
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FIG. 3. Validation of a colorimetric quantification algorithm. (A) A synthetic brown channel of decreasing intensity along its length; (B) a plot
of the Euclidean distance versus the location of the pixels along the synthetic channel; (C) a composite of four experimental channels with
decreasing brown intensities along their lengths; (D) a plot of the Euclidean distance versus the location of the pixels along the composite channel.

and the background strips decreases toward the right side,
which correlates with human visual perceptions. Figure 3C
represents a composite of four experimental channels with
decreasing brown intensities along their lengths, corresponding
to experiments with immobilized antigens at concentrations
from 600 to 0.6 ng/pl. Figure 3D provides a plot of the Eu-
clidean distance versus the pixel location of the channel shown

in Fig. 3C and demonstrates that the Euclidean distance be-
tween the pixels within the microchannels and the background
decreases in parallel with human visual perceptions of the
images.

Quantification of microchannel nanoparticle immunoassay.
Color differences between the intensities in the microchannels
produced by the nanoparticles for H. pylori (Fig. 2A) and E.
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FIG. 4. Quantification of RLS gold nanoparticle readout for the
detection of H. pylori and E. coli O157:H7 antigens in PDMS micro-
channels. (A) Quantification of microchannel immunoassay for detec-
tion of H. pylori (Fig. 2A) by using the quantification software package;
(B) quantification of microchannel immunoassay for detection of E.
coli O157:H7 (Fig. 2B). Results are expressed as mean color differ-
ences * standard error of the mean (n = 3). Gray bars, the results of
quantification at the time of the initial experiments; black bars, quan-
tification performed at 7 weeks after the initial experiments; open bars,
quantification performed at 8 months of storage. There was a signifi-
cant difference between H. pylori at a concentration of 10 to 1,000 ng
and each of the negative controls (*, P < 0.001 at the time of the initial
experiments and 7 weeks after the initial experiments; #*, P < 0.01 at
8 months of storage [ANOVA]). Similarly, there was a statistically
significant difference between E. coli O157:H7 at concentrations of 10
to 1,000 ng and each of the negative controls used (*x, P < 0.01 at the
time of the initial experiments; 7, P < 0.05 at 7 weeks after the initial
experiments; *, P < 0.001 at 8 months of storage [ANOVA]). 1° Ab,
primary antibody; KPL, Kirkegaard & Perry Laboratories.

coli O157:H7 (Fig. 2B) detection and the background were
quantified as shown in Fig. 4A and B, respectively. By a one-
way ANOVA, there was a statistically significant difference
between the immobilized H. pylori antigens at amounts ranging
from 10 to 1,000 ng (P < 0.001) and each of the four negative
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controls (i.e., H. pylori at 100 ng with anti-H. pylori antibody but
without biotin conjugation, H. pylori at 100 ng with normal
rabbit IgG, L. rhamnosus at 100 ng, and coating buffer alone)
taken during the initial experiments (Fig. 4A). Similarly, there
was a statistically significant difference between the H. pylori
antigens at amounts ranging from 10 to 1,000 ng and each of
the negative controls taken at 7 weeks after the initial experi-
ments (P < 0.001) and after 8 months of storage (P < 0.01)
(Fig. 4A). There was a significant difference between immobi-
lized E. coli O157:H7 antigens at amounts ranging from 10 to
1,000 ng (P < 0.01) and the negative controls (E. coli at 100 ng
with anti-E. coli O157:H7 antibody but without biotin conju-
gation, E. coli O157:H7 at 100 ng with goat serum, L. rham-
nosus at 100 ng, and coating buffer alone) taken during the
initial experiments (Fig. 4B). In addition, there was a statisti-
cally significant difference between E. coli O157:H7 antigens at
amounts ranging from 10 to 1,000 ng and each of the negative
controls taken at 7 weeks after the initial experiments (P <
0.05) and after 8 months of storage (P < 0.001) (Fig. 4B). The
limit of detection of H. pylori and E. coli O157:H7 antigens by
this assay was approximately 10 ng, which is comparable to that
of the conventional dot blot ELISA (13, 14). There was no
statistically significant difference between the quantification
results obtained at 7 weeks and 8 months after the initial
experiments and the results obtained at the time of the initial
experiment, indicating that the immune reactions detected
within the PDMS microchannels are stable at 4°C for at least
8 months. In addition, the linear range of the immune reaction
lies between 1 and 50 ng of immobilized E. coli O157:H7
protein antigens (Fig. 5). Beyond this point, the signal intensity
becomes saturated.

The specificity of the E. coli O157:H7 nanoparticle immu-
noassay was demonstrated (Fig. 5) by using nonpathogenic E.
coli strains (strains K-12, HB101, F18, and C25) as negative
controls. Whole-protein lysates from each of the nonpatho-
genic bacterial strains showed minimal reaction with the poly-
clonal primary antibody used in the nanoparticle immunoas-
say.

DISCUSSION

A novel heterogeneous PDMS-based microfluidic immuno-
assay with antibody-functionalized RLS nanoparticles as labels
for the detection of gram-negative gastrointestinal pathogens
is described in this study. This strategy has the same detection
limit as a conventional ELISA system, while it allows long-term
preservation. This assay has the potential for further miniatur-
ization and automation without the need for expensive detec-
tion equipment.

Miniaturized proof-of-concept PDMS-based microfluidic
immunoassay strategies have been demonstrated previously in
the literature (1, 5, 7). Recently, accurate detection of H. pylori
in biological samples was achieved by using PDMS-based het-
erogeneous microchannel ELISA (13). However, the enzyme-
based label used is not suitable for long-term preservation.

Nanoparticles, which can be synthesized with dimensions
ranging from 0.8 to 250 nm, have been used extensively as a
biomolecular label in both light and electron microscopy (10).
Long-term stability and biocompatibility with a variety of mac-
romolecules, such as DNA, RNA, and proteins, indicate that
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FIG. 5. Specificity of nanoparticle immunoassay for detection of E. coli O157:H7. Whole-protein lysates of nonpathogenic E. coli strains K-12,
HB101, F18, and C25 were used to test the specificity of the nanoparticle immunoassay. Additional dilutions of E. coli O157:H7 antigens were used
to establish both the linear range and the saturability of the immunoassay.

the metal nanoparticles can be used successfully as a label for
a variety of diagnostic approaches. For instance, much work
has been done in nucleic acid hybridization assays in which the
modified gold nanoparticles are aggregated and then hybridize
with target DNA and can be detected by a colorimetric method
(3). More recently, surface-enhanced Raman scattering with
colloidal silver and gold nanoparticles as enhancing substrates
has been developed as a sensitive readout for a heterogeneous
immunoassay (6, 9, 27). Although this technique is attractive
for the future development of a multiplex microarray platform
by using multilabel techniques (27), the detection strategy is
costly and complex, as it requires special surface coating and
the use of a laser (9). Hence, it is only suitable for use as a
research tool.

The light-scattering properties of metal nanoparticles were
recently examined by Yguerabide et al. (28, 29) by using pre-
viously developed theories (17). When a particle is illuminated
by a beam of monochromatic light, it extracts some of the
incident energy and scatters the energy in all directions at the
frequency of the incident beam (17). However, with white light
illumination particles of different sizes and compositions dis-
play a distinct scattered light color which corresponds to the
peak wavelength of the light-scattering spectral band (28, 29).
For example, with incident white light, 40-nm silver particles
scatter blue color, while gold particles of the same size scatter
green color. However, larger gold particles (78 nm) scatter
bright yellow color with white light illumination (28). When the
size of the particle is comparable to or larger than the wave-
length of the incident light, an increase in the particle diameter
results in a rapid increase in scattered light intensity. For ex-
ample, it has been estimated that the relative light-scattering
power of an 80-nm gold particle is 500 times that of a 20-nm
particle (28). In addition, it was calculated that the light-scat-
tering power of a 60-nm gold particle is equivalent to about 5

X 10° fluorescein molecules (28). The RLS gold particles used
in this study were of 80 nm in diameter, as measured by trans-
mission electron microscopy. The strong signal generated by
the relatively large nanoparticles made them suitable for use in
miniaturized immunoassays.

Recently, these RLS particles were used in microarrays for
gene expression profiling (8, 29) and a sandwiched immunoas-
say in a microarray format (22). The RLS signals were at least
50 times more intense than confocal laser-based fluorescence
signals (8) in DNA microarrays. In protein microarrays, RLS
particles provided very sensitive labels for sandwich immuno-
assays (22).

A sensitive heterogeneous immunoassay was developed by
using the RLS gold nanoparticles. The immunoassay proved to
be capable of detecting H. pylori and E. coli O157:H7 antigens
at quantities as low as 10 ng. This detection limit is comparable
to that of the conventional dot blot ELISA (13, 14). In addi-
tion, detection was achieved by using a simple strategy consist-
ing of dark-field microscopy. The gold particles were delivered
by pressure-driven flow into microchannels, demonstrating
their suitability for further miniaturization. Furthermore, upon
rehydration by using an arching solution, this microchannel
immunoassay could be preserved for up to 8 months without
losing sensitivity, indicating its suitability for the purposes of
achieving a long-term archive of the test results. The commer-
cially available polyclonal anti-E. coli O157:H7 antibody used
in the development of this nanoparticle immunoassay was spe-
cific for the detection of E. coli O157:H7. A monoclonal anti-
body raised against a specific bacterial antigenic epitope could
be used in the future to potentially further improve the sensi-
tivity of detection.

The image analysis software package developed for quanti-
fication of the intensity of the nanoparticles was robust. The
algorithm was previously validated and used to quantify the
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results of a microchannel ELISA with a blue precipitating
substrate (13). As shown in the present study, the software was
easily modified to quantify the brown colors produced by gold
nanoparticles exposed to white light.

The cost of the nanoparticle immunoassay is estimated to be
approximately $6.00 per channel, whereas the cost of a con-
ventional microtiter plate format (Premier Platinum HpSA
test; Meridian Diagnostics, Cincinnati, Ohio) can be up to
$35.00 per well. Therefore, with miniaturization the cost of
reagents can be greatly reduced.

In summary, a PDMS microchannel immunoassay has been
developed with antibody-functionalized RLS gold nanopar-
ticles visualized by using dark-field microscopy. The assay is
able to accurately detect both H. pylori- and E. coli O157:H7-
specific antigens at levels similar to those detected by a con-
ventional ELISA. In addition, the immunoassay can be pre-
served for the long term without losing sensitivity.
Furthermore, software has been developed to objectively
quantitate the intensities of the nanoparticles in the micro-
channels. These advances should prove useful in the future
development of an automated, miniaturized immunoassay sys-
tem for use in microbial diagnostics.
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