Fresenius J Anal Chem (2001) 369:295-301

© Springer-Verlag 2001

SPECIAL ISSUE PAPER

David L. Stokes - Guy D. Griffin - Tuan Vo-Dinh

Detection of E. coli using a microfluidics-based

antibody biochip detection system

Received: 13 October 2000 / Revised: 13 November 2000 / Accepted: 13 November 2000

Abstract Thiswork demonstrates the detection of E. coli
using a 2-dimensional photosensor array biochip which is
efficiently equipped with a microfluidics sample/reagent
delivery system for on-chip monitoring of bioassays. The
biochip features a 4 x 4 array of independently operating
photodiodes that are integrated along with amplifiers, dis-
criminators and logic circuitry on a single platform. The
microfluidics system includes a single 0.4 mL reaction
chamber which houses a sampling platform that selec-
tively captures detection probes from a sample through
the use of immobilized bioreceptors. The independently
operating photodiodes alow simultaneous monitoring of
multiple samples. In this study the sampling platform is a
cellulosic membrane that is exposed to E. coli organisms
and subsequently analyzed using a sandwich immunoas-
say involving a Cy5-labeled antibody probe. The com-
bined effectiveness of the integrated circuit (IC) biochip
and the immunoassay is evaluated for assays performed
both by conventional laboratory means followed by detec-
tion with the IC biochip, and through the use of the mi-
crofluidics system for on-chip detection. Highlights of the
studies show that the biochip has a linear dynamic range
of three orders of magnitude observed for conventional
assays, and can detect 20 E. coli organisms. Selective de-
tection of E. coli in a complex medium, milk diluent, is
also reported for both off-chip and on-chip assays.

Introduction

It is estimated that food borne pathogens account for up to
80 million illnesses in the United States each year, with
approximately 9,000 cases resulting in death. Among
such pathogens, Escherichia coli 0157:H7 is becoming an

D. L. Stokes - G. D. Griffin - Tuan Vo-Dinh ()
Advanced Monitoring Development Group,

Life Sciences Division, Oak Ridge National Laboratory,
Oak Ridge, TN 37831-6101, USA

e-mail: vodinht@ornl.gov

increasingly significant factor in these occurrences. E coli
has generally been used as an indicator of fecal contami-
nation in water, as well as a valuable tool in genomic re-
search. However, E. coli 0157:H7 has specifically be-
come a bacteria of rising concern in the past decade. It
is a facultative anaerobe which attacks the intestines of
its hosts, leading to abdominal cramps, fever, diarrhea,
bloody diarrhea and dehydration. In extreme cases, the
poison can lead to hemolytic uremic syndrome (HUS)
which is manifested by kidney failure, stroke, seizures,
and even death for victims with depressed immune func-
tion (especially the young and the elderly). Incubation pe-
riod in the intestines is typically 3-10 days before the on-
set of toxin poisoning, with the ensuing illness running its
course in 5-10 days. Antibiotics are rarely effective and
can often aggravate the illness through the possible accel-
erated toxin release resulting from cell lysis. While most
commonly found in food of animal origin, E. coli
0157:H7 can taint vegetables through the use of contami-
nated fertilizers. Furthermore, run-off from farms can
contaminate water supplies which can serve as far reach-
ing vectors for the pathogen. Adeguate cooking and
proper hygiene can prevent the incidence of human infec-
tion. Nevertheless, significant E. coli 0157:H7 outbreaks
have become more common, and more far reaching in the
last decade, despite America's record of having the safest
food supply in the world. One of the worst outbreaks in
history was traced to atainted well at the 1999 Washing-
ton County Fair, NY. Approximately 1000 cases were re-
ported, with 2 fatalities. Other recent, high profile inci-
dents have involved tainted Jack-in-the-Box hamburgers,
which affected approximately 700 people (4 deaths) in the
Pacific Northwest in 1993; and contaminated Odwalla
fruit juices, which infected approximately 70 widely scat-
tered people in 1996. Hudson Foods recently imple-
mented a recall of 25 million pounds of meat, the largest
meat recall in history. The expanding problem of food
borne illnesses may be attributed to an increase in interna-
tional commerce, overextended food regulatory agencies,
and the evolution of antibiotic-resistant organisms. The
need for more expedient, accurate, and cost-effective
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screening processes is obvious for food products, drinking
water supplies, and recreational waters. Traditional analy-
ses have involved such time-consuming methods as mem-
brane filtration, culturing and immunodiffusion assays.
Turn around times for off-site evaluations could be as
high as 3048 h for such techniques.

In response to the rising incidence of food borne ill-
nesses, increased efforts have been devoted towards the
development of more efficient pathogen detection
schemes. For E. coli analysis, the EPA has recently ap-
proved a new method, “MI| Agar Membrane Filter
Method for Total Coliforms and Escherichia coli” [1-3].
Extensive studies have been directed towards evaluations
and comparisons of various emergent trademark technolo-
gies, such as Colilert, Quantitray, Coliplate, Enterolert,
BAX E. coli 0157, Revea 8 E. coli 0157-H7 screening
test, VIP EHEC, VIDASE. coli 0157 (ECO), EHEC-Tek,
Tecra E. coli 0157 visual immunoassay, Petrifilm and the
Difco EZ coli rapid detection system [4-11]. Such studies
encompassed analyses of drinking water [4], watersheds
[5, 6], and various food products [7—11]. In some cases,
exceptional sensitivity (10-15 organisms) was demon-
strated [8]. Selectivity for E. coli 0157:H7 detection was
also demonstrated, even for potentially injured E. coli in
the presence of outhumbering competing bacteria[7], and
in the presence of non-0157:H7 E. coli [11]. Some studies
were also highlighted by analysistimesaslow 15-24 h [8,
11]. In other work, selective detection of E. coli 0157:H7
was observed for chicken carcass washes when perform-
ing conductance measurements of samples incubated in
Coliform Medium [12]. Robertson et a. reported an
analysis time span of less than a workday via measure-
ment of E. coli glucoronidase [13]. Some very innovative
technologies have also been recently reported. Multiplex
PCR systems have been developed for analysis of drink-
ing water [14] and rural streams [15]. Seo et a. have re-
ported 4-cell detection with a 6-h analysis time when
combining immunomagnetic bead separation with flow
cytometry (IMFC) for the investigation of various inocu-
lated food samples [16]. Furthermore, single-cell detec-
tion in less than 3 h has been reported via laser scanning
of peptide nucleic acid (PNA) probes [17].

This paper describes an antibody-based biochip having
a 2-dimensional photosensor array detector that is directly
coupled to a microfluidics sample/reagent delivery system
for rapid, on-chip detection of E. coli. This compact sys-
tem features a4 x 4 array of independently operating pho-
todiodes (0.9 mm diameter each) which are integrated
along with amplifiers, discriminators and logic circuitry
on a single platform via the complementary metal oxide
semiconductor (CMOS) process. The potential for imple-
menting the CMOS technology for combining photosen-
sors and associated microel ectronics into a compact, inex-
pensive integrated circuit (IC) chip isthe principal advan-
tage of this sensor over other 2-dimensional detectors,
such as charge-coupled devices (CCDs) and charge injec-
tion devices (CIDs). The fluidics system includes a single
0.4 mL reaction chamber which houses a sampling plat-
form that selectively captures detection probes from a de-

livered complex sample through the use of immobilized
bioreceptors. Any device which incorporates biorecep-
tors, such as antibodies, DNA, enzymes and cellular com-
ponents of living systems, is referred to as a biosensor.
Moreover, any biosensor that involves the use of a mi-
crochip system for detection is considered a biochip. Be-
fore the incorporation of microchip detection devices,
biosensors were typically based on fiberoptic or planar
probe substrates from which analytical signals were di-
rected to separate detection systems consisting of appro-
priate wavelength selection devices and conventiona
photodetectors, including photomultiplier tubes (PMTSs)
and CCDs[18-28]. Morerecently in our laboratory, an IC
microchip detector-based biochip using DNA biorecep-
tors has been devel oped for detection of sequence-specific
genetic constituents in complex samples[28, 29]. In addi-
tion, we have exploited an advantage of the independently
operating photodiodes to enable the simultaneous mea-
surement of multiple sample screening tasks [30]. Both
antibody-based probes for the detection of p53 protein
and DNA probes for the detection of Micobacterium tu-
berculosis were incorporated on a single sampling plat-
form.

This study extends the capability of the biochip devel-
oped in our laboratory viathe incorporation of a microflu-
idics module in the previously described biochip system
[28-30] for the first time. Such an improvement can min-
imize sample handling, expedite analyses, and allow real-
time monitoring of screening processes (thereby facilitat-
ing sampling platform design, optimization of reaction
parameters, and identification of anomalous system be-
havior). In this work the sampling platform is a cellulosic
membrane which is exposed to E. coli organisms and sub-
sequently analyzed using a sandwich immunoassay in-
volving a Cy5-labeled antibody probe. Antibody probes
have provided excellent selectivity with previously re-
ported immunaosensors for chemical and biological analy-
ses [24, 31, 32]. This selectivity arises from a required
complementary relationship between three-dimensional
biochemical conformations of an antigen and an antibody.
As this paper will demonstrate, the combined effective-
ness of the IC biochip and the antibody probe-based assay
yields exceptional quantitative ability, sensitivity and se-
lectivity. Furthermore, when using a pretreated sample
platform format, the microfluidics-based biochip system
described herein may allow E. coli detection in less than
1 h. All of these attributes are compiled in a compact,
user-friendly, inexpensive device which may be amenable
to on-site use at food processing plants, sewage treatment
facilities, doctors' offices, and various flowstream moni-
toring points of environmental or industrial interests.

Experimental

Solid-phase immunoassays. A sandwich immunoassay method us-
ing Cy5-labeled antibody probes was implemented in this study, as
depicted in Fig.1. Ninety-six-well plates with a membrane com-
posed of mixed cellulose esters forming the bottom of each well
(Multi Screen- HA clear plates, Cat. No. MAHA N45610, Milli-
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Fig.1 Graphic depiction of the sandwich immunoassay method
for E. coli 0157:H7 detection using Cy5-labeled antibody probes

pore Corp., Bedford, MA 01730) were used for the assays. The
membranes in the wells were pre-wetted for 1 min with 200 pL of
phosphate buffered saline (PBS), followed by removal using the
Multi Screen vacuum manifold (Cat. No. MAVM 09601, Milli-
pore Corp., Bedford, MA 01730). Various dilutions of the antigen
were then pipetted into the wells. The antigen used was a prepara-
tion of heat-killed Escherichia coli 0157:H7 organisms (Cat. No.
50-95-90, Kirkeguard and Perry Laboratories, Inc., Gaithersburg,
MD 20879), containing = 7.0 x 10° organisms/mL. The cell sus-
pension was usually diluted in 0.1 M sodium carbonate buffer, pH
9.6, although for certain experiments, a milk diluent/blocking so-
lution concentrate (diluted 1:20 with distilled water- final milk
concentration was 0.1% non-fat dry milk, Kirkeguard and Perry
Laboratories, Cat. No. 50-82-01, Gaithersburg, MD 20879) or a
bovine serum abumin (BSA) diluent/blocking solution concen-
trate (diluted 1:15 with distilled water- fina BSA concentration
was 0.7% BSA, Kirkeguard and Perry Laboratories, Cat. No.
50-61-00, Gaithersburg, MD 20879) was used. Aliquots of 80 pL
of varying dilutions of E. coli cell suspension were pipetted into
separate wells of the Multi Screen plates. Following 1 h of incuba-
tion at room temperature (24°C), the antigen suspension was re-
moved using the vacuum manifold. 200-pL aliquots of a solution
of 0.25% BSA, 0.05% Tween 20 in PBS was added to each well to
block any unoccupied binding sites, and the plate was incubated
for 1 h at room temperature, followed by removal of the blocking
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solution. Dilutions of a goat affinity-purified antibody to E. coli
0157:H7 (Kirkeguard and Perry Laboratories, Cat. No. 01-95-90,
Gaithersburg, MD 20879) were prepared in the same buffer used
for the blocking step. Usual dilutionswere 1:25 or 1:50. All wells
received 80-pL aliquots of this primary antibody. After incubation
for 1-1.5 h at room temperature, the antibody solution was re-
moved using the vacuum manifold. Each well was then washed
4 x using 0.5% Tween 20 in PBS, by filling the well by means of
a pasteur pipette and removing the wash solution by vacuum filtra-
tion. A secondary anti-species antibody with covalently attached
dye molecules was used to complete the immunoassay sandwich.
This antibody was a purified rabbit anti-goat 1gG(H+L) antibody
(ZyMax Grade) conjugated with Cy5 (Cat. No. 81-1616, Zymed
Laboratories, San Francisco, CA 94080). This antibody was di-
luted (usually 1:25 or 1:50) in the same buffer as was used for the
primary antibody, and 80 pL aliquots were dispensed into appro-
priate wells. After incubation for 1-1.5 h at room temperature in
the dark (i.e. plate wrapped in aluminum foil), the wells were emp-
tied by vacuum filtration, and all wells were washed 56 x with
0.5% Tween in PBS. Wells were subsequently assayed as de-
scribed below. Negative controls were prepared by treating other
wells with blocking solution, primary antibody and secondary an-
tibody, but no E. coli antigen.

Instrumentation. A schematic diagram of the integrated circuit
(1C) biochip detection system with associated excitation and signal
collection optics is illustrated in Fig.2. The 632.8-nm line of a
HeNe laser (Model 106-1, Spectra-Physics, Inc., Eugene, OR) was
selected for excitation of the Cy5 label. The laser beam was fil-
tered with a 632.8-nm bandpass filter (Cat. No. P3—633-A-X516,
Corion, Franklin, MA) and directed through a diffractive optic de-
vice, which split the laser beam into a 4 x 4 array of equally-in-
tense laser beams. The laser beam array was focused at the plane
of the sampling platform to form sharp laser excitation spots with
approximately 1-mm spacing. The intensity of each laser spot was
estimated to be= 0.2 mW. A 1:1 image of the laser spot array was
projected onto the corresponding 4 x 4 array of photosensors of the
IC biochip via a gradient index microlens array (Cat. No. 024—
5680, OptoSigma®, Santa Ana, CA). A combination of a 633-nm
holographic notch filter (Cat. No. HNPF-633-1.0, Kaiser Optical
Systems, Inc., Ann Arbor, MI) and athin-film dielectric filter with
a high-pass at 645 nm (Visionex, Atlanta, GA) was used to isolate
the Cy5 emission signal from the laser line. Voltage output from
the IC biochip was recorded with a strip chart recorder (Model
BD40, Kipp and Zonen, Delft, The Netherlands) or from a digital
multimeter (Model 506, Protek). The integrated microchip detector
described above is not yet commercialy available and was de-
signed at Oak Ridge National Laboratory. The individual photodi-
odes of the 4 x 4 array are square with 900-um edges. They are
arranged with 1-mm center-to-center spacing. The photodiodes
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Fig.2 Schematic diagram of the IC biochip detection system
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Fig.3 Schematic diagram of a microfluidics system designed for
use with the IC biochip

and the accompanying electronic circuitry were fabricated using a
standard 1.2 pm n-well CMOS process.

For initial immunoassay and IC Biochip sensitivity studies,
membranes were cut from the bottoms of the reaction wells of the
96-well plates and placed at the focus of the 4 x 4 laser beam ar-
ray. For studies involving on-chip immunoassays, membranes
were placed in a microfluidics sampling chamber, also at the exci-
tation focal point.

The microfluidics sampling chamber. A schematic diagram of the
microfluidics sampling chamber for on-chip immunoassays is il-
lustrated in Fig.3. The sampling chamber and sample delivery
channelsweredrilledintoal” x 1" x 1/8" Plexiglas slab (OPTIX®,
Plaskolite, Inc., Columbus, OH) by conventional means. A 1/2" di-
ameter hole was drilled through the center of the block, resulting in
a 0.4 mL total sampling volume. A series of 1/16" diameter holes
were also drilled from the edges of the Plexiglas slab to the central
sampling chamber. These channels housed the plumbing used for
reagent or sample delivery or purging. For these studies, the
plumbing was /16" o.d. x 1/50" i.d. Peek tubing (Cat. No. 1532,
Upchurch Scientific, Oak Harbor, WA). Inlet plumbing was also
attached to a peristaltic pump capable of a flow rate of = 1 mL/
min. Some channels from the edge of the Plexiglas block were
used as ports for various accessories, such as a nichrome heating
filament and a thermocouple temperature probe (Aeropak). Once
al plumbing and other accessories were seated in the Plexiglas
block, the channels were all sealed with 5 min epoxy. The sam-
pling chamber was sealed with a pair of glass windows cut from
microscope slides. The bottom window was held permanently in
place by 5-minute epoxy. The top window was intended to be re-
movable, allowing for easy replacement of the sampling platform
(membrane). High vacuum grease (Dow Corning Corp., Midland,
MI) was used to temporarily hold the top window in place during
on-chip assays. The laser excitation was introduced through the
top window. Cy5 fluorescence signals from immobilized antibody

probes on the sampling platform were collected through the bot-
tom window of the sampling chamber.

Results and discussion

Evaluation of the | C biochip. For each new application in-
vestigated for the new | C biochip technology, success de-
pends on the combination of both the efficiency of the
specific immobilization reaction (e.g immunoassay or DNA
hybridization) as well as the efficiency of signal transduc-
tion. A calibration curve was therefore generated for an
initial evaluation of the feasibility of E. coli 0157:H7
screening using the |C Biochip technology. The results of
these calibration measurements are illustrated in Fig.4.
Each data point corresponds to blank-subtracted signal to
correct for signal derived from nonspecific binding. This
preliminary evaluation did not involve the use of the mi-
crofluidics module. Instead, the complete sandwich im-
munoassay was performed using conventional laboratory
practice, independent from the IC biochip system. Sepa-
rate membranes were prepared for each different dilution
of immobilized E. coli organisms. Each membrane was
then placed at the focal point of the excitation laser beam
array for measurement with the IC biochip. As demon-
strated by the calibration curve, alinear response was ob-
served for the entire region investigated (approximately
90-20,000 organisms). The estimated number of organ-
isms probed for each measurement was based on the ratio
of the area of laser spot to the total area of the membrane,
assuming even distribution of organisms on the mem-
brane. For surface-based analytical techniques such as the
sandwich immunoassay, linear dynamic range can be lim-
ited more by saturation of the sampling membrane surface
than by the efficiency of the signal transducer. Because
the area of the surface probed for each measurement is so
small (= 0.16 mm?), the linear dynamic range exhibited in
this study is excellent. Furthermore, no saturation of the
surface was evident for this practical range.
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Fig.4 Calibration curve for E. coli 0157:H7 detection using Cy5-
labeled antibody probes in the sandwich immunoassay technique



The detection of less than 100 organisms achieved
with the biochip is excellent, especially when considering
that no sample amplification was performed. Sample am-
plification techniques such as culturing in selective en-
richment broths can be a limiting factor in analysis time,
often extending to several days. Another approach is en-
zyme amplification. The sandwich immunoassay tech-
nique employed in this study was performed in 4-5 h.
This assay time could be shortened by using a direct, sin-
gle-step assay. This modification would require the use of
a fluorescently-labeled, E. coli 0157:H7-specific anti-
body. Due to the expense and availability of labeled
pathogen-specific antibodies, however, we have opted to
use the sandwich assay format with a species-specific la-
beled antibody for detection. With this method, a single
type of labeled antibody probe can be used in a multitude
of immunoassays, making the technique more cost-effec-
tive and versdtile.

A critical aspect to the effectiveness of a biosensor is
selectivity. This attribute can greatly ssmplify and expe-
dite an analysis by minimizing sample pretreatment steps.
Indeed, minimized sample handling and the potential for
in-situ analysis are principal motivations for the develop-
ment of biosensors. For immunoassays, the selectivity can
be exceptional because it is based on the complementary
interaction between three-dimensional biochemica con-
formations of an antigen and an antibody. Nevertheless,
the incidence of competitive, nonspecific binding can be
significant in a sample matrix composed of large and var-
ied biomolecules. As an evaluation of selectivity, we used
the | C biochip for the detection of E. coli 0157:H7 in milk
diluent. Milk is a common source of E. coli infection in
humans, often arising from insufficient pasteurization
processes. In this evaluation, various concentrations of E.
coli 0157:H7 organisms were prepared in 0.1% milk and
distributed on individual membranes, as described previ-
ously. Sandwich immunoassays were performed for each
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Fig.5 Calibration curves for E. coli 0157:H7 detection in both
0.1% milk-based sample matrix, and standard sodium carbonate/
bicarbonate buffer matrix
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membrane, independently from the IC biochip system.
Figure 5 illustrates the calibration curve for E. coli detec-
tion from the milk matrix as measured with the IC
biochip. For comparison, a similar calibration curve for
the detection of E. coli from a simple, standard sodium
carbonate/bicarbonate buffer matrix (generated on the
same day) is also included in the figure. More than three
orders of magnitude of linearity was observed for both
curves. As would be expected, some attenuation of the
E. coli signal was observed for the milk matrix relative to
the carbonate buffer. Slightly different calibration curve
slopes were also observed for the two media. These fea
tures suggest evidence of some nonspecific binding be-
tween E. coli cell surface receptors and various biomole-
cules of the milk matrix. Such interactions can not only
impede the immobilization of the E. coli organisms on the
membrane platform, but also block interaction between
the organisms and the E. coli-specific antibodies. Never-
theless, Fig. 5 illustrates that such effects are not dramatic
for the 0.1% milk matrix. Some additional calibration
may be required for quantitative analysesinvolving matri-
ces of higher milk concentration.

Evaluation of the microfluidics-based biochip system for
E. coli detection. Potential applications of the IC biochip
system are far reaching. Whether involving direct sample
injection or on-line monitoring of liquid or gaseous flow
streams, the ultimate bioassay would be based in a liquid
medium. We have therefore developed a microfluidics
system for sample and reagent delivery to the sensing area
of the biochip for on-chip, real-time monitoring of bioas-
says. Besides providing the obvious potential for on-line
monitoring, such a system can also aid in fundamental
studies which can facilitate optimization of sample plat-
form design and various bioassay reaction parameters
(e.g. temperature, reagent concentrations, incubation peri-
ods, reagent flow rates, etc.). As an initial demonstration
of feasibility, the sandwich immunoassay method was re-
peated for detection of E. coli 0157:H7 in the microflu-
idics module. Our intended approach to microfluidics-
based detection is to generaly pretreat sampling plat-
forms with bioreceptors prior to installation in the reac-
tion chamber of the microfluidics system. Sample and
sensing probe introduction steps would subsequently be
performed with the microfluidics system. In this study, we
closely mimicked this approach by pretreating a mem-
brane with E. coli organisms and E. coli-specific antibod-
ies prior to placement in the reaction chamber of the mi-
crofluidics module (the first two steps of the sandwich im-
munoassay). The pretreated membrane was subsequently
incubated with the Cy5-labeled anti-species antibody and
rinsed on-chip via the microfluidics system.

Figure6a illustrates the Cy5-fluorescence profile as a
function of incubation and rinsing times. This profileis a
real-time stripchart recording corresponding to the signal
output from a single detection element of the biochip. The
initial baseline region of the profile corresponds to signal
yielded by the pretreated membrane, which included ap-
proximately 20,000 organisms per probed area (as defined



300

1 a] af—— (nset of Rinsing Step
-~
=
=
> Injection of CyS-Labeled
] Antibody Probe —jp-
o
o
f
E Signal from Immobilized CyS-Labeled
= Antibody Frobe
=
=3
Bascline Signal: Membrane Inoculated with E coff
— == gnd Inenbated with primary antibody
1 IJ‘) -af—— Ohset of Rinsing Step
£
g
o . Signal from Nonspecifically Immobilized
= Injection of Cy5-Labeled :
JE Antibody Probe - Cy5-Labeled Antibody Probe
: Y
=
o
o
@
&
=
=
=
=
Baseline Signal: Membrane without E. colf,
~—  hyi Incubated with primary antibody

-
Time

Fig.6 Real-time fluorescence profiles for on-chip incubation with
Cy5-labeled antibody probes and subsequent rinsing for a) signal
from E. coli-innoculated membrane (= 20,000 organisms) (solid
curve); signal from blank membrane (dashed curve), and b) signal
from blank membrane, obtained via the microfluidics system

by the laser spot size). The reaction chamber was primed
with PBS buffer at this point. The sharp increase in signal
corresponds to the inflow of Cy5-labeled antibody solu-
tion (= 0.04 pg/mL) in the reaction chamber, while the en-
suing high plateau region corresponds to a stop-flow incu-
bation period, which was approximately thirty min. The
sharp decrease in signal likewise corresponds to the onset
of rinsing with the Tween/PBS buffer solution. The inten-
sity of Cy5 fluorescence signal is thereafter recorded for
15 min of rinsing with a flow rate of = 1 mL/min (note-
the time scale is different for the incubation and rinsing
regions of the profile). The residua fluorescence signd
level observed after rinsing arises from a possible combi-
nation of E. coli-specific immobilization of the Cy5-la-
beled antibody probe plus various nonspecific interactions
between the antibody probe and non-E. coli-derived fea-
tures of the membrane surface. As an evaluation of the
contribution of nonspecific binding to fluorescence signal,
a similar reaction profile, illustrated in Fig.6b, was
recorded for ablank membrane. The blank membrane was
pretreated with blocking reagent and the E. coli-specific
antibody, but no E. coli organisms. The fluorescence pro-
file for the blank membrane illustrates some significant
signal from residual nonspecific interactions. Neverthe-
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Fig.7 Blank-subtracted signals for various numbers of E. coli or-
ganisms after on-chip incubation with Cy5-labeled antibody probe
and 15-min rinse time

less, a clear difference in stabilized signal levels is ob-
served, particularly after 15 min of rinsing, thus illustrat-
ing the potential for on-chip E. coli detection with the mi-
crofluidics system.

An additional demonstration of the feasibility of on-
chip monitoring of the immunoassay is shown in Fig.7.
Using the procedure described above, the microfluidics
system was used to measure signals for various numbers
of probed E. coli organisms. The signal levels depicted by
the figure correspond to blank-subtracted signals obtained
after 15 min of rinsing. Repeated measurements per-
formed with the biochip have produced arelative standard
deviation of approximately 15%. While a proportional re-
sponse of signal level to the number of probed organisms
is observed, the true highlight of this experiment was the
detection of aslittle as 21 E. coli organisms.

The selective detection of E. coli 0157:H7 from a
milk-doped sample matrix was repeated with the mi-
crofluidics-based I1C biochip, as well. As before, a mem-
brane was pretreated with a cell suspension prepared in
0.1% milk. Following incubation with the E. coli-specific
antibody, the membrane was placed in the reaction cham-
ber for on-chip incubation with the labeled species-spe-
cific antibody. The estimated number of probed organisms
was 200. Fig. 8 illustrates blank-subtracted signals at var-
ious times during the rinsing step. For comparison, corre-
sponding signals for an equal number of E. coli organisms
suspended in the standard carbonate buffer is also in-
cluded in the figure. As was demonstrated in the previous
selectivity study, the signals observed for the milk-doped
matrix sample were uniformly lower than those for the
carbonate buffer matrix sample. This figure indicates ad-
ditional care should be taken with the use of the microflu-
idics system. Relative to the carbonate buffer-based sam-
ple, the milk-doped sample exhibits a decrease in the Cy5
fluorescence signal as afunction of rinse time. It was pre-
viously mentioned that large biomolecules associated
with a complex matrix such as milk can interfere with
both the immobilization of E. coli organisms on the mem-
brane surface and the subsequent interaction between the
organisms and the diagnostic antibodies. As Fig.8 illus-
trates, such effects can be more pronounced with the mi-
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Fig.8 Blank-subtracted signals for = 200 E. coli organisms ac-
quired at various rinse times after on-chip incubation with Cy5-la-
beled antibody probe, for both 0.1% milk-based sample matrix,
and standard sodium carbonate/bicarbonate buffer matrix

crofluidics-based technique because they can promote flow-
induced erosion of the E. coli organisms, or diagnostic an-
tibodies, or both, during the final rinsing step. In spite of
these conditions, the feasibility of absolute detection of
less than 100 organisms of E. coli 0157:H7 in complex
media has been demonstrated.

Conclusion

An IC biochip device has been developed at Oak Ridge
National Laboratory which efficiently couples biorecep-
tor-based sample platforms with a microchip-based pho-
tosensor. The photosensor is composed of a4 x 4 array of
microscal e photodiodes which are integrated with associ-
ated microelectronic circuitry onto a single platform via
CMOS technology. In this study, we have applied the IC
biochip to the detection of E. coli 0157:H7 viaasandwich
immunoassay involving Cy5-labeled antibody probes. Im-
munoassays were based on cellulosic sampling platforms.
As an extension of previous developments, this work also
describes a microfluidics system developed for on-chip
monitoring of bioassays. Quantitative detection capability
for E. coli has been demonstrated through routinely ob-
served linear dynamic ranges of up to three orders of mag-
nitude. Furthermore, E. coli limits of detection of as low
as 20 organisms have been observed for non-amplified
samples. Finally, selective detection has been demon-
strated for E. coli samples doped with 0.1% milk. These
analytical features can combine to yield relatively short
analysis times. For example, this study indicates that
analysis times of less than 1 h are possible when using a
prefabricated sampling platform in the microfluidics-
equipped I1C biochip system. In addition, the system is
very compact, user friendly, and cost-effective, with the
potential for high throughput and simultaneous multiple
assays. In summary, this new device may be amenable to
use in doctors offices, food processing plants, sewage
treatment facilities, and various process monitoring points
of environmental and industrial interest.
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