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ABSTRACT

We describe the functional elements of a diagnostic
instrument and disposable enteric card (DEC) system under
development that rapidly identifies and differentiates Shigella
dysenteriae serotype 1, Escherichia coli O157:H7, Campylobacter
Jjejuni, and Salmonella and Shigella species in stool samples. These
elements, currently realized as microfluidic subcircuits on
individual cards, are (1) whole pathogen immunocapture, (2)
nucleic acid extraction, (3) on-chip rapid PCR, and (4) lateral flow
detection of amplicons. The system utilizes a low-cost disposable
lab-on-a-card platform designed to identify enteric bacterial
pathogens in patients with acute diarrhea. Special emphasis is
placed on the utility of the device to diagnose both intentionally
released enteric biothreat agents as well as to provide a platform to
identify infections that are common worldwide. All reagents are
stored in dry form on the card.

In this paper we report on the design and validation of
individual subcircuits, identification and validation of capture
antibodies and strategy for organism immunocapture, and
identification and validation of specific PCR primer sequences for
over 200 clinical isolates of enteric pathogens as well as spiked
and pathogenic stool samples.

INTRODUCTION

Bioterrorist use of enteric pathogens is a significant potential
threat, and naturally occurring enteric infections already burden
global health. Enteric disease can result from bacterial, viral, or
protozoal contamination of food and water, and infectious diarrhea
is the second leading cause of morbidity and mortality worldwide—
accounting for an estimated 3,100,000 deaths annually. In the
United States, the rate of infectious diarrhea is lower than in
developing countries, but it is estimated that 375,000,000 cases of
diarrhea occur in the U.S. annually resulting in 73,000,000
physician consultations, 1,800,000 hospitalizations, and 3,100
deaths [1-3]. The cost of medical care and lost productivity from
infectious diarrhea in the U.S. is estimated at $6 to $23 billion.

The intentional contamination of a salad bar with Salmonella
[4] and a laboratory coworker’s food with Shigella stolen from the
laboratory [5] are two examples of bioterrorism on US soil. In both
cases, an enteric pathogen was effectively being used as a biothreat
agent.

Diagnosing the pathogen that causes diarrhea is a nontrivial
undertaking under the best conditions, and not feasible when
resources are extremely limited as in resource-poor countries, or if
developed systems are stressed during a biothreat crisis.
Syndromic management of diarrthea without any laboratory
information for the patient and/or health care worker is not ideal,
yet it is a reality in many settings. Where available, culture
methods are used to detect and identify organisms that may be
present, but the application of these methods is sporadic, time
consuming, expensive, and lacks specificity. Technology in
clinical laboratory identification of enteric pathogens has changed
little since the early 1900s, and utilizes a series of culture plates
with selective media to isolate and culture target organisms (Figure
1). This process is consumes time, requires skilled labor, and is
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costly. C. jejuni and E. coli O157:H7 require typically 1 to 2 days
from receipt of specimen to result, while Salmonella and Shigella
require between 2 and 4 days.

Jenny Stapp

Figure 1. Culture plates representing a thorough clinical workup
including Aeromonas, Campylobacte, E. coli O157:H, non-
0157:H7 STEC, Plesiomonas, Salmonellae, Shigellae, Vibrios,
Yersiniae, at a cost of ~ US$199.

Culture methods to detect £. coli O157:H7 generally utilize
selective media based upon the observation that E. coli O157:H7
do not ferment sorbitol. However, other enteric bacteria can share
this phenotype, and there are reports of sorbitol-fermenting,
toxigenic and pathogenic E. coli O157 that are fairly common in
Europe [6]. Screening that is based solely on the sorbitol
phenotype may therefore result in falsely negative results.
Furthermore, confirmatory testing is required for sorbitol
nonfermentors utilizing additional resources and time. Excellent
results can be obtained retrospectively with complete
bacteriological characterization, but it is a technology that is too
slow for practical use in response to an outbreak or in clinical
situations.

Other  identification  techniques include  enzyme
immunoassays (EIAs) that detect organism antigens or their toxins
and genotyping. Tu et al. [7] reported an EIA that detects E. coli
O157:H7. Recently, a triplex PCR assay for the detection of
Campylobacter jejuni, Salmonella spp., and Escherichia coli
0157:H7 was reported [8] that used genomic identification of the
bacteria but was not specific to virulence factors associated with
these pathogens.

The importance of all four of these agents (Shigella
dysenteriae type 1 (Sd1), STEC, C. jejuni, and Salmonella spp.) is
demonstrated by their classification as Category B priority
pathogens based on NIAID Biodefense Research [9]. In addition,
with the possible exception of E. coli 0157:H7, these agents are
common pathogens in many developing settings.

Sd1 is an especially virulent pathogen that causes regional
outbreaks of dysentery. Symptoms of cramps, diarrhea, blood or
pus in the stool, fever, and/or vomiting can begin in as few as 12
hours after ingestion. Sd1 is a plausible bioterrorism agent because
of its virulence, highly infectious nature, and hardiness in the
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environment. An infectious dose can be as few as 10 organisms.
During infection, Sd1 invades and destroys the cells that line the
large intestine and is very prolific—shedding one million to one
hundred million organisms per gram of stool. Without prompt and
effective treatment, the fatality rate of Sd1 can be as high as 15%.

E. coli O157:H7 produces one or more toxins similar to Sd1,
which often leads to hemorrhagic colitis. Like Sd1, STEC
disproportionately affect the young and elderly. Symptoms include
crampy abdominal pain, vomiting, and watery diarrhea, which
usually progresses to bloody diarrthea. While STEC infections are
self-limiting, up to 10% of patients will develop hemolytic uremic
syndrome (HUS) [10]. It is estimated that there is an overall
mortality rate of 1 to 35 percent among patients infected with
STEC. E. coli O157:H7 is the most commonly occurring STEC
and in 2001, 3,478 cases of STEC were reported in the U.S. alone.

Campylobacter jejuni is the leading cause of bacterial
diarrhea in the U.S. with an estimated number of cases exceeding
four million annually [10]. Symptoms include fever, nausea,
muscle pain, and watery diarrhea that may contain blood. Most
infections are self-limiting, but complications, especially in
susceptible populations, may include reactive arthritis, septicemia,
and Guillain-Barré Syndrome.

Salmonella species are responsible for two to four million
cases of diarrhea in the U.S. each year [11]. Salmonella has
previously been used as a bioterrorism agent. In 1984, a religious
cult in Oregon poisoned salad bars with Salmonella causing
disease in 751 people [4].

THEORY
The multiplex DEC test we are developing (see schematic in

Figure 2) will be an automated, easy-to-use, point-of-care platform
to detect simultaneously and rapidly, multiple different enteric
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Figure 2. Schematic of DEC approach. Showing a combination of
whole pathogen immunocapture (immunocapture agents for
Salmonella, Shigella, and Campylobacter are grouped together),
nucleic acid extraction, PCR, and lateral flow detection of
amplicons.

pathogens that cause disease with similar symptoms, ie. diarrhea.
The method is unique in that it seeks the bacterial agent using a
orthogonal approach via antigen capture and the amplification of
specific virulence genes for precise identification of the specific
etiological agent. It will provide a mechanism for accurate, point-
of-care diagnosis with a rapid turn-around time for results. The
method is based on microfluidic lab card technology developed at
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Micronics and the University of Washington. This technology has
been used in many different applications ranging from diffusion-
based separation and detection [12-17] to projects involving
cytometry on a chip [18-21] and nucleic acid-based amplification
and detection techniques [22].

EXPERIMENTAL DETAILS

Presently, we have implemented each of the four elements of
the DEC as microfluidic subcircuits on individual cards before
embarking on full integration of the disposable device. Fluid
transfer between the subcircuits occurs by pipette. The subcircuits
are (1) whole pathogen immunocapture, (2) nucleic acid extraction,
(3) on-card rapid PCR, and (4) lateral flow detection of amplicons,
and are described below. In addition, we have demonstrated the
feasibility of drying and resuspending all reagents needed for the
DEC, thus allowing the possibility of storage at ambient
temperature.

(1) Immunocapture of whole organisms: Our approach to capture
pathogens on the DEC is based on antibodies coupled to magnetic
beads. Figure 3 shows the current immunocapture subcircuit.

Immunomagnetic
Flow restriction / Beads
Magnet \ Add feces
capture / Wash
top surface Lyse
Waste
Recovery " Air actuated
reservoir mixing
chamber

Figure 3. Whole pathogen
subcircuit.

immunomagnetic bead capture

One (or more in most cases) antibody suitable for whole
organism capture has been identified for each target pathogens and
validated using EIA plates, a magnetic bead-based capture system,
or both. Organism capture has been validated from spiked stool for
E. coli O157:H7, Salmonella, and C. jejuni. In addition, freshly
shed stools containing E. coli O157:H7 have also been tested and
were positive. Further, E. coli O157:H7 is especially difficult to
identify by nonmultiplexed PCR. Therefore, we cultured and tested
14 confounder organisms (selected on a phylogenetic basis, to
increase the validity of the results) with the selected antibody to
determine that only pathogenic strains are captured. Additionally,
three microfluidic subcircuits (the nucleic acid extraction, PCR
amplification, and a qualitative lateral flow detection subcircuit),
have been completed and tested. PCR primers were designed for
all organisms and their specificity confirmed. 200 clinical isolates
were cultured and tested with PCR to validate primer specificity.
In addition a fourth subcircuit, the antibody capture subcircuit, has
been validated for feces in a tube format and is currently being
adapted to a lab card.

One significant technical accomplishment of this program is
its validation of the selectivity of antibody for whole organism for
direct capture from both frozen and fresh naturally infected human



stool, and spiked normal stools. It was unclear at the beginning of
this project if sufficient selectivity could be achieved in such a
microbially complex milieu and if the target organisms of interest
reliably express the critical surface antigens during infection.
However for all spiked and fresh stool samples so far tested, the
capture methodology was concordant with the EIA and culture
results. Another significant finding relates to the combined
selectivity approach provided by immunocapture and PCR. After
completing primer design and validation for all organisms, and
selecting and validating capture antibodies, we found that primers
for all target organisms except for £. coli O157:H7 are sufficiently
specific to amplify the target sequence in the presence of other
organisms. On the other hand, we found that the capture antibody
for E. coli O157:H7 is quite specific in the presence of other target
organisms, as well as in fresh and spiked stool samples. Thus,
antibodies can be used to partially purify E. coli O157:H7 from
generic E. coli and other flora in stool.

(2) Nucleic acid (NA) extraction on microfluidic card: A card that
can purify RNA from lysed leukocytes or bacteria (Figure 4) is
loaded with specimen in a lysis solution which contains a
chaotropic buffer that allows RNA from the sample to bind to
silica. On-card silica filter and microfluidic valves for fluid
control and automate RNA binding, washing, drying, and elution.
The card was initially validated in experiments in which we
processed 10° white blood cells using commercial kits or
suspended in lysis buffer, before applying samples to the port on
the lab card. LightCycler assays determined that the microfluidic
card solutions had a slightly lower crossing point (25.3) than the
control RNeasy solutions (27.1). This card also has been validated
for lysis and detection of Gram-negative bacteria in feces.

Figure 4. Schematic of nucleic acid
extraction  subcircuit. The
operational steps currently are:

(1) sample injected

(2) nucleic acids captured on silica
membrane

(3) wash

(4) dry membrane

(5) elute

(6) eluent taken for analysis

The purification of nucleic acid on
the card is completed in < 5 minutes
and is under complete software

O

Lol No. NOI-25

{ ELUTE &

,A.,‘.,EgO%E

control.

3) PCR subcircuit: Micronics has developed a prototype thermal
control unit (TCU) for extremely rapid temperature ramps
(Figure 5). This TCU thermocycles the amplification chamber of a
disposable microfluidic card. For efficient thermal transfer, a
simple laminate card was designed with an amplification chamber
capped by one layer of 0.004" Mylar, permitting the capping layer
of the chamber to touch the TCU. The 16-second cycle time
(longest in tests) can be diminished considerably with heat sinks,
TCUs, and efficient thermal interface material. Even at 16 seconds,
30 full cycles requires only 8 minutes.
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Figure 5. 54 Micronics-developed TCU. 5B PCR amplification
lab card capable of performing six amplifications simultaneously,
5C and software interface with thermal couple trace showing 60
second 60°C reverse transcription followed by 16-second PCR
cycles.

Figure 6 demonstrates the fluid control system that operates
both on-card valves (using a small air pump) and fluid control
(using positive displacement pumps).

Figure 6. DEC Instrument and disposable interface—current
prototype (shown without thermocycler attachment).

Figure 7 exemplifies the products of PCR subcircuit, with a
gel showing the products of extracted and purified Salmonella.
Similar results have been obtained with all target organisms. In the
case E. coli 0157:H7, we have applied this system to human stool
from children infected with this pathogen.



Figure 7. Ethidium bromide
stained DNA in agarose gel of
salmonella amplified with the DEC
PCR subcircuit. The left lane for
the upper and lower gel is a MW
marker; lane 1 for each gel is the
result from a standard thermal
cycler; the other 16 lanes are
results for the DEC PCR subcircuit
run for 15 minute and 34 cycles.

!

e

(4) Lateral flow (LF) detection of amplicons: For this project, we
are adapting an existing endpoint detection system using a LF
amplicon detection method. This technique allows non-
electrophoretic detection of PCR products, and obviates the use
of gels or sophisticated optics to measure dye-coupled
amplicons.

Figure 8 illustrates the components in the LF strips and
how the reactions are created. In brief, amplicons (the bar with
5" and 3' ends) bind to dried capture probes to create detection
probes nested within the amplicon. One capture probe has a
biotin label and the other has a fluorescein (FITC) label (used
here as a hapten). As the solution wicks along the strip,
streptavidin-coated microparticles move with the solution, and
a streptavidin/biotin  association is formed between
microparticles and the amplicon/capture duplex. As they
migrate through the LF strip, the microparticles with detection
probes bind to a previously deposited line of anti-FITC
antibodies through the FITC hapten on the other capture probe.
As the chromogenic particles accumulate on the antibody
stripe, a blue line becomes apparent, indicating successful NA
amplification and the presence of target. Procedural control
lines have been included, and results are available in a few
minutes.
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Figure 8: Schematic of amplicon detection using lateral flow
strips. The strips operate by simple wicking (no incubations
or washes are needed) and will be integrated on the DEC.

Figure 9 demonstrates amplicons with the lateral flow
strip, showing PCR products from the amplified Salmonella

DNA.

1 2 +1 2
Figure 9: Gel and strip
detection of Salmonella

amplicon (MW = Molecular
weight control; 1 = amplified
on card template, 2 = on card

no template control, + =
thermocycler template
control.
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5) Dry Reagent Storage: On-card dry reagent storage will
enable the use of the DEC system without refrigeration for
reagents and disposables. In addition, it will remove the need for
external, bulky, liquid reagents (except for stable aqueous
resuspension and driving fluid resevoirs). To determine the
feasibility of the reagent drydown and resuspension process, three
different reagent classes have been studied: 1) antibody coated
magnetic beads for pathogen capture, 2) lysis buffer for extraction
of nucleic acids from the pathogens, and 3) amplification of DNA
by polymerase chain reaction (PCR).

Several methods to stabilize proteins already exist and are
widely used in industry. These methods use trehalose, a non-
reducing disaccharide, which forms a glassy state above room
temperature. The protein is protected against degradation and
crystallization because low molecular mobility in the glassy state
[23]. The native state of the protein is thought to be maintained
largely because of the substitution of the waters of hydration of
protein by sugar molecules during drying [24]. However all these
methods use freezedrying. A novel method to control dissolution
of preserved biomolecules in a microfluidic device has been
previously studied in which enzyme is preserved in a trehalose-
dextran matrix at elevated temperatures.

The preservation method has been tested for the reagents for
immunocapture, lysis, and for the PCR master mix.

Bead preservation: Tosyl-activated magnetic beads of 1 pum
diameter (Dynal Biotech LLC) were covalently linked with
antibodies to E. coli (Abcam) according to the supplier’s
instructions. The beads were suspended in buffer containing
varying concentrations of trehalose (5-20% w/v) and trehalose-
dextran (1:1). Ca. 0.1 mg of beads in 20 pL of volume were
spotted on a Mylar membrane and dried in an oven at 37 © C under
15-18% humidity conditions. Resuspension was studied in a flow
channel constructed with Mylar around the bead spot. Antibody-
coated magnetic beads retained their ability to capture E. coli after
resuspension from dehydrated state. The beads aggregated as is
evidenced by SYTO 9 staining of the bacteria (Figure 10).

Figure 10. 10a shows magnetic beads after resuspension from
dehydrated state. 10b shows SYTO 9-stained E. coli captured by
the magnetic beads.

Lysis buffer preservation: The buffer reagent for lysis of the
pathogens as part of the nucleic acid extraction subcircuit does not
contain molecules that need protection from harsh conditions.
However, in the dry form the lysis buffer crystallizes, which may
be undesirable for incorporation into small channels of a
microfluidic device. The addition of trehalose formed a matrix; but
only 40% trehalose concentration produced a nearly complete
glassy matrix (Figure 11).

Lysis buffer containing 4.5 M guanidinium thiocyanate, 50
mM MES, pH 5.5, 20 mM EDTA, 1 % N lauroyl sarcosine and 5
% Triton X100 were prepared containing varying amount of
trehalose (0-40% w/v). About 10 pl of buffer were spotted on to
Mylar membrane and dried (37 °C, 15-18% humidity).



Figure 11. Shows stereomiéroscope images bf dehydrated spots of
lysis buffer in varying concentration of trehalose (w/v).

Resuspension of the dehydrated buffer demonstrated no
difference in the presence or absence of trehalose. The crystals
readily re-solubilize, and the buffer successfully lysed the bacteria.
No colony-forming units were detected on agar plates.

PCR  master-mix  preservation: ~ PCR  master mix
(ThermoScript™ Plus Platinum Taq mix from Invitrogen)
containing dNTPs, polymerase enzyme, Salmonella Primer mix
(Vanilla) and buffer were prepared and dissolved in equal volume
of varying concentration of trehalose to give a final concentration
of 0, 10, 15 and 20% (w/v). The master mix was pipetted into
polystyrene wells of a 96-well plate and dried (37°C, 15%
humidity) for varying intervals. After drying, the master mix was
rehydrated with water. Ca. 1 x 10° CFU/uL DNA template
(Salmonella) was added and the sample loaded on to the PCR
subcircuit card. PCR was performed using the TEC prototype.
After an initial denaturation at 90°C for 1.0 min, 35 cycles of
amplification were performed with denaturation (90°C 8s),
annealing (50°C for 10s) and elongation (6 °C for 12s). Amplified
DNA was electrophoresed in 3% agarose, ethidium-stained, and
viewed under UV illumination.

The PCR master mixes retained their activity after storage in a
trehalose matrix (Figure 11). A 70 bp amplicon was detected after
PCR of the resuspended samples. Absence of trehalose resulted in
loss of enzyme activity within 24h and formation of primer-dimers.
The functionality of the master mix could be preserved even after
28 days.

Figure 12. Ethidium bromide-stained DNA in agarose gel
after PCR of trehalose preserved master-mix. 124 shows a 70 bp
amplicon in lane 2 (positive control) and corresponding amplicon
in lane 4-5 of samples preserved
in 10, 15 and 20% trehalose
respectively for 24h. Lane 7:
sample without trehalose during
dehydration and shows primer-
dimer formation. Lane 1: 50 bp
DNA ladder, and lane 3 is
negative  control (no  DNA
template). 12B shows 70 bp
amplified product after 28 days
of dry preservation (lanes 4-6
corresponding to 10, 15 and 20
% trehalose respectively). Lane 3
is positive control.

CONCLUSIONS

We have demonstrated the functionality of each subcomponent
of the DEC system. We have demonstrated selective antibody
capture for all target organisms directly from stool. We have
shown pathogen lysis and nucleic acid extraction and capture
on microfluidic cards. We have demonstrated PCR at the
required sensitivity on microfluidic cards rapidly (8 minutes).
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We have shown that reagents needed for immunocapture, lysis,
and DNA amplification by PCR for pathogen detection can be
stored in trehalose matrix in dry form and retain their activity
upon reconstitution. In the future all of these components will
be incorporated into a microfluidic platform, an on-chip device,
for point-of care diagnostic systems. Finally, we have shown
detection of amplification products on lateral flow strips.
Current work is directed towards integration and field
validation.
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