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Abstract

A miniaturized, fully automated, PCR-based detection system has been developed for the rapid detection of bacterial pathogens. Monolithic
D m
m t real-time
P ation and
o uorescence
d uorescent
d
©

K

1

r
v
d
o
i
c
m
l
r
c
[
t

erial
on
ffer,
d to
teps,
zed

ifi-
tion
of the
purifi-

de-
to

sure-
veral
. For

ech-

0
d

NA purification/real-time PCR silicon chips were fabricated and tested for their ability to purify and detect the pathogeneic bacteriuListeria
onocytogenes. Using silica-coated microstructures, nucleic acids could be selectively bound, washed and eluted for subsequen
CR. These microstructures were included in an integrated detection microchip containing two distinct regions, one for DNA purific
ne for real-time PCR. Using an automated detection platform with integrated microprocessor, pumps, valves, thermocycler and fl
etection modules, microchips were used to purify and detect bacterial DNA by real-time PCR amplification using SYBR Green fl
ye. Between 104 and 107 L. monocytogenescells could be detected using this system with an average turnaround time of 45 min.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In the past decade there has been an increased demand for
apid and accurate methods of detecting pathogenic bacteria,
iruses and other disease-causing agents. In response to these
emands, biosensors have been developed utilizing a variety
f existing semiconductor processing strategies. The result-

ng devices, collectively known as lab-on-a-chip devices, in-
orporate multiple laboratory processes in a semi-automated,
iniaturized format[14,16,17]. Many of these devices uti-

ize the polymerase chain reaction (PCR) which is relatively
obust, however, a variety of contaminants can inhibit amplifi-
ation and diminish the success of such analytical instruments
29]. In order to circumvent this problem, DNA must be ex-
racted and purified from a sample through a variety of lysis
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protocols and purification techniques[2,20,21,32]. In a pre-
vious study, our laboratory demonstrated effective bact
cell lysis and DNA purification in a microfabricated silic
chip[4]. Using a guanidinium thiocyanate-based lysis bu
DNA was extracted from bacteria and selectively boun
silica-coated microstructures. After a series of washing s
the purified DNA was then eluted from the chip and utili
for PCR amplification.

In order to extend the utility of chip-based DNA pur
cation, we have developed an integrated DNA purifica
and real-time PCR-based biosensor that is the subject
research presented here. Successful chip-based DNA
cation and PCR requires not only manufacturing of the
tection microchips, but also development of a platform
perform the necessary thermal cycling, fluorescent mea
ment and fluid control systems. In previous studies, se
strategies have been used to fulfill these requirements
PCR thermal cycling, groups have employed multiple t
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niques, including infrared light[7], thermoelectric heater-
coolers [15], and resistive electrodes[27]. In addition to
changing the temperature of the entire reaction chamber,
other methods have used so-called “flow-through” PCR in
which the sample is passed through different thermal regions
on the chip[27,28]. Moving fluids through micro analytical
devices has also been a challenge. For bench-top applications,
precise fluid control is often achieved with syringe pumps
due to their high precision and ease of use. In addition to
syringe pumps, multiple groups have reported on the use of
electroosmotic pumps[13,17,22,26], miniaturized peristaltic
pumps[30] and thermally driven pumps[35]. Electroosmotic
pumps are intrinsically simple with few moving parts, but
are highly dependent upon the geometry of the microchan-
nels [22] and the chemical composition of the fluid to be
pumped[3,19,30]. Both thermal and electroosmotic pumps
are subject to bubble formation from thermal and electrolytic
effects, respectively[30]. Bubbles scatter light and can reduce
the sensitivity of an instrument relying on optical detection.
Miniaturized peristaltic pumps offer an alternative pumping
strategy, but require complicated gas control systems for ac-
tuating the microfluidic valves[30]. These systems can be
overly cumbersome for integration into a portable detection
system.

In the field of fluorescence detection, there have been rel-
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monocytogenescells and performing real-time PCR-based
detection. This device is intended as a proof-of-concept sys-
tem to demonstrate bacterial detection in a miniaturized for-
mat. The small size of the components, as well as its low
power requirements make this system an ideal candidate
for further miniaturization into a hand-held, point-of-care
device.

2. Experimental

2.1. Reagents

Phosphate buffered saline (PBS), pH 7.4, guanidinium
isothiocyanate (GuSCN), 70% ethanol (EtOH), ethylenedi-
aminetetraacetic acid (EDTA), Sigmacote, Triton X-100, Tris
(Trizma base), and SYBR Green JumpStart Taq ReadyMix,
were obtained from Sigma-Aldrich (St. Louis, MO). Bovine
serum albumin (BSA) 10 mg/ml and bacteriophage Lambda
DNA (500�g/ml) were obtained from New England Biolabs
(Beverly, MA). SureStart Taq DNA polymerase (5U/�l) was
obtained from Stratagene (La Jolla, CA). BioMix PCR mas-
ter mix and Hyperladder I DNA ladder were obtained from
Bioline (Randolph, MA). Sylgard 184 poly(dimethyl) silox-
ane elastomer kits were obtained from Ellsworth Adhesives
( on,
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tively few reports of miniaturized excitation and emiss
ources for microchip devices. Most devices utilize bu
ench-top excitation sources, including lasers and me

amps [9,14,16,31]. In addition, detection has common
een accomplished with microscope-based CCD cam
r other large instruments that severely inhibit portab

9,14,16]. In contrast to these larger systems, light emit
iodes (LEDs) have been used as excitation sources,
ined with miniaturized detectors such as photodiodes
iniaturized photomultiplier tubes[5,8]. Dasgupta et al.[5]

eported on such an LED-based system for fluorescenc
itation which has similarities to the detection system u
n our device. Because of its low power requirements, L
ased excitation is highly useful for portable analytical
ices.

We report here on the construction of a miniaturized
n-a-chip for the detection of the food pathogenListeria
onocytogenes. L. monocytogenesis a Gram positive bac

erium that has been responsible for several food-related
reaks in the past decade. AlthoughL. monocytogenesis
arely lethal to healthy adults, it is highly virulent in the
erly, newborns, immunocompromised individuals and p
ant women[6]. Because this organism is a current threa

ood safety, it is an ideal organism to use for model stu
f the miniaturized detection system described here. P
us studies have demonstrated real-time PCR-based

ion of L. monocytogenesusing stationary laboratory equ
ent with high accuracy and sensitivity, providing de

ion limits as low as 50 cells[1,12,23–25]. We have in
orporated these detection methods into a miniaturize
ice that is capable of both purifying DNA from intactL.
-

Germantown, WI). Tryptic soy broth, brain-heart infusi
nd BactoTM agar were obtained from BD Difco (Frank
akes, NJ).

.2. Bacterial growth and preparation

Listeria monocytogenesand Bacillus globigii cultures
ere grown in brain-heart infusion (BHI) and tryptic s
roth (TSB), respectively at 37◦C for 12 h and were ser
lly diluted in PBS. Enumeration ofL. monocytogenesand
. globigiiwas performed by plating serially diluted cultu
nto BHI and tryptic soy (TSA) agar plates and determin

he number of colony forming units (CFU) after 12 h incu
ion at 37◦C. Total DNA was extracted from 109 cells (1 ml)
sing a Qiagen (Valencia, CA) DNeasy Kit with slightly mo

fied procedures. The cells were resuspended in 1 ml of
uffer L5 (4.7M GuSCN, 1% v/v Triton X-100 in pH 7.0 T
uffer) and incubated at 25◦C for 10 min. This lysate was the
pplied to the DNeasy microspin columns and subseq
urification steps were followed according to the manu

urer’s specifications. Purified DNA was then quantified u
icoGreen fluorescent dye (Molecular Probes, Eugene

n a Tecan (Durham, NC) microplate fluorometer using
eriophage Lambda DNA as a standard. For integrated
urification and PCR using microfluidic chips,L. monocyto
enescells were first diluted in PBS to achieve various
oncentrations. Cell lysis was then achieved by mixing 9�l
f lysis buffer L5 with 10�l of cells and incubating at roo

emperature for 5 min. This lysate was then pumped int
hip using the integrated syringe pumps.
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2.3. PCR amplification

PCR amplification of nucleic acid targets was carried out
using standard protocols. A 544-bp fragment from theListe-
ria monocytogenes hlyAgene was amplified using primers
HLYP8 and HLYP4R previously reported by Norton and
Batt [23]. PCR reactions consisted of 25�l SYBR Green
JumpStart Taq Ready Mix (Sigma, St. Louis, MO), 50 nmol
of each primer, 1�l template DNA, in a total volume of
50�l. Reactions were cycled in an MJ Research thermocy-
cler (Waltham, MA) under the following conditions: 95◦C
denaturation for 5 min, 40 cycles of 95◦C for 10 s, 57◦C
for 15 s, 72◦C for 20 s, followed by a 5 min extension
at 72◦C. DNA amplification was confirmed by gel elec-
trophoresis. Real-time PCR was performed on an ABI Prism
7000 real-time thermocycler (Applied Biosystems, Foster
City, CA). For these experiments, various amounts of tem-
plate DNA were used in the same reaction conditions as
described above. Microchip-based PCR amplification was
performed using the same reaction conditions and fluores-
cence was monitored during the 72◦C extension step of
each cycle. For optimized microchip PCR, SYBR Green
JumpStart Ready Mix was mixed at 1.35 times the stan-
dard concentration for a 50�l reaction: 25�l Ready Mix,
50 nmol each primer, 2.5 units Stratagene Sure Start Taq
p f
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Fig. 1. An optical micrograph of the DNA purification/real-time PCR mi-
crochip is shown. The nucleic acid purification region is shown in (A) while
the real-time PCR region is shown in (B). The fluid connections are (1) sam-
ple input, (2) waste outlet, (3) PCR reagent input, and (4) reaction outlet.
The large white arrow denotes the lateral path for fluorescent excitation for
real-time PCR.

cation of this device was carried out at the Cornell Nanoscale
Facility (Ithaca, NY).

2.5. Apparatus

A microcontroller-based instrument was built to automate
fluid handling and control thermal cycling operation. The sys-
tem was designed to require low power (20 W) and occupy a
small footprint for future development of a portable, point-of-
care device.Fig. 2A and B shows a schematic diagram of the
instrument. The instrument has an electronics module con-
sisting of a controller board and power amplifiers for driving
an automatic syringe pump, a thermoelectric heater/cooler,
a fluorescence excitation/emission module, and a pressure
valve. During operation, the entire system is controlled by
a Z-world microcontroller board (Rabbit, Davis, CA) and
is programmed to carry out the amplification steps sequen-
tially. In order to provide accurate fluid control and movement
throughout the system, a multiple-channel syringe pump was
designed to allow for parallel pumping of multiple fluids. A
single Faulhaber AM1525-15A 102:1 HEAM152412 step-
per motor (MicroMo, Clearwater, FL) actuates this pump that
can drive individual syringes by selective engagement using
PIC Design, Inc. RW1-333 electromagnetic clutches (Mid-
dlebury, CT). Fluid flow direction and chip pressurization are
c

led
b tric
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( 70
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p een
t

olymerase (La Jolla, CA), and dH2O to a final volume o
7.5�l.

.4. Microchip design and fabrication

The sensor chip described here incorporates a micro
ated DNA purification chamber with a second PCR am
cation chamber, connected by microfluidic channels.
NA purification section contains an array of 10�m square
illars that were etched 50�m deep in silicon to form a m
rofluidic channel. Construction of the DNA purification
ion was performed as previously described[4]. The PCR
mplification chamber was constructed using soft litho
hy techniques for poly(dimethyl siloxane) (PDMS) and S
photoresist (Microchem, Newton, MA) described by

nd Whitesides[34]. Briefly, PDMS was cured in an SU
old of the PCR chamber and then bonded to a 50�m thick
DMS membrane. Bonding was achieved by exposing
DMS substrates to an oxygen plasma for 20 s in a Ha
odel PDC-001 (Ossinning, NY) Plasma Cleaner/Steri
t 200–600 mTorr with 30 W DC power applied to the RF c
he PDMS substrates were then pressed together and ba
0◦C for 30 min to achieve maximum bonding strength.

er bonding, the PDMS structures were peeled from the w
nd were bonded to the microfabricated Si chips to sea
hambers. For fluidic connections 30 ga stainless steel t
as inserted into holes in the PDMS and was glued in p
sing Miller-Stephenson 907 Epoxy (Danbury, CT). Conn

ions between the tubing and the syringe pump were m
sing 0.010 in. microbore tubing (Small Parts, Miami Lak
L). An assembled microchip is shown inFig. 1. Microfabri-
t
ontrolled by a Moog MicroValve (East Aurora, NY).

The temperature of the detection microchip is cyc
y a Melcor HOT 2.1-31-F2A (Trenton, NJ) thermoelec
eater/cooler (TEC) that is, in turn, controlled by a Hy
Carson City, NV) 5640 TEC control chip and Hytek 56
ontrol board. A 10 k� thermistor mounted on the chip me
ures the temperature and is used as the feedback elem
he microcontroller to control cycling parameters. The Hy
670 control board was modified so that three separate
erature set-points could be achieved by switching betw

emperature set-point resistors with relay switches.
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Fig. 2. A schematic of the assembled bacterial detection system is shown in
A and a photographic image in B. The system includes integrated syringe
pumps (A–D), Moog micro valve (F), cooling fan (G), LED-based fluores-
cence excitation/detection system (H – dotted outline) with PMT detector
(J), power toggle switches (I). The microfluidic purification/detection chip
(E) is inserted into the unit directly above the thermoelectric heater cooler.
The syringes are connected to the chip via TygonTM tubing (black lines) and
contain the sample lysate (A), ethanol wash buffer (B), dH2O (C), and PCR
master mix (D). The Moog micro valve (F) is also connected to the chip via
tubing and controls pressurization and fluid flow through the chip outputs.
The entire unit measures 36 cm× 28 cm× 15 cm.

Fig. 3. The fluorescence excitation/detection system is shown. An 480 nm
wavelength LED (A) is used to illuminate the PCR chamber of the microflu-
idic detection chip (C) through a chrome-plated glass waveguide (B). Upon
fluorescence of the real-time PCR reaction mixture, the emitted wavelengths
are passed through a plano-convex lens and filtered through a Chroma Inc.
(Rockingham, VT) D535/40m band pass filter (D). The light is then reflected
by a mirror (E) through a second D535/40 m filter and plano-convex lens
and into a miniaturized Hammamatsu (Bridgewater, NJ) H5784-20 PMT (F)
for quantification of fluorescence intensity.

Optical detection for real-time PCR was achieved using an
LED-based fluorescence excitation source and miniaturized
photomultiplier tube (PMT) for detection. The fluorescence
detection system both excites and detects fluorescence in PCR
microchips during amplification reactions and is similar to a
system described by Dasgupta et al.[5]. The sample is ex-
cited by a 480 nm blue light emitting diode (LED) requiring
80 mW of power. The LED is filtered using a Chroma Inc.
D480/30x excitation filter and laterally excites the detection
microchip through a chrome-coated glass waveguide (Fig. 3).
The resulting fluorescence is filtered by two Chroma Inc.
(Rockingham, VT) D535/40 m emission filters and detected
by a Hamamatsu (Bridgewater, NJ) H5784-20 photomulti-
plier tube (PMT) at 520 nm. The light from the LED uni-
formly illuminates the detection region on the chip while the
PMT detects the fluorescent emission. Plano-convex lenses
were used to focus emitted light from the detection microchip
through the first emission filter, off of a 45◦ mirror, through
a second emission filter and into the PMT (Fig. 3). The fol-
lowing specifications describe the optical parameters of the
system. The clear aperture for imaging the reaction cham-
ber is 6.46 mm in diameter which is 33% of the area of the
10 mm square chamber. This translates into a 6.46 mm spot
size at the focal point. The numerical aperture (of the objec-
tive lens) is 0.41 and has a working F-number of 0.925. Using
E n-
n
t ).
T
i on
q. (1), the depth of focus (DOF) for the microfluidic cha
els was calculated to 574�m (whereA is the F-number,so

he object distance,f the focal length, andd the image size
he microfluidic channels of the PCR chamber are 100�m

n height, well within the depth of focus. The image size
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the PMT is 4.92 mm in diameter and the image NA is 0.54.
The magnification for the system is 0.75×.

DOF = 2Adso(so − f )f 2

f 4 − A2d2so
2

(1)

The entire system is mounted in a portable box enclosure
(Fig. 2) that measures (36 cm× 28 cm× 15 cm) and has a
total weight of 4 kg. During a typical detection protocol, a
program is loaded into the Z-world controller’s flash memory
from a laptop computer through serial inputs. The program
executes fluid pumping, chip pressurization, thermal cycling,
and fluorescence detection sequentially. During the real-time
PCR reaction, fluorescence data is collected during the 72◦C
extension step and is either stored in the microcontroller’s
flash memory or is directly output to a laptop computer.

3. Results

3.1. Integrated detection platform performance

The integrated detection platform was designed to per-
form automated DNA purification and real-time PCR in a
self-contained system. Individual components of the instru-
ment were characterized separately. During testing, the pump
w .7 to
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t the
fl cro-
p ncies
a ccu-
r cy of
t
c as
u ara-

F the sta rage c
t formed

tion for thermal cycling. This is important for switching the
direction of fluid flow between purification and PCR proce-
dures on the chip and for preventing bubble formation during
thermal cycling. Without pressurization, dissolved gasses and
microscopic bubbles in the reaction mixture can increase in
volume, especially during the 95◦C portion of PCR thermal
cycling. This results in bubble formation, causing increased
light scattering that degrades the fluorescent signal from the
real-time PCR reaction. Pressurization above 1 atm reduces
gaseous volume changes at high temperatures, preventing
bubble formation. During testing of the fluidic system, the
entire sample preparation procedure, including DNA purifi-
cation, DNA elution and chip pressurization took approxi-
mately 15 min. The on-board TEC-based thermocycler was
tested for its ability to rapidly and accurately cycle between
the necessary temperatures for PCR (Fig. 4). The average
heating and cooling rates for this thermocycler were both
3.1◦C/s. Using cycling parameters of 95◦C for 10 s, 57◦C
for 15 s and 72◦C for 20 s, an entire 40 cycle reaction could
be completed in 35 min. In comparison, the ABI Prism 7000
real-time thermocycler that was used for validation experi-
ments required 1 h and 20 min while using the identical cy-
cling parameters, nearly four times longer than our instru-
ment. Combined with the 15 min needed for sample prepa-
ration, the entire process of preparation and detection took
o re-
p 10
E

3

ted
c ber
a pu-
r R
G pli-
as shown to be capable of pumping at flow rates from 1
0�l/min. Fluid flow rates were determined by pumping

ds into 50�l graduated glass microcapillaries at known m
or stepping frequencies for a given length of time. After
ow rate calibration of the instrument, the on-board mi
rocessor was used to drive the pump at known freque
nd times making it possible to determine volumetric a
acy in the graduated microcapillary tubes. The accura
he pumping rate was measured to be±0.1�l/min. An electri-
ally actuated microvalve from Moog (East Aurora, NY) w
sed to direct fluid flow and pressurize the system in prep

ig. 4. The temperature profile of the detection microchip is shown for
ime is less than 60 s and typical 40 cycle PCR reactions could be per
ndard cycling parameters used for real-time microchip PCR. The aveycling
in 35 min.

nly 50 min with our system. A similar portable device
orted by Liu et al. required 3.5 h for the detection of3

scherichia colicells.

.2. Real-time PCR

To initially test real-time PCR reactions we fabrica
hips that only contained the PCR amplification cham
nd did not contain a DNA purification region. Using
ified L. monocytogenesDNA and Sigma JumpStart SYB
reen master mix, we performed real-time PCR in the am
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Fig. 5. Real-time PCR plots from purifiedL. monocytogenesDNA amplified on microchips. The amount of template DNA was quantified and added to each
reaction. The dotted horizontal line shows the threshold fluorescence (5 units) used to calculate the threshold cycle (CT) for each reaction.

fication chamber of our microchips. The on-chip PCR con-
ditions were optimized by addition of 5 units of extra Taq
DNA polymerase and pre-treatment of the PCR chamber with
50�l of 10 mg/ml BSA (data not shown). After optimization
of the on-chip PCR conditions, we performed real-time PCR
reactions using varying starting concentrations of template
DNA. PurifiedL. monocytogenesDNA was diluted to vary-
ing concentrations yielding 2000, 200, 100 and 20 pg of DNA
per 5�l of reaction mixture. Five microliters of this reaction
mixture was pumped into the amplification chamber and was
thermally cycled as described above. Fluorescence intensity
of the reaction mixture was monitored during the 72◦C ex-
tension step of each cycle and completed reactions were an-

alyzed by gel electrophoresis to confirm amplification (data
not shown). The average background fluorescence was mea-
sured for the first 10 cycles of the reaction and was subtracted
from each fluorescent reading, resulting in a standardized flu-
orescence curve for each reaction (Fig. 5). As can be seen, the
initial fluorescence intensity of the reaction decreases during
the first 5–10 cycles. This is likely due to SYBR Green dye
interactions with the PDMS surfaces of the reaction chamber.
Because a passive reference dye was not used for these tests,
we cannot correct for interactions between dye molecules and
the surfaces of the chamber. During these initial cycles, some
dye likely binds to the PDMS surfaces, removing it from so-
lution and decreasing overall fluorescence intensity. Using

F onvent
r cytoge BR
G

ig. 6. Real-time PCR data from a microchip-based system and a c
eaction is shown as compared to the starting amount of templateL. mono
reen master mix.
ional ABI Prism 7000 real-time thermocycler. The threshold cycle (CT) for each
nesDNA. All PCR reactions were performed with Sigma JumpStart SY
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these standardized curves, the threshold cycle (CT) for each
reaction was determined by measuring the cycle at which
the fluorescence intensity increased above 5 units. This value
was chosen because it was the intensity at which the signal
increased above the initial noise level in the first 10 cycles.
As seen inFig. 5, theCT of the PCR reaction varied inversely
with the starting concentration of theL.monocytogenesDNA
template. As the starting concentration of template was de-
creased 10-fold, theCT increased by several cycles. With a
threshold value of 5 fluorescence units, theCT for 2000, 200,
100 and 20 pg of template were 15.5, 20.5, 23 and 34.5, re-
spectively. A reaction performed without template showed no
increase in fluorescence, providing evidence that the fluores-
cence increase is dependent on amplification of theL. mono-
cytogenesDNA. As shown inFig. 6, the starting amount of
template DNA varies inversely with theCT. This is typical
of real-time PCR since greater amounts of template DNA
provide more targets for amplification, resulting in faster in-
crease above the detection threshold[10,11,25]. In addition to
these data, real-time PCR amplification was also performed
in a commercial real-time thermocycler (ABI Prism 7000) to
compare our microchip-based system with standard 96-well
tube-based systems. These data are also shown inFig. 6,
demonstrating correlation between the data collected with
the microchip-based system.
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chip DNA purification and real-time PCR. Using the modified
DNA elution and mixing method described above,L. mono-
cytogeneslysate was pumped into microchips for DNA bind-
ing and washing with 70% EtOH, followed by elution into
the PCR amplification chamber. During DNA elution with
dH2O, Sigma JumpStart master mix withL. monocytogenes
hlyAprimers was pumped into the amplification chamber in
parallel and the entire system was pressurized to prevent bub-
ble formation during thermal cycling. The microchips were
then thermally cycled for 50 cycles using the same parameters
described for purified DNA reactions. Fluorescence measure-
ments were made during the amplification phase of each cycle
and completed reactions were analyzed by gel electrophoresis
to confirm amplification of the appropriately sized fragment
(Fig. 7B). The fluorescence results were normalized as de-
scribed above and a threshold of 5 fluorescence units was
used to determineCT values. As shown inFig. 7A, we were
able to purify DNA and detect with real-time PCR, between
107 and 104 L. monocytogenescells. Attempts at detecting
103 and fewer cells were unsuccessful as determined by real-

Fig. 7. (A) On-chip DNA purification and real-time PCR amplification of
various numbers ofL.monocytogenescells. The dotted horizontal line shows
the threshold fluorescence (5 units) used to calculate the threshold cycle (CT)
for each reaction. (B) Gel electrophoresis data for on-chip DNA purification
and real-time PCR amplification ofL.monocytogenes.Since electrophoresis
of the on-chip reaction and controls was performed after each test, individual
lanes from each on-chip test are shown compiled into a single figure. Lanes
are as follows: (1) negative control; (2) positive control (cycled off-chip);
(3) 5.5× 107 cells; (4) 4× 106 cells; (5) 6× 105 cells; (6) 5× 104 cells; (7)
5× 106 B. globigii cells.
.3. Bacterial detection

In order to use our system for bacterial detection,
erformed on-chip purification ofL. monocytogenesDNA

ollowed by on-chip real-time PCR. Although a DNA p
ification step is not always necessary for successful
mplification, it is often required when using environme
r otherwise complex samples. For the initial device de
pment described here, we determined to use cultured
s targets to better understand the maximum sensitiv

he system. Known concentrations ofL. monocytogenescells
ere added to lysis buffer L5 and allowed to incubate
min. Following cell lysis, this mixture was pumped into
hip for DNA purification as described previously[4]. Fol-
owing DNA binding and washing, dH2O was pumped int
he purification region to recover DNA for amplification
he PCR chamber. Simultaneous pumping of a concent
CR master mix through a second input port allowed
arallel flow of eluted DNA and master mix into the amp
ation chamber. By varying the pumping speeds of these
uids, they could be pumped into the amplification cham
n a volumetric ratio that yielded the appropriate final c
entration of the master mix. A variety of concentrations
umping speeds were explored, yielding a final master
oncentration of 1.35 times the normal concentration
ection2) and a pumping speed ratio of 3:1, where ma
ix was pumped at 3�l/min, while dH2O was pumped a
�l/min.
To explore bacterial detection sensitivity in our device

sed decreasing numbers ofL. monocytogenescells for on-
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time fluorescence data and gel electrophoresis of completed
reactions. Several control reactions were performed usingB.
globigii cells andL. monocytogenes hlyAPCR primers. A
negative control using lysis buffer without cells was also per-
formed. For these controls, the entire microchip purification
and real-time PCR was performed for accurate comparison
to the positive controls. These negative controls provide evi-
dence that the threshold cycle for a positive result must be less
than 40 cycles. Both the no-cell andB.globigiicontrols exhib-
ited increases in fluorescence after 40 cycles (Fig. 7A). This is
common for real-time PCR reactions using SYBR Green and
is thought to be due to formation of primer-dimers and non-
specific amplification of DNA[8]. This was confirmed by
performing gel electrophoresis of the negative control sam-
ples in which streaks of both high and low molecular weight
DNA were observed (data not shown). Because SYBR Green
binds to any double stranded DNA, a non-specific increase
in dsDNA can give rise to fluorescence and potential false-
positive results. Therefore, the effective limits of detection for
this system are limited to reactions that reach the threshold
fluorescence level within 40 cycles.

4. Discussion
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both of these methods, conventional methods ofL. monocy-
togenesdetection, as outlined by the Bacteriological Analyt-
ical Manual, include cell culturing on microbiological media
and require at least 24–48 h for detection. In relation to these
detection methods, our device performs at lower sensitiv-
ity but is faster and incorporates on-board sample prepara-
tion. In addition to being fast, the instrument can be powered
by a standard rechargeable laptop computer battery due to
its low power consumption. Due to its small size and low
power requirements, this system can be further developed
as a truly portable, hand-held device. By optimizing the pu-
rification efficiency and the fluorescence detection system, it
should be possible to increase sensitivity. The utility of this
system can also be extended to other organisms and incor-
porate alternative fluorogenic PCR techniques, including the
5′ nuclease assay. Current work in our laboratory includes
the integration of immunomagnetic sample preparation and
concentration, as well as detection of alternative organisms
such asSalmonella typhimurium, Leishmania donovani, and
Bacillus subtilis.While there is ongoing work to improve the
detection limit and effectiveness of this system, this work rep-
resents one of the first fully automated, miniaturized systems
for integrated sample preparation and detection of bacterial
pathogens.
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We have fabricated and tested an integrated micro
ased DNA purification and real-time PCR system for b

erial detection. Although current PCR-based methods
e used to identifyL. monocytogenesand other bacteria
athogens, most systems require manual nucleic acid e

ion and sample preparation that is time consuming an
uires multiple laboratory instruments[10,18,23,33]. In an

mprovement over other systems, our device presents a
utomated method of purifying DNA from bacterial cells
reparing samples for PCR-based detection. This app
f integrated sample preparation and detection is imp

ive for environmental or otherwise complex samples s
variety of contaminants can inhibit PCR amplification.

hough no mixed samples were tested for this study, the
essful detection of cultured cells provides a benchmar
etection sensitivity with this instrument. As reported h

he current limits of detection for this system are app
mately 104 L. monocytogenescells. The average time r
uired for DNA purification during these experiments w
pproximately 15 min, which combined with real-time P
esulted in the detection of 104 L. monocytogenescells in
5 min and 107 cells in only 37 min. This level of detectio

s higher than reported for another portable real-time
etector that could detect as few as 500 cells in app
ately 7 min[8], however that instrument requires man

ample preparation. Manual purification could be more
ient and/or effective than our chip-based DNA purificat
ut is more time consuming and less portable than the
omated system in our device. Another system, reporte
iu et al., was able to purify and detect 103 E. coli cells,
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cknowledgements

Financial support was provided by the Alliance
anomedical Technologies, USDA Grant #03-35201-13
nd FDA Grant #06000002499A. N.C. was partially s
orted by the W.M. Keck Fellowship in Nanobiotechnolo
he authors wish to thank Dr. Martin Wiedman for supp
ith real-time PCR on the ABI Prism 7000 real-time therm
ycler. This work was performed in part at the Cornell Na
cale Science & Technology Facility (a member of the

ional Nanofabrication Users Network) which is supporte
he National Science Foundation under Grant ECS-9731
ts users, Cornell University and Industrial Affiliates.

eferences

[1] H.A.F. Bassler, S. Flood, K. Livak, J. Marmaro, R. Knorr, C
Batt, The use of a fluorogenic probe in a pcr-based assay fo
detection ofListeria monocytogenes, Appl. Environ. Microbiol. 61
(1995) 3724–3728.

[2] M.C. Breadmore, K.A. Wolfe, I.G. Arcibal, W.K. Leung, D. Dic
son, B.C. Giordano, M.E. Power, J.P. Ferrance, S.H. Feldman,
Norris, J.P. Landers, Microchip-based purification of DNA from
ological samples, Anal. Chem. 75 (2003) 1880–1886.

[3] R. Bretchel, W. Hohmann, H. Rudiger, H. Watzig, Control of
electroosmotic flow by metal-salt-containing buffers, J. Chroma
A 716 (1995) 97–105.

[4] N.C. Cady, S. Stelick, C.A. Batt, Nucleic acid purification us
microfabricated silicon structures, Biosens. Bioelectron. 19 (2
59–66.

[5] P.K. Dasgupta, I. Eom, K.J. Morris, J. Li, Light emitting diod
based detectors absorbance, fluorescence, and spectroelectroc



N.C. Cady et al. / Sensors and Actuators B xxx (2004) xxx–xxx 9

measurements in a planar flow-through cell, Anal. Chim. Acta 500
(2003) 337–364.

[6] D.M. Frye, R. Zweig, J. Sturgeon, M. Tormey, M. LeCavalier, I.
Lee, L. Lawani, L. Mascola, An outbreak of febrile gastroenteritis
associated with delicatessen meat contaminated withListeria mono-
cytogenes, Clin. Infect. Dis. 35 (2002) 943–949.

[7] B.C.F. Giordano, J. Ferrance, S. Swedberg, A.F.R. Huhmer, J.P. Lan-
ders, Polymerase chain reaction in polymeric microchips: DNA am-
plification in less than 240 s, Anal. Biochem. 291 (2001) 124–132.

[8] J.A. Higgins, S. Nasarabadi, J.S. Karns, D.R. Shelton, M. Cooper,
A. Gbakima, R.P. Koopman, A handheld real time thermal cycler
for bacterial pathogen detection, Biosens. Bioelectron. 18 (2003)
1115–1123.

[9] J.W. Hong, T. Fujii, M. Seki, T. Yamamoto, I. Endo, Integra-
tion of gene amplification and capillary gel electrophoresis on
a polydimethylsiloxane–glass hybrid microchip, Electrophoresis 22
(2001) 328–333.

[10] A.M. Ibekwe, C.M. Grieve, Detection and quantification ofE. coli
O157:H7 in environmental samples by real-time PCR, J. Appl. Mi-
crobiol. 94 (2003) 421–431.

[11] M.S. Ibrahim, R.S. Lofts, P.B. Jahrling, E.A. Henchal, V.W. Weedn,
M.A. Northrup, P. Belgrader, Real-time microchip pcr for detecting
single-base differences in viral and human DNA, Anal. Chem. 70
(1998) 2013–2017.

[12] A.F. Ingianni, M. Floris, P. Palomba, M.A. Madeddu, M. Quartuccio,
R. Pompei, Rapid detection ofListeria monocytogenesin foods, by
a combination of PCR and DNA probe, Mol. Cell. Probes 15 (2001)
275–280.

[13] S.C. Jacobson, T.E. McKnight, J.M. Ramsey, Microfluidic devices
for electrokinetically driven parallel and serial mixing, Anal. Chem.

[ ting
lastic
98.

[ o-
tion,

[ oly-

[ elf-
oly-
tion,

[
ith an
Food

[ tant
esis,

[ nsi-
lood

[ ua-
res
99)

[ oki-
ators

[ s
99)

[ anti-

004)

[25] D. Rodriguez-Lazaro, M. Hernandez, M. Scortti, T. Esteve, J.A.
Vazquez-Boland, M. Pla, Quantitative detection ofListeria mono-
cytogenesandListeria innocuaby real-time pcr: assessment of hly,
iap, and lin02483 targets and amplifluor technology, Appl. Environ.
Microbiol. 70 (2004) 1366–1377.

[26] R.B. Schasfoort, S. Schlautmann, J. Hendrikse, A. van den Berg,
Field-effect flow control for microfabricated fluidic networks, Sci-
ence 286 (1999) 942–945.

[27] I. Schneegass, J.M. Kohler, Flow-through polymerase chain reactions
in chip thermocyclers, Rev. Mol. Biotechnol. 82 (2001) 101–121.

[28] K.Y. Sun, A. Yamaguchi, Y. Ishida, S. Matsuo, H. Misawa, A heater-
integrated transparent microchannel chip for continuous flow PCR,
Sens. Actuators 84 (2002) 283–289.

[29] H.H. Tian, A.F.R. Huhmer, J.P. Landers, Evaluation of silica resins
for direct and efficient extraction of DNA from complex biological
matrices in a miniaturized format, Biochemistry 283 (2000) 175–191.

[30] M.A. Unger, H.P. Chou, T. Thorsen, A. Scherer, S.R. Quake, Mono-
lithic microfabricated valves and pumps by multilayer soft lithogra-
phy, Science 288 (2000) 113–116.

[31] L.C. Waters, S.C. Jacobson, N. Kroutchinina, J. Khandurina, R.S.
Foote, J.M. Ramsey, Microchip device for cell lysis, multiplex PCR
amplification, and electrophoretic sizing, Anal. Chem. 70 (1998)
158–162.

[32] T.C. Wilson, J. Carson, Rapid, high-throughput extraction of bacterial
genomic DNA from selective-enrichment culture media, Lett. Appl.
Microbiol. 32 (2001) 326–330.

[33] P.L. Witham, K. Livak, C. Yamashiro, C.A. Batt, A PCR-based assay
for the detection ofEscherichia colishiga-like toxin (slt) genes in
ground beef, Appl. Environ. Microbiol. 62 (1996) 1347–1353.

[34] Y. Xia, G.M. Whitesides, Soft lithography, Angew. Chem. Int. Ed.

[ icro
004)

B

N sity
i of
C rning
n nsors.
N rted
b

S or-
g f New
Y e Al-
l , and
h ott is
a aca,
N ction
o ptical
e

M the
A trical
a rded
i icro-
e tical
a the
M gere
S mber
o and
E with
I

71 (1999) 4455–4459.
14] C.G. Koh, W. Tan, M.Q. Zhao, A.J. Ricco, Z.H. Fan, Integra

polymerase chain reaction, valving, and electrophoresis in a p
device for bacterial detection, Anal. Chem. 75 (2003) 4591–45

15] Y.H. Lin, M. Huang, K. Young, T. Chang, C. Wu, A rapid micr
polymerase chain reaction system for hepatitis C virus amplifica
Sens. Actuators 71 (2000) 2–8.

16] J. Liu, M. Enzelberger, S. Quake, A nanoliter rotary device for p
merase chain reaction, Electrophoresis 23 (2002) 1531–1536.

17] R.H. Liu, J. Yang, R. Lenigk, J. Bonanno, P. Grodzinski, S
contained, fully integrated biochip for sample preparation, p
merase chain reaction amplification, and DNA microarray detec
Anal. Chem. 76 (2004) 1824–1831.

18] Y. Liu, J. Ye, Y. Li, Rapid detection ofEscherichia coliO157:H7 in-
oculated in ground beef, chicken carcass, and lettuce samples w
immunomagnetic chemiluminescence fiber-optic biosensor, J.
Protect. 66 (2003) 512–517.

19] C.A. Lucy, R.S. Underhill, Characterization of the cationic surfac
induced reversal of electroosmotic flow in capillary electrophor
Anal. Chem. 68 (1996) 300–305.

20] B.C.J. Millar, X. Jiru, J.E. Moore, J.A.P. Earle, A simple and se
tive method to extract bacterial, yeast and fungal DNA from b
and culture material, J. Microbiol. Meth. 42 (2002) 139–147.

21] D.N.B. Miller, J.E. Bryant, E.L. Madsen, W.C. Ghiorse, Eval
tion and optimization of DNA extraction and purification procedu
for soil and sediment samples, Appl. Environ. Microbiol. 65 (19
4715–4724.

22] J.Y. Min, E.F. Hasselbrink, S.J. Kim, On the efficiency of electr
netic pumping of liquids through nanoscale channels, Sens. Actu
B: Chem. 98 (2004) 368–377.

23] D.B. Norton, C.A. Batt, Detection of viableListeria monocytogene
with a 5′ nuclease PCR assay, Appl. Environ. Microbiol. 65 (19
2122–2127.

24] D. Rodriguez-Lazaro, M. Hernandez, M. Pla, Simultaneous qu
tative detection of listeria spp. andListeria monocytogenesusing a
duplex real-time pcr-based assay, FEMS Microbiol. Lett. 233 (2
257–267.
37 (1998) 550–575 (in English).
35] Y. Yokoyama, M. Takeda, T. Umemoto, T. Ogushi, Thermal m

pumps for a loop-type micro channel, Sens. Actuators 111 (2
123–128.

iographies

athaniel C. Cady is currently a Ph.D. candidate at Cornell Univer
n the Department of Microbiology. Nathaniel joined the laboratory
arl Batt in 2001 and has worked mainly on applications conce
anobiotechnology and the development of portable, rapid biose
athaniel is a W.M. Keck Fellow in Nanobiotechnology and is suppo
y funding through the USDA and FDA.

cott Stelick is with the Alliance for Nanomedical Technologies, an
anization that brings together academia and the private-sector o
ork State to develop the next generation of medical devices. Th

iance is exploiting the interface between engineering and biology
arness microfabrication techniques to build integrated devices. Sc
lso an employee of Illuminaria, LLC, a small start-up company in Ith
Y whose focus is on creating portable biosensors for rapid dete
f pathogens. Scott is a mechanical engineer with an M.E. in o
ngineering from Cornell University.

adanagopal V. Kunnavakkam is a Senior Research Associate with
lliance for Nanomedical Technologies. He holds a Ph.D., in elec
nd computer engineering, from Cornell University that was awa

n 2001. His graduate research was focused on development of m
lectromechanical systems (MEMS) for positioning, control and op
pplications. After completing his Ph.D., Dr. Madanagopal joined
icroelectronics Division, Bell Laboratories, Lucent Technologies, A
ystems, Murray Hill, NJ, where he remained until 2002. He is a me
f the American Institute of Physics and the Institute of Electrical
lectronics Engineers (IEEE). Dr. Madanagopal is now affiliated

ntel Corporation, Santa Clara, CA.



10 N.C. Cady et al. / Sensors and Actuators B xxx (2004) xxx–xxx

Carl A. Batt holds a Ph.D. and M.S. degree from Rutgers University,
Department of Food Science and a B.S. from Kansas State University
in Microbiology. Dr. Batt is the Liberty Hyde Bailey Professor of Food
Science and has been research director of a group at Cornell University
for over 10 years. He is currently co-director of the Cornell University

Nanobiotechnology Center and director of the Cornell University/Ludwig
Institute for Cancer Research Partnership. Dr. Batt is also the project
leader for the Alliance for Nanomedical Technologies which is supported
by the New York State Office of Science, Technology and Academic
Research (NYSTAR).


	Real-time PCR detection of Listeria monocytogenes using an integrated microfluidics platform
	Introduction
	Experimental
	Reagents
	Bacterial growth and preparation
	PCR amplification
	Microchip design and fabrication
	Apparatus

	Results
	Integrated detection platform performance
	Real-time PCR
	Bacterial detection

	Discussion
	Acknowledgements


