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Abstract There is growing interest in rapid microbial pre-
concentration methods to lower the detection limit of bacterial
pathogens of low abundance in samples. Here, we report an
integrated microfluidic PCR system that enables bacterial
cells of interest in samples to be concentrated prior to PCR.
It consists of two major compartments: a preconcentration
chamber for the immunomagnetic separation of bacterial cells,
and a PCR chamber for the DNA amplification of the concen-
trated cells. We demonstrate the feasibility of the system for
the detection of microbial pathogens by preconcentrating the
human pathogen Escherichia coli O157:H7, and also ampli-
fying its DNA. The detection limit of £. coli O157:H7 in the
PCR system is 1 x 10> CFU (colony forming unit)/mL. On-
chip processing steps, including preconcentration and PCR
steps, take less than two hours. Our system can serve as a
rapid, specific, and quantitative platform for the detection of
microbial pathogens in samples of large volume.
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1 Introduction

Polymerase chain reaction (PCR) is considered the most
promising alternative to conventional methods of molecular
diagnostics (Banada et al. 2009; Cho and Irudayaraj 2013;
Pengsuk et al. 2013; Rodriguez-Léazaro et al. 2007,
Setterington and Alocilja 2012; Varshney and Li 2007).
Despite the high sensitivity of PCR, its application in samples
requires extra labor-intensive and cumbersome steps for pre-
concentrating a small number of bacterial cells from a large
volume of liquid sample, as well as providing DNA templates
without any substance that inhibits polymerase reaction (Islam
et al. 2006; Zhu et al. 2011).

To address the aforementioned issues, immunomagnetic
separation (IMS) has often been used to concentrate bacterial
cells present at low concentration (Chen et al. 2014; Zhu et al.
2011). However, it is suited to a small volume sample (e.g.,
1 mL), which is far smaller than the large volume of enrich-
ment culture (e.g., 250 mL) (Chen et al. 2014), and thus the
pre-concentration effect is low. In recent years, there has been
increasing interest in integrating IMS into microfluidic de-
vices, to concentrate bacterial cells in a large volume of sam-
ple culture (Bu et al. 2008; Chen et al. 2014; Fedio et al. 2011;
Pamme 2006; Roda et al. 2012; Xia et al. 2006). Microfluidic
devices have become an excellent platform for detection, due
to their speed and elevated level of integration and automation
(Bao etal. 2008; Stachowiak et al. 2007). When integrated in a
microfluidic device, IMS offers several advantages. It signif-
icantly increases the available surface area inside the
microfluidic channel, which results in highly efficient interac-
tion between bacterial cells and antibodies (Yang et al. 2006).
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In this study, we describe the development of an integrated
microfluidic PCR system with IMS for the enhanced detection
of Escherichia coli O157:H7 in a large volume of samples.
E. coli O157:H7 is one of the major pathogens causing diar-
rhea and acute kidney failure (Karch et al. 2005; Park et al.
1999). The microfluidic system IMS chamber consists of two
major compartments: a preconcentration chamber (Magnetic
Nanoparticle chamber), and a PCR chamber. The
preconcentration chamber (MNP chamber) employs magnetic
force to highly concentrate bacterial cells of interest in sam-
ples, while the PCR chamber amplifies DNA of the concen-
trated bacterial cells (Fig. S1).

2 Materials & methods
2.1 Design and fabrication of the microfluidic PCR system

To construct the system, all three layers (Fig.1a) were individ-
ually designed in AutoCAD software (Autodesk, San Rafael,
CA, USA). The design of the top layer was printed on a trans-
parency film and the film was used as a mask to transfer the
design onto the layer of SU-8 negative-tone resist
(Microchem, Westborough, MA, USA) in 200 um thick on
a Si wafer (4-in.). The developed structure of the wafer was
used as a mold. The pattern from each mold was transferred
into a polydimethyl siloxane (PDMS) (Sylgard 184) (Dow
Corning, Midland, MI, USA) layer using soft lithography
(Xia and Whitesides 1998). The top layer was comprised of
arrays of pillars (diameter: 100 pm, height: 200 um), with
different spacing ranging from 150 to 750 wm (Fig.1a). The
micropillar array with different spacing was installed to filter
out food particles in various sizes. The design of the other two
layers was individually printed using a DLP (digital light pro-
cessing) 3D printer (DP 110) (Carima Co., Seoul, Korea) and
each printout was directly used as a mold. Similarly, the pat-
tern of each plastic mold was transferred onto the PDMS layer.
The second layer contained an MNP chamber (W x L. x H:
2 x 3 x 1.5 cm). It was predicted using a computational model
that bacterial capture efficiency decreased as the height of the
MNP chamber increased. CFD simulation in the COMSOL
Multiphysics® software (ver. 5.1) was used to analyze the
behavior of Ab-MNPs at various heights (1-5 cm) while pre-
serving the experimental conditions. The bottom layer
contained a PCR chamber (W X L. x H: 4 x 6 x 1 mm).
The height of the chamber was chosen by comparing temper-
atures at its various heights (1-10 mm) while thermocycling.
The inlet and outlet holes (300 um diameter) were punched
with a biopsy punch. The layers were carefully aligned and
bound to each other through O, plasma treatment at 90 watts
for 30 s. After the O, plasma treatment, thermal curing in the
oven for about 30 min at 80°C. Finally, prior to blocking, the
system was sterilized in an autoclave at 121°C and the
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microchannel surface were passivated with bovine serum al-
bumin (BSA) by flowing 100 pul of BSA in phosphate-
buffered saline (pH 7.4) at 1.5 mg/mL into the PCR system,
and incubating the chip at 80°C for 1 h, in order to inhibit non-
specific absorption of PCR reagents into the PDMS surface
(Besecker et al. 2010; Tran et al. 2013).

2.2 Microorganisms and cultivation

The bacterial strain used in this study was E. coli O157:H7
(ATCC 43894) (Bethesada, MD, USA). It was grown in Luria
broth (LB) (Sigma) at 220 rpm and 37°C overnight. The cul-
ture was then 100-fold diluted with fresh LB, and incubated at
220 rpm and 37°C, until the optical density at 600 nm (ODg)
reached 1. Before preconcentration, the culture was diluted
with PBS (pH 7.4).

2.3 Preparation of antibody conjugated magnetic
nanoparticles (ab-MNPs)

MNPs (amine-modified iron oxide nanoparticles, 50 nm di-
ameter) were obtained from Chemicell Co. (Berlin, Germany),
while anti-E. coli O157:H7 antibody from goat was purchased
from KPL, Inc. (Gaithersburg, MA, USA). For antibody con-
jugation, MNPs were first to react with 2.5% (v/v) glutaralde-
hyde solution (molar concentration) at RT for 1 h, and later
washed completely with borate buffer (10 mM, pH 7.0) (Zhao
etal. 2010). Then, the carboxyl group-terminated MNPs were
mixed with anti-E. coli O157:H7 antibody (final conc. 50 pg/
mL) in borate buffer, and incubated at 4°C overnight. Next,
Ab-MNPs were first incubated in 0.1% bovine serum albumin
(BSA) (Thermo Fisher Scientific, Waltham, MA, USA) in
PBS to block unreacted aldehyde groups on Ab-MNPs at
4°C for 6 h, and later in sodium cyanoborohydride (final conc.
20 mg/mL) (Sigma-Aldrich) in borate buffer. Finally,
antibody-conjugated MNPs were washed with Tris-HCI buft-
er (pH 7.5), and stored in PBS at 4°C until their use.

2.4 On-tube and on-chip bacterial preconcentration

The performance of IMS in tubes was compared with that of
IMS in the microfluidic system. For on-tube IMS, 0.5 mL of
PBS containing E. coli O157:H7 at different concentrations
(10% to 10* CFU/mL) were mixed with 0.5 mL containing Ab-
MNPs (1.3 x 10" particles/mL) in Eppendorf® tubes
(1.5 mL), and incubated at 1500 rpm (Thermoshaker) and
37°C for 20 min. The cells captured by Ab-MNPs were then
concentrated by providing the magnetic field from a magnetic
rack. Supernatants were used to count uncultured bacterial
cells by the standard plate counting.

For on-chip preconcentration, 50 mL of PBS containing
various concentrations (Final conc. 10°~10° CFU/mL) of
E. coli O157:H7 were mixed with anti-E. coli O157:H7
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Fig. 1 Fabrication and operation
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antibody-conjugated MNPs (final conc. 10'? particles/mL) in
PYREX glass Erlenmeyer flasks (250 mL). The mixture was
then incubated with gentle shaking at 200 rpm and 37°C for
20 min prior to loading the mixture into the PCR system,
while the microchannel surface of the system was blocked
with 1% BSA in PBS (pH 7.4) for 1 h prior to the addition
of the mixture. To capture bacterial cells bound to Ab-MNPs,
a magnetic field was applied to the MNP-concentrating cham-
ber by locating the chip onto the top of a round neodymium
magnet (diameter X height: 2.54 cm x 0.3 cm) with 1.5 T
(Fig.1b). Figure 1c shows that the PCR system was connected
to a syringe pump (Harvard Apparatus, Holliston, MA, USA),
and a flow rate of 2 mL/min was maintained during sample
injection (Mujika et al. 2009). Eluate collected from the chip
was used to calculate bacterial capture efficiency. The bacte-
rial cell number was determined by the standard plate
counting method. The bacterial capture efficiency of each
condition was calculated by the following formula: bacterial
capture efficiency (%) = (N — N,)/N; x 100%, where N is the
number of the total bacteria in a sample, and N,, is the number
of un-captured bacteria in eluate.

2.5 Optimization of temperature of the PCR system

To perform PCR on the chip, the temperature of a PCR cham-
ber was measured using an infrared (IR) camera
(Thermovision A320) (FLIR Inc., Goleta, CA, USA) during
the thermal cycling process. The 1 mm thick PCR system was
placed on the heat block (10 x 10 cm) of a C1000 Touch
thermal cycler (GeneTouch, Taoyuan City, Taiwan). Heat

cycling was recorded and evaluated by ThermaCAM re-
searcher 2.8 (FLIR Inc.). Nine spots on the chamber were
randomly selected for temperature measurement. Time-
dependent temperature variations were also evaluated to esti-
mate the temperature of the PDMS substrate and PCR cham-
bers during the thermal cycling process. Plot profiles of the
nine spots were drawn based on data recorded continuously at
millisecond duration in the first 20 min of the temperature
parameter for the amplification reaction.

2.6 On-chip PCR on the integrated PCR system

Once the bacterial preconcentration step was completed in the
integrated PCR system, two-temperature PCR was performed
by adding 25 uL of PCR master mix into the PCR chamber
via PCR reagents inlet. The PCR master mix containing 1x
PCR buffer (20 mM Tris-HCL, pH 8.4, 50 mM KCI, 6 mM
MgCl,), dNTPs (0.2 mM), and 7ag DNA polymerase (5 U/
puL) was purchased from Promega (Madison, WI). The
primers that were designed to amplify a 109-bp of eaeA gene
coding intimin adherence protein in E. coli O157:H7 consist
of a forward primer (CATTATTACGCCGGAAGATA
AAATCC), and a reverse primer (GTCCGGGTATAACA
ACCATGAGTAAT). Two hundred microliters of mineral oil
were then added to the chamber to cover PCR reagents, which
prevents evaporation of the PCR mixture while thermal cy-
cling. Two-temperature PCR (Dodson and Kant 1991; Ha and
Lee 2015; Trinh et al. 2014) was performed by setting the
temperature of the following parameters: 103°C for 10 min
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as a bacterial cell lysis step, followed by 30 cycles of 103°C
for 30 s, and 62°C for 30 s, and 76°C for 3 min for extension.

Amplified PCR products were confirmed by 1% TAE
(50x) (Biosesang Inc., Korea) agarose gel electrophoresis
using GelDoc EZ system (Bio-Rad). The fluorescence inten-
sity of products on the gel was evaluated by ImageJ (NIH).
100-bp DNA ladder was from Takara Korea Biomedical Inc.
(Korea), and agarose powder and loading buffer were pur-
chased from BioShop Candada Inc. (Burlington, Canada)
and DyneBio Inc. (Korea), respectively.

3 Results and discussion

3.1 Characterization of ab-conjugated magnetic
nanoparticles (ab-MNPs)

The presence of antibody on Ab-MNPs was examined by
observing fluorescence intensities of Alexa 488-tagged anti-
goat antibody that was bound to anti-E. coli antibody from
goat immobilized on MNPs (Fig. 2a). Bare MNPs without
anti-E. coli antibody did not show any fluorescence is used
as a control (Fig. 2ai), whereas Ab-MNPs conjugated with
anti-E. coli O157:H7 antibody showed fluorescence
(Fig. 2aii-2aiv). The strongest fluorescence was observed on
Ab-MNPs (Fig. 2aiv) that had been previously conjugated
with fifty micrograms of anti-E. coli O157:H7. Thus, fifty
micrograms of antibody were chosen to be immobilized into
MNPs (102 particles) for further experiments.

The binding capability of Ab-MNPs to E. coli O157:H7
was confirmed by observing complexes of E. coli O157:H7
labelled using scanning electron microscopy (SEM). The im-
age (Fig. 2b) showed bacterial cells in spherical forms (~ 1 pm
diameter) surrounded by clusters of Ab-MNPs (50 nm in

(@)

(i)

Fig. 2 Binding of Ab-MNPs to E. coli O157:H7: a Fluorescence
images of anti-goat antibody conjugated with Alexa 488 (1.5 pg/
mL) that were bound to MNPs (10'? particles/mL) previously
conjugated with anti-E. coli O157:H7 antibody from goat at
different concentrations: (i) no antibody; (ii) 1 pg/mL; (iii)
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diameter), suggesting that Ab-MNPs can form complexes
with bacterial cells through multivalent binding.

3.2 Effects of ab-MNP and bacteria concentrations
and flow rate on bacterial capturing efficiencies

Figure 3 a shows that as the concentration of Ab-MNPs in-
creases, the bacterial capturing efficiencies on the integrated
PCR system increase. Although the highest capturing efficien-
cy was obtained at 10" particles per millilitre, Ab-MNPs at
the concentration often accumulated in the tubing connected
to the syringe due to its high density (data not shown), and the
second best concentration (10'2 particles/mL) was chosen for
further experiments.

Figure 3b shows that flow rates negatively affected the
bacterial capturing efficiency of the system. This is consistent
with the result from computational fluidic dynamic (CFD)
analysis (data not shown here). At 0.2 mL/min, the capturing
efficiency of E. coli 0157:H7 at 10’ CFU/mL was the highest.
However, the flow rate was too slow to handle a large volume
of samples, such as 50 mL, within a short time. Thus, the flow
rate of the preconcentrating step was chosen as 2 mL/min for
further experiments.

Figure 3¢ shows that on chip bacterial concentration nega-
tively affected the bacterial capturing efficiency of the system.
This is probably because as the bacterial number in the sample
increases, the number of Ab-MNPs bound with a single bac-
terium decrease. Thus, bacterial cells could be less affected by
the magnetic field on the PCR system, and some of the cells
might have been eluted out of the system. This problem could
be overcome by diluting samples containing excessive num-
bers of bacteria of target, and then flowing the diluted samples
into the PCR system. At 2 mL/min and 10'* Ab-MNPs/mL,
we could detect as low as 10> CFU/mL by preconcentrating

(b)

10 pg/mL; (iv) 50 pg/mL. Before imaging, twenty microliters of
the mixture were loaded into the microchannel (I mm width).
Scale bar: 500 um; b A scanning electron microscopic (SEM)
image showing E. coli O157:H7 cells captured by Ab-MNPs.
Scale bar: 1 pm



Biomed Microdevices (2016) 18: 116

Page 50f 7 116

Fig. 3 Effects of Ab-MNP (@)
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bacterial cells of interest in 50 mL for 25 min, which is com-
parable to the results from our on-tube preconcentration ex-
periments (Fig. 3d) and the previous reports (Fugier et al.
2015; Varshney et al. 2007). Although the on-tube
preconcentration method needed the lower number (10" par-
ticles/mL) of Ab-MNPs, it requires cumbersome liquid han-
dling steps. Our results suggest that our on-chip bacterial
preconcentration is more suitable for on-chip PCR and further
automation than the on-tube bacterial preconcnetration
method.

3.3 Temperature control for two-temperature PCR

The temperature on the surface of PDMS layer reached
95 + 0.39°C from 29.2 + 0.08°C in approximately 1 min,
and it was maintained for 10 min before commencing the
cycles. During the cycles, temperature of the PDMS sur-
face at denaturation and annealing/extension steps were
94.1 £ 0.21°C (Fig. 4a) and 61.6 = 0.13°C (Fig. 4b),
respectively. The corresponding temperature accuracies,
represented by the coefficient of variation (CV) values,
were both 0.2% (n = 9). This indicates both highly uni-
form distribution of temperature over the measured sur-
face, and low variability of heat transferred through
PDMS. Figure 4c shows the PCR system placed on the

1012
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10t 0.2 2 20
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(d)
*
100 -
g
> 807
o
g
£3
2%
S 404
=
=
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©
o
04

10? 10° 10*
Bacterial conc. (CFU/mL)

10°

thermal heat block, and the black rectangle indicates the
PCR chamber under a heated condition. Figure 4d shows
that the temperature profile of thermal cycles remained
uniform throughout the entire thermal cycles.

Fig. 4d shows that the initial temperature before the thermal
cycles remained at 103°C for 10 min to induce thermal lysis of
bacterial cells, which enhanced the intensity of the target
amplicons, as Fig. S2 shows. Thermal lysis for longer than
10 min did not increase the intensity, indicating that bacterial
cells were fully ruptured within 10 min (Fig. S2). Similar
thermal lysis steps were reported elsewhere (Ke et al. 2007;
Liu et al. 2004). Taken together, the results suggest that tem-
perature is well controlled on the PCR system.

3.4 On-chip two-temperature PCR for amplification
of genomic DNA of E. coli O157:H7

To test if the microfluidic system can be combined with PCR,
two-temperature PCRs were initially performed using the ge-
nomic DNA of E. coli O157:H7 as a template for the ampli-
fication prior to the use of bacterial cells on the system.
Figure 5 shows that the targeted gene eae was successfully
amplified from genomic DNA of E. coli O157:H7 at all con-
centrations (0.05—40 ng), suggesting that the integrated PCR
system is comparable to the conventional PCR system.

@ Springer
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Fig. 4 Temperature
measurement of the PDMS
chamber. The temperature images
were obtained using an IR camera
during thermocycling: a
Denaturation at 95°C; b
Annealing/Extension at 62°C; ¢
The entire integrated chip was
placed on a heat block, and the :
black rectangle indicates the PCR 'PD 72+
chamber in a heated condition; d
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temperature

substrate
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3.5 Integration of preconcentration and two-temperature
PCR on the system

Figure 6 shows that as the cell concentration in the sam-
ples decreased, the intensity of the target amplicon de-
creased. The limit of detection of the integrated PCR sys-
tem is 10> CFU/mL (lane 4 in Fig. 6). On-chip bacterial
preconcentration, two-temperature PCR, and conventional

109-bp
5 80
X
2
® 40
c
2
£
0 Lane

1 2 3 4 5 6 7 8 9

Fig.5 Gelelectrophoresis of the amplified products (109 bp) of eae gene
in genomic DNA extracted from E. coli O157:H7. On-chip PCR was
performed with genomic DNA (template) extracted from the
microorganism: a Amplified products (109 bp) depend on the amounts
of template DNA in PCR reaction. M Lane: 100 bp DNA ladder. Lane 1:
negative control (no template DNA). Lane 2—8: PCR was performed with
the template DNA at various concentrations: 40 ng (lane 2), 20 ng (lane
3), 10 ng (lane 4), 5 ng (lane 5), 1 ng (lane 6), 0.5 ng (lane 7), 0.1 ng (lane
8), and 0.05 ng (lane 9). Thermocycling and gel electrophoreis conditions
are found in the Materials and Method section; b Respective fluorescence
intensities of all the lanes (M-9)
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Relative time (min)
5 10 15 20

gel electrophoresis took about 25 min, 1 h, and 30 min,
respectively. Thus, all these steps were completed within
2 h. This is considerably quicker than other molecular
amplification-based techniques (Naravaneni and Jamil
2005; Oblath et al. 2013; van Tongeren et al. 2011). The
results suggest that the integrated PCR system is highly
useful for the detection of bacterial cells at low abundance
in a large volume of samples. Further improvement in

109-bp
®) 480
S
S 120
2>
2 60
Q
< Lane

1 2 3 4

Fig. 6 Gel electrophoresis of the amplified products (109 bp) of eae gene
in E. coli O157:H7 cells. On-chip PCR was performed with bacterial cells
at various concentrations (10°-10° CFU/mL) after on-chip
preconcentration of samples (100 mL), using Ab-MNPs (10'? particles/
mL) at a flow rate of 2 mL/min: a Amplified products (109 bp) from the
microorganism in PBS. Lane M: 100 bp DNA ladder. Lanes 2—4:
10° CFU/mL, 10* CFU/mL, and 10° CFU/mL, respectively; b
Respective fluorescence intensities of lanes (1-4)
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preconcentration steps may lead us to detect bacterial cells
at lower concentration than the current detection limit of
the system.

4 Conclusion

Employment of chip-based detection techniques has discrete
advantages that enhance the detection speed, miniaturization,
and sensitivity. Here, the integration of preconcentration and
DNA amplification of targeted pathogens in a large volume of
samples was successfully demonstrated, by combining an
IMS technique with two-temperature PCRs in a single
microfluidic system. However, further improvements in
the bacteria preconcentration step, as well as the DNA
purification step, are still needed to lower the limit of de-
tection in the integrated PCR system, to meet the detection
requirements for the highly pathogenic microorganism, in-
cluding E. coli O157:H7.
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