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Abstract

We present a bead-based approach to microfluidic polymerase chain reaction (PCR), enabling
fluorescent detection and sample conditioning in a single microchamber. Bead-based PCR, while
not extensively investigated in microchip format, has been used in a variety of bioanalytical
applications in recent years. We leverage the ability of bead-based PCR to accumulate fluorescent
labels following DNA amplification to explore a novel DNA detection scheme on a microchip.
The microchip uses an integrated microheater and temperature sensor for rapid control of thermal
cycling temperatures, while the sample is held in a microchamber fabricated from
(poly)dimethylsiloxane and coated with Parylene. The effects of key bead-based PCR parameters,
including annealing temperature and concentration of microbeads in the reaction mixture, are
studied to achieve optimized device sensitivity and detection time. The device is capable of
detecting a synthetically prepared section of the Bordetella pertussis genome in as few as 10
temperature cycles with times as short as 15 min. We then demonstrate the use of the procedure in
an integrated device; capturing, amplifying, detecting, and purifying template DNA in a single
microfluidic chamber. These results show that this method is an effective method of DNA
detection which is easily integrated in a microfluidic device to perform additional steps such as
sample pre-conditioning.
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1 Introduction

Chemical amplification of nucleic acids is most commonly realized with the polymerase
chain reaction (PCR), in which a DNA molecule, referred to as a template, is exponentially
duplicated via repeated thermal denaturation and enzymatic replication (Mullis and Faloona
1987). Bead-based PCR is a variant of the PCR procedure that uses primers (short DNA
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fragments complementary to a specific region of the template) attached to microbeads. This
procedure results in bead-tethered template DNA duplicates; it is hence an attractive
analytical tool that simultaneously accumulates signals from DNA-based transducers and
allows manipulation of DNA itself via solid-phase extraction (SPE) techniques.

In recent years, bead-based PCR has been used in a variety of applications including DNA
sequencing, protein screening, and pathogenic DNA detection. For example, whole genome
sequencing has been demonstrated with reduced cost and assay time using bead-based PCR
to facilitate the organization and detection of amplified sections of a fragmented E. coli
genome (Shendure et al. 2005). Compartmentalization of DNA in emulsions (Tawfik and
Griffiths 1998) combined with bead-based PCR (Diehl et al. 2006; Dressman et al. 2003)
also provides a method of rapidly screening an entire genome for DNA binding proteins
(Kojima et al. 2005) and for cell-free protein synthesis (Gan et al. 2008). In addition,
genomic DNA (gDNA) has been detected using bead-based PCR (Lermo et al. 2007), or
similarly via PCR on nanostructured surfaces (Hiep et al. 2010). While demonstrating the
utility of bead-based PCR, these examples primarily rely on conventional instrumentation
for reaction control (temperature cycling), involve tedious and error-prone manipulation of
primer-coupled beads, and require laborious sample pre-treatment (e.g., for the separation of
gDNA from cell lysate) prior to the PCR reaction. These limitations are a major hindrance to
the widespread use of bead-based PCR.

Microfluidics technology addresses the limitations of conventional PCR schemes, most
notably by providing a more rapid and efficient reaction platform. Extensive applications of
microfluidics to PCR (Lee et al. 2003; Roper et al. 2005; Zhang et al. 2006) have taken
advantage of the more efficient heat transfer properties to create rapid, miniaturized PCR
devices (Northrup et al. 1998) capable of detecting as little as a single molecule of DNA
(Zhang and Xing 2010). Microfluidics has also enabled integrated chip-based systems that
perform tasks such as sample pre-treatment and post-amplification analysis (Beyor et al.
2009; Easley et al. 2006; Ferguson et al. 2009; Liu et al. 2004), further improving reaction
speed and test accuracy by shifting more operations to the microscale domain. In particular,
microfluidic PCR has been used to detect gDNA (Easley et al. 2006; Li et al. 2011; Lien et
al. 2009; Liu et al. 2004), resulting in improvements in sensitivity, specificity and turnaround
times over other pathogen detection methods, such as cell culturing and antibody-based
assays. However, these works have almost exclusively involved solution-based PCR (i.e.,
PCR with primers residing in solution), and while microfluidics holds the same advantages
for solid-phase amplification there are far fewer applications of microfluidics to solid-phase
PCR implementations such as bead-based PCR. Much of the bead-based PCR literature
relies upon bead-based PCR in emulsions, in which case the emulsions are typically
amplified in a conventional thermal cycler (Diehl et al. 2005, 2006, 2008; Dressman et al.
2003; Gan et al. 2008; Kumaresan et al. 2008). In one relevant investigation reported
recently, primers were tethered to nanostructured surfaces of a biochip to allow optical
detection of human gDNA indicative of hemolytic diseases such as autoimmune hemolytic
anemia (Hiep et al. 2010). However, the nanostructures were based on a flat surface, limiting
the surface area-to-volume ratio and leading to a practically inadequate sensitivity.
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This paper investigates bead-based PCR on a microfluidic chip by applying it to DNA pre-
conditioning and detection, as demonstrated by the capture, amplification, and detection of
trace quantities of a synthetic DNA sequence identical to a repetitive segment of the genome
of Bordetella pertussis (B. pertussis). Trace DNA is introduced into the device
microchamber along with PCR reagents and microbeads, and thermally cycled using an
integrated heater and temperature sensor. The microbeads provide a high surface area-to-
volume ratio platform for accumulation of transducing labels, creating a rapid, simple
method to detect the trace amounts of DNA. The bead-based design allows for simple
integration with other functionalities, including sample purification (Yeung and Hsing 2006)
and downstream analysis. Experimental results show that a synthetically generated segment
of the B. pertussis genome 181 base pairs (bp) in length can be detected in 10 PCR cycles
(within 15 min) at a clinically relevant concentration of 1 pM (~6 x 10° copies/pL). We then
demonstrate the use of this approach to perform integrated DNA capture, amplification,
detection, and purification in a single microchamber. We thus show how bead-based PCR is
both an effective DNA detection method and a DNA pre-conditioning, detection, and
analysis system that can be simply integrated into microfluidic devices.

2 Materials and methods

2.1 Bead-based PCR principle

PCR is a biochemical amplification process which uses a thermostable enzyme to
dehybridize and duplicate template DNA. During a PCR reaction, cyclic changes in
temperature cause denaturation of template dsSDNA and then hybridization of primers to the
separated single-stranded DNA (ssDNA) strands. A temperature cycle consists of three
steps: dsSDNA melting (denaturation) at 95 °C, primer annealing (hybridization) at 50-62 °C,
and DNA extension at 72 °C. PCR reactions also typically include an initial melting step at
95 °C (pre-melting) and a final extension step at 72 °C. Reagents include two sets of
primers: reverse primers that hybridize to template sSDNA, and forward primers that
hybridize to the complementary ssDNA. Extension of these template-primer pairs by the
thermostable Taq polymerase produces dsDNA consisting of the template and its
complementary strand. Repeated temperature cycles result in amplification, i.e., generation
of exponentially increasing duplicate copies of the dsDNA.

Bead-based PCR is a solid-phase implementation of PCR, in which DNA is duplicated while
tethered to the surfaces of microbeads in solution. In bead-based PCR, one of the two primer
sets (typically the reverse primer) is tethered to a bead surface, while the untethered
(forward) primer can be labeled with a detectable tag (e.g., a fluorophore). Bead-bound
reverse primers are mixed with template ssDNA, labeled forward primers and other reactants
(e.g., nucleotides and Taq) in solution, and hybridize to template sSDNA molecules. This
results in the capture of template DNA by the microbeads and is hence effectively a SPE
process. This completes the first temperature cycle, which produces unlabeled dsDNA.
During the second temperature cycle, the dsSDNA from the previous cycle is denatured,
allowing template DNA and fluorescently labeled forward primers to hybridize to bead-
bound ssDNA (complementary strands of the template). Extension then generates labeled
duplicates of template DNA hybridized to the bead-bound complementary strands. This
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process is then repeated with further temperature cycles to produce exponentially increasing
copies of dsDNA consisting of labeled template and unlabeled, bead-tethered
complementary strands.

2.2 Microchip design and fabrication

The bead-based PCR microchip consists of a microfluidic chamber, which is fabricated in
the elastomer polydimethylsiloxane (PDMS) and bonded to a glass slide with an integrated
resistive heater and temperature sensor (Fig. 1a). The heater has a serpentine geometry
covering the chamber area as well as a large surrounding area to generate a sufficiently
uniform temperature field in the chamber, while the resistive temperature sensor is located at
the center of the chamber area. The cylindrical chamber is open to atmosphere and consists
of two vertically aligned connected compartments of different diameter. The lower
compartment contains the aqueous PCR sample, and expands to the upper compartment of
larger diameter that retains a layer of mineral oil over the PCR sample. The entire chamber
surface is conformally coated with a layer of the polymer Parylene C. The mineral oil and
Parylene coating eliminate water evaporation that would otherwise occur directly to open air
or through the PDMS, while minimizing the potential formation of air bubbles. The Parylene
also provides a PCR-compatible surface, which, along with the use of additives such as
bovine serum albumin (BSA) and Tween, minimizes adsorption of reaction components
such as DNA and Taq polymerase (Shin et al. 2003).

Devices were fabricated using standard microfabrication techniques. Chrome and gold layers
(thicknesses 20 and 200 nm) were thermally deposited onto glass microscope slides and
patterned using contact lithography and wet etching techniques. Patterning generated a 5.67
cm long by 200 um wide heater having a resistance of ~20 Q and covering an area of 0.242
cm?, and a 1.04 cm long by 40 um wide resistive temperature sensor having a resistance of
~30 Q. The thermal elements were then passivated with SiO, (thickness 1 um) formed using
plasma-enhanced chemical vapor deposition, with openings for electrical connections
formed using a shadow mask. The SiO, not only passivates the electrical components, but
also provides an efficient bonding surface for PDMS. To generate PDMS for the
microfluidic chambers, PDMS prepolymer was mixed in the ratio of 10:1 with a curing
agent and poured onto a clean silicon wafer, baked for 30 min at 75 °C, and then peeled
from the wafer. Microfluidic chambers were defined by puncturing holes in the PDMS using
a hole punch. The bottom PDMS piece was 1.3 mm thick with a 3.2 mm diameter hole, and
the top piece was 1.3 mm thick with a 4.75 mm diameter hole. The glass substrate and
PDMS sections were then treated using UV-generated ozone for 10 min, and bonded by
baking at 75 °C for 30 min. During bonding, the PDMS holes were aligned to the center of
the integrated heater patterned onto the glass slide. The chip was then conformally coated
with a layer of Parylene C ~ 1 um in thickness via chemical vapor deposition, with scotch
tape used to block electrical pads.

The chip design was also modified to demonstrate integrated microfluidic PCR, by
incorporation of microfluidic channels enabling bead insertion and retention during wash
steps (Fig. 1b). Optical lithography was used to define an SU-8 mold for a 4-uL PCR
chamber, 400 um in depth and 3.6 mm in diameter. The mold incorporated two inlets with
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flow restrictions limiting the local vertical channel clearance to 20 um, serving as passive
weirs to retain microbeads in the chamber, and a third inlet with no weir to be used for bead
insertion. The microchamber and channels were again fabricated from PDMS, and bonded to
a glass slide integrated with a resistive heater and temperature sensor.

In addition to designing and fabricating the microchip, the bead-based primers were
designed to allow rapid and simple operation of the device. Biotin-streptavidin coupling was
used in this study to attach the reverse primers to the beads, as this bond is both strong and
formed spontaneously in the presence of both molecules. The reverse primers were
synthesized with a dual-biotin label at the 5" end, followed by a spacer molecule adjacent to
the nucleotide sequence. The dual-biotin moiety minimizes the loss of signal due to thermal
denaturation as investigated in Sect. 3. Spacer molecules provide greater lateral separation
between DNA on the beads, reducing hybridization issues due to steric hindrance.
Synthetically generated template DNA was used to obtain controlled, consistent
experimental results for characterization of DNA detection using bead-based PCR.

2.3 Application to pathogenic DNA detection

The bead-based PCR chip is applied to pathogenic DNA detection, demonstrated with a
DNA sequence associated with B. pertussis. B. pertussis is a gram-negative bacteria that
infects ~48.5 million patients (with 300,000 fatalities) annually worldwide (Bettiol et al.
2010). While early detection is the key to the treatment of this disease, current methods (e.g.,
cell culturing) for detecting the B. pertussisbacterium take days or even weeks of
turnaround time (Probert et al. 2008; Wendelboe and Van Rie 2006). This limitation can be
potentially addressed by our bead-based PCR microchip, which is designed to allow rapid,
sensitive, and specific detection of B. pertussis.

Pathogenic DNA detection using bead-based PCR on a microchip can be accomplished as
shown in Fig. 2. Bead-tethered reverse primers on the chip can be exposed to a raw sample,
such as cell lysate (Fig. 2a). Pathogenic DNA in the sample is then captured and purified
onto the beads via its specific hybridization to the reverse primers (Fig. 2b), as demonstrated
in previously published work (Yeung and Hsing 2006). Following capture and purification,
template DNA can be mixed on-chip with PCR reactants and bead-based PCR of the
template DNA can then be performed using fluorescently labeled forward primers (Fig. 2c).
This process rapidly generates exponentially amplified, fluorescently labeled template
copies on microbeads, which can be detected by fluorescent microscopy. The use of beads in
the detection volume generates an enhanced signal-to-noise ratio in comparison to
amplification on flat solid surfaces (Hiep et al. 2010; Shendure et al. 2005) due to a
significant increase in the fluorophore-coated surface area. Finally, the labeled copies of the
template can be freed from their bead-bound complements by denaturation and eluted into
pure buffer for further analysis, while the bead-bound complementary strands (cDNA) can
be retrieved from the chip and stored as cDNA libraries (Lonneborg et al. 1995) (Fig. 2d).

2.4 Materials, reagents, and experimental procedures

For detection of DNA associated with B. pertussis, the following materials and reagents
were used. All DNA was obtained in lyophilized form from Integrated DNA Technologies,
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Coralville, A, USA. The primers are designed as a PCR assay for determination of B.
pertussis infection (Glare et al. 1990; He et al. 1993). The DNA sequences used are as
follows—forward primer: 5’-FAM-Spacer-GAT TCA ATA GGT TGT ATG CAT GGT T-3,
reverse primer: 5”-Double Biotin-Spacer-TTC AGG CAC ACA AAC TTG ATG GGC G-3’,
and template: 5"-GAT TCA ATA GGT TGT ATG CAT GGT TCA TCC GAA CCG GAT
TTG AGA AAC TGG AAA TCG CCA ACC CCC CAG TTC ACT CAA GGA GCC CGG
CCG GAT GAA CAC CCATAA GCATGC CCG ATT GAC CTT CCT ACG TCG ACT
CGA AAT GGT CCA GCA ATT GAT CGC CCATCA AGT TTG TGT GCC TGA A-3’.
The forward primer has been modified with the fluorescent label carboxyfluorescein at the
5" terminus, while the reverse primer incorporates a dual-biotin modification at the 5" end.
Both molecules contain an inert spacer molecule between the 5” modifications and the
nucleotide sequence. PCR was performed using Tag enzyme, deoxynucleotide triphosphates
(dNTPs), and PCR reaction mixture containing appropriate buffers (Promega GoTaq Flexi
PCR Mix). Reverse primers were immobilized onto streptavidin-coated polymer-based
microbeads (Thermo Scientific Pierce Protein Research Products Ultralink Streptavidin
Resin) averaging 80 um in diameter. Concentration and purity measurements of DNA
samples were conducted using UV/VIS (Thermo Scientific Nanodrop). Materials used in
microfabrication included photoresist (Rohm & Haas Electronic Materials S1818,
Microchem SU-8 2000), PDMS prepolymer (Dow Corning Sylgard 184), and Parylene C
prepolymer (Kisko diX C).

PCR reaction mixture for B. pertussis DNA detection experiments was prepared as follows.
Each lyophilized DNA sample was suspended in deionized H,O and diluted to the desired
concentration. The PCR mixture consisted of the following: 5 x PCR Buffer (2 pL), 25 mM
MgCl, (0.6 uL), 10 mM dNTPs (0.4 pL), 50 pg/mL BSA (0.4 uL), 5 % (by volume) Tween
20 (0.1 pL), microbeads (0.5 pL), water (4.1 uL), 25 uM forward primer (0.4 pL), 25 uyM
reverse primer (0.4 pL), and enzyme (0.1 pL). The ingredients were mixed with template
DNA (1 pL of synthetic template DNA with a concentration range of 1 aM-100 pM) without
the enzyme and the mixture was then degassed at —0.4 psi for 30 min in a darkened
container (to prevent photobleaching of the fluorophore label). Testing in the PCR device
also occurred under an enclosure to prevent excess light from reaching the DNA. Following
degassing, enzyme was added to the mixture and the 10 L PCR sample was pipetted into
the chip, followed by 30 uL of mineral oil. During experiments with the integrated device,
PCR reaction mixture was degassed without primer-coated beads. These were inserted into
the device, followed by template DNA, after which the DNA and beads were allowed to
incubate for 10 min. This solution was then removed (with the beads retained by the weirs),
and the PCR reaction mixture was introduced. The temperature of the sample was then
cycled using the Labview control program to implement the reaction.

During testing, the reaction temperature was controlled using a Labview program that
utilized sensor feedback to maintain a constant temperature field inside the PDMS chamber.
A desktop power supply (Agilent E3631A) and a digital multimeter card (NI PCI-4060)
provided electrical power and resistance measurements. An inverted fluorescence
microscope (Nikon Diaphot 300) was used for all fluorescence measurements, while an
attached digital camera (Pixelink PL-B742U) was used to record images of the excited
fluorescent field. The microscope contains a dichroic mirror which attenuates light above the
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peak absorption wavelength of the fluorophore (~494 nm) during excitation and passes the
higher emission wavelengths (which peak at ~512 nm) through the objective for observation
and measurement.

Following PCR, the sample was pipetted to a darkened 0.5 mL microcentrifuge tube. Beads
were washed six times with 1 x SSC buffer to remove excess labeled primers. Bead washing
was implemented by mixing the sample with buffer, allowing the beads to settle via gravity,
and removing the supernatant with a pipette. A five microliter aliquot of each test sample
was pipetted into an individual 3.2 mm diameter PDMS well on a glass slide, and was
observed using the fluorescent microscope. During integrated device testing, microbeads
were washed by passing buffer through the chamber while being retained by the weirs (Sect.
2.2) prior to fluorescent measurement. The microscope was kept in an enclosure to prevent
ambient light from interfering with the measurements or bleaching the fluorescent labels.
The samples were briefly excited with light using the fluorescent light source and the
resulting emission was recorded using the CCD camera microscope attachment. Camera
exposure times were optimized based on fluorescent signal intensity during device
characterization (Sects. 3.1, 3.2) to maximize the signal-to-noise ratio, defined here as the
ratio of the measured fluorescence intensity to the intensity of background fluorescence.
While this did not guarantee a single baseline signal intensity during the tests, the use of
relative fluorescence intensity allowed consistent interpretation of the experimental results.
Digital images were analyzed using ImageJ software.

3 Results and discussion

We tested the ability of the fabricated device to detect pathogenic DNA via the bead-based
PCR. The device was first calibrated to determine physical characteristics such as the
temperature coefficient of resistance (TCR) of the on-chip temperature sensors, and the
thermal response of the PCR chamber. Following physical characterization, we investigated
the effects of experimental parameters on bead-based PCR results. By varying the time and
temperature of individual PCR steps, reactant concentrations, and bead concentration, we
examined their impact on signal intensity. Then, the ability of the device to detect
pathogenic DNA was tested by determining the minimum detectable concentration of DNA
and the minimum assay time. Finally, the bead-based PCR method was demonstrated in an
integrated microfluidic device and shown to be able to capture, amplify, detect, and release
single-stranded DNA.

3.1 Physical characterization of the device

The resistive heater and sensor were first characterized to enable accurate on-chip
temperature control. The chip was placed in a temperature-controlled environmental
chamber and its temperature varied. Chamber temperatures were measured using a platinum
resistance temperature detector probe (Hart Scientific 5628) and on-chip resistances were
measured with a digital multimeter (Agilent 34420A). Resistance measurements of
temperature sensors indicated a linear relationship between resistance and temperature.
These data were used to calculate a TCR for the sensor of 2 x 1073 °C~1 (Supplemental
Information). The heater was found to have a resistance of ~20 Q.
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The accuracy of on-chip temperature measurements and the heating rate of the chip were
then tested. A 1.5 mm diameter insulated K-type thermocouple probe (Omega Engineering)
was inserted into the sample chamber along with a pure water sample. The chamber
temperature was then controlled (heated cyclically) as would occur during a typical PCR
test, but without the amplification reagents. According to the time course of temperature
obtained during this control test (Fig. 3), the chip achieves target temperatures with minimal
overshoot. The device exhibited an average time constant of heating (based on an
exponential fit) of ~1.4 s. In addition, the thermocouple readings agreed with the
temperature setpoints to within £0.5 °C (data not shown). This indicates that the chamber
temperature can be controlled to produce rapid and efficient amplification reactions.

The effects of test conditions, such as ambient light and temperature, on test results were
also investigated. Biotin—streptavidin binding was chosen as a simple and effective
alternative to covalent methods for DNA immobilization (Adessi et al. 2000; Diehl et al.
2006), however, streptavidin molecules may denature as a result of the elevated temperature
necessary to dehybridize DNA (Gonzalez et al. 1999). Dual-biotin functionalization has
been implemented in previous work to counteract this effect (Diehl et al. 2006; Dressman et
al. 2003), however, no quantitative data were reported to support the effectiveness of this
technique. To generate such data, temperature cycling equivalent to typical PCR testing was
performed on linkages between streptavidin and dual-biotin labeled DNA. Beads coated
with streptavidin were mixed with 1 uM dual-biotin labeled primers and an equal
concentration of fluorophore-labeled complementary strands. The solution was subjected to
temperature cycling, returned to room temperature, and washed to remove any DNA in
solution. In Fig. 4, the fluorescent intensity is shown for untested beads (zero temperature
cycles) and for beads subjected to 10, 20, 30, or 40 rounds of temperature cycling. Intensity,
measured in arbitrary fluorescence units (afu), did not vary from baseline (zero temperature
cycles) as a result of temperature cycling. This indicates that the concentration of DNA on
the bead surfaces changes negligibly as a result of the PCR process, producing minimal error
as a result. Another potential source of error is the effect of ambient light on the fluorescent
labels. This effect, known as photobleaching, was found to be negligible for this
experimental setup in previous work (Hilton et al. 2011).

3.2 Effects of experimental parameters on bead-based PCR

The effects of experimental parameters on bead-based PCR were studied to optimize the
ability of the device to detect DNA. During a series of PCR reactions, parameters were
varied individually and the results studied to determine the parameters that would generate
maximum signal intensity, thus lowering the detection limit of the device.

3.2.1 Control for effects of bead-based amplification—First, solution-based PCR
(i.e., excluding microbeads) was performed to confirm device calibration and sequences of
both DNA primers (25 bases) and template (181 bases). Following amplification, gel
electrophoresis was performed and results indicate that a strand of the expected length (181
bp) was produced (Fig. 5a). This confirms that the device temperature control is accurate
enough to perform PCR, and that the DNA has been properly designed and synthesized. This
test was then repeated using bead-based PCR and produced identical results (Fig. 5b),
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following DNA recovery from the beads via biotin—streptavidin denaturation in a 95 °C
formamide bath. Following ethanol precipitation of the DNA and resuspension in distilled
H,0, gel electrophoresis was performed. These results indicate that coupling the reverse
primers to the beads does not cause improper DNA amplification (such as the generation of
spurious products). In addition to the comparison with solution-based PCR, bead-based PCR
tests were conducted with smaller reaction volumes (5 pL), and this was not found to
influence the average fluorescent signal intensity following amplification.

3.2.2 Determination of optimum magnesium concentration and dwell time—
Optimum magnesium concentration was determined to be 1.5 mM, consistent with typical
MgCl, concentrations for PCR studies (Supplemental Information) (Harris and Jones 1997;
Roux 1995). A series of tests also determined that a consistent 20 s dwell time, or time spent
at each temperature setpoint during a PCR cycle, would produce DNA most efficiently
(Supplemental Information).

3.2.3 Determination of optimum annealing temperature—The effect of annealing
temperature on the concentration and length of DNA generated during PCR was then
studied. The annealing temperature affects the hybridization of the primers to the template
DNA; a higher annealing temperature typically results in more specific hybridization (less
erroneous hybridization of a primer to an unspecified DNA sequence), but less total
hybridization of DNA (and therefore less product DNA after PCR) (Harris and Jones 1997;
Roux 1995). A series of bead-based PCR tests was conducted using the B. pertussis primer
set in which the annealing temperature was varied. The results indicated that fluorescent
intensity of the beads following PCR remained approximately consistent (Fig. 6). Large
variation in individual test results was observed for tests with an annealing temperature of 54
°C; it is possible that non-specific annealing at this temperature causes wide variability in
reaction efficiency.

The annealing temperature test was then repeated with conventional solution-based PCR,
and the results were analyzed using gel electrophoresis (Fig. 7). Results indicated no
amplification at 52 °C, very close to the temperature at which a high degree of variability
was observed in the bead-based tests. As it appears that this range of annealing temperatures
produces sporadic results, a higher annealing temperature was chosen for future testing. The
results from the solution-based experiments suggested that an annealing temperature of 58
°C minimized generation of primer—dimers, a type of non-specific amplification which
occurs when two primers hybridize and are extended during PCR. Bead-based PCR results
cannot discern the length of generated DNA, so non-specific amplification represents a
source of false positive readings during DNA detection. This effect must be inhibited to
maximize sensor specificity. The optimized PCR cycle parameters (cycle times and
temperatures) have been summarized in Table 1.

3.2.4 Investigation of effects of bead concentration on bead-based PCR—
Next, the bead-based PCR detection device was optimized with respect to the concentration
of beads in the reaction mixture. The presence of a solid surface in bead-based PCR
introduces steric and geometric effects, affecting the reaction efficiency (Adessi et al. 2000;
Erickson et al. 2003). Previous studies of solid-phase amplification (Krawczyk and
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Kulakowski 2005; Mercier et al. 2003; Mercier and Slater 2005) focused on maximizing the
final concentration of DNA, however, the primary concern of this study is the detection of
DNA. The concentration of microbeads in the reaction mixture was therefore investigated
and optimized to produce the greatest fluorescent signal. To test the effects of bead
concentration on fluorescent signal intensity, we performed bead-based PCR reactions using
optimized conditions (58 °C annealing temperature, 1.5 mM MgCl, concentration, 10 pM
template concentration) and three different concentrations of beads (Fig. 8). It can be seen
that ~200 beads/pL generates the most intense fluorescent signal on the beads, with a
significant decrease in signal intensity at either a lower or a higher concentration.

The sharp peak in Fig. 8 can be explained by the relationship between the concentration of
microbeads in the reaction mixture and the total surface area of the surface-based PCR
reaction. At higher concentrations of microbeads, the fluorescently labeled product DNA is
spread across a larger number of beads. The greater surface area results in a weaker
fluorescent signal because the signal strength is proportional to the surface density of the
fluorescent labels. On the other hand, a lower concentration of beads does not imply a higher
surface concentration of DNA. At these bead concentrations, the greater density of reverse
primers limits the reaction by steric hindrance between molecules at the bead surfaces. As
noted in previous studies, increasing proximity of reverse primers to one another on solid
surfaces can hinder the ability of DNA in solution to hybridize to the bead-bound primers
(Mercier et al. 2003; Mercier and Slater 2005). In addition to steric hindrance, the increasing
density of the fluorophores on the bead surfaces may result in quenching due to proximity of
other fluorophores and nucleotides, which are known to inhibit fluorescence (Nazarenko et
al. 2002). Alternatively, a lack of microbeads in the reaction will cause some reverse primers
to remain in solution, as each bead can support a limited number of primers. The
competition of these in-solution primers for the template DNA and the lower efficiency due
to steric hindrance account for the drop in signal intensity at lower bead concentrations.
Figure 8 shows that there is a ninefold decrease in signal intensity from 200 to 20 beads/uL,
indicating that bead concentration strongly influences the ability of the sensor to detect
DNA. Based on the results, in the future it may be possible to predict the optimum
concentration of beads for a DNA sensor using bead-based PCR.

Investigation of detection sensitivity

Finally, the device was tested to determine its ability to detect synthetic gDNA. Detection
criteria included the limit of detection (the smallest concentration of DNA that could be
detected) and the number of PCR cycles necessary for detection. The limit of detection of
the device was investigated by performing a series of PCR reactions while changing the
concentration of template DNA in the reactants. Concentrations ranging from zero templates
to 1 pM (~6 x 10° copies/pL) were tested. PCR reactions were run for 10 cycles (~15 min)
using the optimized test conditions discussed above (200 beads per microliter, 20 s dwell
times, 58 °C annealing temperature, and 1.5 mM MgClI,). As can be seen in Fig. 9,
concentrations of 0.1 pM and less produced an increase in fluorescence above the zero
template reaction. As indicated by the error bars, however, this increase is within one
standard deviation of the average fluorescence for the zero template tests. Zero template
amplifications produce a fluorescent signal because non-specific amplification products such
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as primer—dimers are detected in addition to properly amplified DNA. This effect is
investigated further in the following discussion of signal intensity versus cycle number. A
template concentration of 1 pM, however, produced a signal distinguishable from the zero
template control, as determined by the Student’s #test with a 95 % confidence level. These
results are comparable to those obtained recently using a microfluidic quantitative PCR
device (Wang et al. 2009). In addition, this detection limit is orders of magnitude smaller
than limits reported in similar studies using PCR with electrochemical labels (Lermo et al.
2007) or optical detection on a flat surface (Hiep et al. 2010).

In addition to measuring the detection limit of the device, we also investigated the
relationship between signal intensity and the number of PCR cycles performed prior to
detection. It was possible that increasing the assay time (the number of PCR cycles) would
improve the signal strength, thereby lowering the detection limit. For this investigation,
bead-based PCR reactions were performed as discussed in the previous section, buta 1 pM
(~6 x 10° copies/pL) concentration was consistently used and the number of PCR cycles was
varied. As can be seen in Fig. 10, signal intensity at 10 cycles is well above background
levels and increases from 10 to 30 cycles. There is a slight decrease in signal from 10 to 20
cycles that can possibly be explained by several effects associated with solid-phase
amplification. Previous studies have noted a number of detrimental effects, such as non-
specific amplification between two surface-bound primers or creation of sterile (incomplete)
molecules, both of which could then reverse themselves with further amplification (Adessi et
al. 2000; Mercier et al. 2003). In addition to amplification of a 1 pM sample, a control
sample with no template DNA was also amplified and the results are displayed in Fig. 10.
The control signal shows a linear increase in intensity, but consistently remains below that of
the test sample.

These results have two important indications for the design of a bead-based PCR DNA
detection test. First, the zero template control signal remains below that of the 1 pM signal,
indicating that non-specific amplification does not impair the specificity of the test. Second,
increasing the number of PCR cycles may not improve sensitivity. While the fluorescent
signal intensity increases overall with increasing numbers of PCR cycles, the control signal
increases as well. If this signal is considered to be background, the signal to background
ratio as shown in this graph decreases with increasing numbers of PCR cycles, from 3.9 at
10 cycles to 2.2 at 30 cycles. This may be attributed to the continued generation of non-
specific amplification products when amplifying with no template molecules (Brownie et al.
1997). As discussed in Sect. 3.2, the decrease in fluorescence may also be a result of
quenching of fluorophores at the bead surfaces due to the proximity of other fluorophores
and DNA. It appears that the signal does not mimic the exponential nature of PCR
amplification; while data from the literature (Dressman et al. 2003; Gonzalez et al. 1999;
Holmberg et al. 2005) and our control tests (Fig. 4) showed that this was not a result of loss
of DNA from the beads at elevated temperatures, the exact nature of the relationship
between fluorescent signal intensity and surface density of DNA needs to be further
investigated.
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3.4 Integrated bead-based PCR operation

To demonstrate the utility of our bead-based PCR scheme in an integrated device, we
performed DNA capture, amplification, detection, and purification in a single microfluidic
chamber. A 5 pL volume of microbeads (concentration ~200 beads/pL) was inserted into the
microchamber (Fig. 11a), and 10 pM template DNA (~6 x 106 copies/uL) was then inserted
and allowed to incubate for a period of 10 min (Fig. 11b). This solution was then removed
and PCR reaction mixture introduced, at which point the integrated heaters and sensors were
used to cycle the chamber temperature to effect 10 cycles of PCR. Following amplification,
the reaction mixture was removed by washing with pure buffer, leaving only beads coated
with fluorescently labeled DNA in the microchamber (Fig. 11c). Analysis of the fluorescent
micrograph indicated that the beads fluoresced with an intensity of 75.9 afu, well above the
detection limit determined in previous experiments (Sect. 3.3). The chamber temperature
was then raised and maintained at 95 °C for 5 min, denaturing the bead-bound ssDNA and
eluting it into a pure buffer solution. UV/VIS spectroscopy confirmed that the eluent
contained 163.6 ng/uL ssDNA. A fluorescent micrograph of the microbeads that remained in
the microchamber (not shown) confirmed that product ssDNA had indeed been removed
from the beads. These results illustrate that the use of bead-based PCR can enable the design
of a highly integrated microchip for DNA purification and detection, with precise control of
buffer conditions during on-chip procedures. In the future, devices using this approach could
easily be automated to perform all of the above procedures independent of user intervention.

4 Conclusions

There is a strong need for innovative methods for DNA manipulation and detection to enable
improved molecular biology analysis and diagnostics. Aiming to address this need, we have
demonstrated a microchip that is capable of amplifying and detecting trace amounts of DNA
via bead-based PCR amplification and fluorescent labeling and detection. The device uses
dual-biotin labels on the reverse primers and carboxyfluorescein labels on the forward
primers to produce labeled dsDNA on the surface of streptavidin-coated microbeads.
Positive detection of 1 pM of template DNA was achieved in only 10 PCR cycles within 15
min. This is similar to other PCR devices making use of fluorescent probes, in which similar
starting template concentrations are typically detected in a comparable number of PCR
cycles (Wang et al. 2009).

In contrast to the previous devices that have attempted integration of sample pre-treatment
with amplification for isolation of gDNA from lysate (Beyor et al. 2009; Easley et al. 2006;
Liu et al. 2004), our approach exploits bead-based amplification and detection, and is hence
potentially simpler and more efficient. Microfluidic PCR is capable of detecting as little as a
single DNA molecule, (Zhang and Xing 2010), and our results have shown that the bead-
based amplification process detects clinically relevant DNA concentrations and allows for
single-chamber integration of amplification and detection to upstream and downstream
processes that may have incompatible buffer requirements. While making use of polymer
microbeads and streptavidin—biotin conjugation for simplicity, our design can easily be
adapted to the use of other types of micro- or nanoscale beads (e.g., magnetic beads) as well
as covalent attachment schemes that suit specific DNA amplification and analysis needs.
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This approach could be extended in the future to include, for example, the improvement of
the test specificity and signal to background ratio by generating primer sets that maintain
specificity to a target genome while decreasing primer—dimer creation by minimizing
affinity between the primers. This may minimize assay time by increasing the signal-to-
noise ratio and reducing the number of PCR cycles necessary to attain detection. In addition,
primer-coated beads could be used as a SPE matrix for gDNA samples in lysate mixtures
(YYeung and Hsing 2006), demonstrating more complex protocols in relatively simple
microfluidic devices. Thus, this approach can potentially lead to miniature clinical
diagnostic systems with rapid sample-in, answer-out pathogen detection capabilities.
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Fig. 1.

Device design. a The chip consists primarily of a PDMS chamber bonded to a glass slide
which has been patterned with a micro heater and temperature sensor. Key dimensions of the
PDMS microchamber have been included in projected top and side views (all dimensions in
mm). b Also shown is the design of an integrated microfluidic device, in which weirs retain
microbeads in the chamber while beads are exposed to streams of buffer or reagents
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Fig. 2.
Integration of microchip bead-based PCR. Primer-coated beads permit separation of DNA

from impurities (a, b), and amplification produces a fluorescent signal on the bead surfaces
(c) via microchip PCR. The beads then act as a mechanism for either storage or collection
and analysis of ssDNA following thermally induced dehybridization and release (d)
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Temperature history of a typical PCR cycle
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Effect of temperature on fluorescence measurements, 7= 3. The negligible change in
fluorescence intensity indicates that temperature cycling does not degrade dual-biotin
functionalization and hence does not affect concentration of DNA at bead surfaces. Error
bars indicate one standard deviation from the mean
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181 bp

100 bp

Fig. 5.
Gel electrophoresis analysis of PCR tests using the 181 bp B. pertussis DNA amplification

chemistry. Gel a displays the results of a solution-based test, and gel b shows the results of a
bead-based test. In both gels, lane 7is a sample of PCR products mixed with loading buffer,
and lane /7is a 100 bp ladder (dSDNA for length reference). Arrow indicates the direction of
DNA movement, with smaller strands migrating faster
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Fig. 6.
Effect of annealing temperature on fluorescent intensity after bead-based PCR, 7= 3, with
error bars representing one standard deviation from the mean

Microfluid Nanofluidics. Author manuscript; available in PMC 2021 March 03.

0



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hilton et al.

Page 22

Annealing Temperature (°C)
62 60 58 56 54 52 50

Output

Primer-
Dimers

Fig. 7.
Gel electropherogram showing effects of annealing temperature on amplified DNA

following solution-based PCR
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Fig. 8.

Ef%ect of bead concentration on fluorescent bead intensity following PCR, 1= 3, with error
bars representing one standard deviation from the mean. Results indicate there is a
concentration of microbeads in the reaction mixture which optimizes signal intensity
following the PCR reaction. The Student’s ftest confirms that the 200 beads/uL result is
differentiable from the other results, p< 0.11 %
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Investigation of DNA detection limit. Fluorescent intensity of beads following the PCR
reactions is plotted against concentration of templates in the reaction mixture. Error bars
indicate one standard deviation from the mean of three experiments (n= 3), and the reaction
with zero templates (control) and a 1 pM template concentration (the detection limit) is
differentiable with a probability of >95 %, according to the Student’s #test
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Relationship between signal intensity and the number of PCR cycles used during
amplification of a 1 pM sample. Mean values from multiple tests (n = 3) are shown, error

bars indicate standard deviation
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Microbeads

Fig. 11.
Micrographs of the microchamber illustrate the process of integrated microfluidic bead-

based PCR. In a, a brightfield micrograph shows a microchamber in which beads have been
inserted into the chamber and a DNA solution is being introduced (fluid flowing from top to
bottom). In b, the DNA solution has been introduced, and template DNA is being captured
from the solution onto bead surfaces by bead-bound reverse primers. Following PCR
cycling, and washing with buffer, the fluorescent intensity of the microbeads was measured
with minimal background fluorescence (c)

Microfluid Nanofluidics. Author manuscript; available in PMC 2021 March 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hilton et al.

Table 1

Summary of PCR cycle parameters

Stage Temperature (°C)  Dwell time (s)
Pre-melting 95 60
Thermal cycling 95 20

58 20

72 20
Post-extension 72 180
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