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Abstract
Effective systems for rapid, sequence-specific nucleic acid detection at the point of care would
be valuable for a wide variety of applications, including clinical diagnostics, food safety,
forensics, and environmental monitoring. Electrochemical detection offers many advantages as
a basis for such platforms, including portability and ready integration with electronics. Toward
this end, we report the Integrated Microfluidic Electrochemical DNA (IMED) sensor, which
combines three key biochemical functionalities - symmetric Polymerase Chain Reaction (PCR),
enzymatic single-stranded DNA generation, and sequence-specific electrochemical detection in
a disposable, monolithic chip. Using this platform, we demonstrate detection of genomic DNA
from Salmonella enterica serovar Typhimurium LT2 with a limit of detection of <10 aM, which is
~2 orders of magnitude lower than that from previously reported electrochemical chip-based
methods. We then further expand this device to include a front-end purification system which
utilizes pathogenic labeling on magnetic beads. The Magnetically Integrated Microfluidic
Electrochemical DNA (MIMED) sensor is able to detect H1N1 virus particles from a clinically
relevant human saliva sample with a limit of detection of 10 TCID 50/sample, which is
significantly below the infectious dose of 105 TCID50/mL.
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1 Introduction
In recent years there has been an increase in the need for fast and accurate pathogenic
detection. This need has come from a large variety of sources, making current laboratory based
methods too time consuming and work intensive. As a result there has been a big push to
create Point of Care (POC) systems that combine accuracy, sensitivity, portability and speed in a
single easy to use device. Fields such as food testing [1], clinical diagnostics [2], forensics [3]
and environmental monitoring [4] would all benefit greatly from POC devices. All of these
potential uses are similar in that the desired target is a small quantity of either viral or bacterial
particles in a relatively large amount of background. Additionally, the most common method of
detection is through the identification of nucleic acids. Examples of these particles might
include E. Coli in produce, Salmonella in drinking water or H1N1 virus particles in a patient. This
means that the initial concentration of the target is usually on the order of 20 fM or 35 ug/mL
of genomic DNA which makes direct detection difficult. [5, 6] As a result, some form of
amplification must be performed before detection can be accomplished. The challenge then
becomes to integrate sample preparation, amplification and detection on a single device while
maintaining the necessary requirements of an effective POC system.
Recent research in microfluidic assays has demonstrated the potential to satisfy the
needs of POC systems. This is true largely due to the versatility microfluidic systems have when
it comes to dealing with nucleic acids. For example, these devices have the capability to
amplify genetic material through the use of Polymerase Chain Reaction (PCR). There have also
been publications on some other forms of amplification such as enzymatic based detection [7].
PCR is a well established technique that is capable of producing billion fold amplification of
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genetic material when optimized. As a result, there has been a strong interest in integrating
PCR amplification with several types of POC detection schemes. The current published work to
this aim falls almost exclusively in two areas, electrochemical based and optical based
techniques.
The debate between optical and electrochemical based platforms has yet to yield a clear
winner however each method has its assets. Optical base methods that have been tried include
capillary electrophoresis with PCR [8], Nucleic Acid Intercalating dyes [9,10] and Taqman Probes
[11]. The strength of these devices is sensitivity, with the current limit of detection for
DNA/RNA falling below 100 aM. The challenge associated with this approach is lack of
portability and cost associated with most optical systems. However, recent advancements in
the field of optics have reduced this cost allowing for a potential new set of devices using cheap
optics. Electrochemical devices are attractive because they require minimal instrumentation
and are readily integrated with microfluidics in a chip based format [12]. One example of this
was demonstrated by Liu et al. who combined asymmetric PCR with a two step electrochemical
hybridization sensor using ferrocene labels to achieve approximately 2 fM detection of bacterial
DNA [13, 14]. Another example was performed by Yeung et al. who integrated asymmetric PCR
with multiplexed detection at 1 fM through the use of electrode specific probe immobilization
[15]. Since then the same group has also demonstrated an improved means of performing
quantitative electrochemical detection during PCR with a sensitivity of 5 fM [16]. In general,
electrochemical based platforms have higher portability and lower cost but suffer from
decreased sensitivity when compared to their optical counterparts. The work described in this
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thesis is an attempt to create an electrochemical POC device with substantially increased
sensitivity without sacrificing the inherent benefits of electrochemical devices.

Figure 1. A graph representing the primary goal of this thesis. If the sensitivity of electrochemical
devices can be improved then they could fulfill the need for POC diagnostics.

Due to the closed nature of double stranded DNA (dsDNA) almost all detection assays
require single stranded DNA (ssDNA). The most common method currently used to produce
ssDNA is asymmetric PCR. This is a process in which a much higher concentration of one primer
is added to the solution prior to thermocycling. Once the primer of lower concentration is used
up the DNA begins to amplify linearly which results in ssDNA product. The negative side to this
approach is that due to the linear increase at later cycles the total amount of amplification is
significantly lower than that of regular PCR and the process requires longer reaction times [17,
18]. In an attempt to overcome this limitation it has been shown that similar ssDNA product
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can be produced by carrying out symmetric PCR with the addition of a few steps. First, one of
the primers is modified by adding a phosphate group to the 5' end. Next, exonuclease is added
and enzymatic digestion of the phosphorolated strand of product is completed in order to
produce ssDNA. This work has been successfully demonstrated by Luo et al [19, 20]. Here, we
present the first work to integrate similar symmetric PCR, ssDNA generation, and sequencespecific electrochemical detection on a single monolithic chip toward a point of care system:
the Integrated Microfluidic Electrochemical DNA (IMED) sensor. Later, we further integrated
the device to include sample purification so that it may be used on a clinically relevant initial
sample: the Magnetically Integrated Microfluidic Electrochemical DNA (MIMED) sensor.
The IMED begins by performing symmetric PCR in order to rapidly amplify DNA while
incorporating phosphorylated primers into one strand of each duplex. Lamda exonuclease
enzymes [21] are then introduced into the chip to selectively digest the phosphorylated strands
and produce ssDNA products. Finally the ssDNA is directed to an integrated reagentless,
sequence-specific electrochemical DNA sensor (E-DNA) [22, 23] that detects target amplicons
within the chip. As a model, we demonstrate detection of the GryB gene of Salmonella enterica
serovar Typhimurium LT2 grom genomic DNA samples with a limit of detection (LOD) below
10aM. This is roughly a 100-fold improvement over asymmetric PCR based electrochemical
methods.
The MIMED uses the same basic architecture as its predecessor with a few alterations
and additions. The front end includes a microfluidic magnetic purification system to isolate
target particles which have been previously labeled with magnetic beads. As a model we used
whole, inactivated H1N1 viral particles containing the full viral RNA genome suspended in a
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human saliva sample. To process this RNA additional changes were made in order to run
reverse transcriptase PCR (RT-PCR) on chip. The rest of the process is carried out in a similar
fashion as the IMED. The limit of detection of this system has yet to be shown although initial
trials look promising.
What the IMED and MIMED bring to the table is a robust, cheap, sensitive and portable
point of care detection platform that has a high potential for versatility. Through the use of the
E-DNA sensor and symmetric PCR the system is able to break the current sensitivity limitations
on POC electrochemical based assays while maintaining all the benefits it has over optical
competitors. Additionally, the basic architecture behind the system is highly versatile with the
potential for almost any application possible through the replacement of just a few parts of the
assay.

2 The IMED
2.1 Experimental Methods
2.1.1 Device Fabrication
The IMED is fabricated in three separate parts prior to assembly. The top and bottom are
fabricated independently from 4 inch diameter, 500 μm thick borofloat glass wafers (Precision
Glass and Optics, Inc., Santa Ana, CA). To fabricate the bottom layer, or electrode substrate,
the wafers are first passivated with a 100 nm thick layer of sputtered SiO2. Next, the counter
and reference electrodes are patterned onto the wafer using standard photolithography
followed by a lift off process. These electrodes consist of a 20 nm Ti layer deposited directly on
the passivated glass surface followed by 250 nm of Pt. The working electrodes are then
5

Figure 2. IMED device architecture and fabrication. (A) The completed chip measures 73 mm × 13 mm
and has six fluidic inlet/outlets (sample, lambda exonuclease, MgCl2, mixing, E-DNA buffer, and waste).
The PCR and E-DNA detection chambers have capacities of 50 and 7 μL, respectively. The detection
chamber incorporates two gold working electrodes (area ) 1.5 mm2), a platinum counterelectrode (area)
19 mm2), and a platinum reference electrode (area ) 0.42 mm2). (B) The device is composed of a PDMS
layer between two silicon dioxide-passivated glass wafers. (Left) The electrodes are patterned on the
bottom wafer by standard photolithography and are incubated with thiol-terminated E-DNA probes and
a C6 passivation layer. (Right) Fluidic vias are drilled into the top glass wafer, and the PDMS chamber
layer is bonded to it after UV-ozone treatment. (Bottom) The two substrates are aligned and bonded
after UV-ozone treatment. Fluidic connectors are affixed with epoxy

patterned on using the same process and consist of a 20 nm Ti layer between the passivated
glass and 250 nm of Au. Next, this wafer is diced to the appropriate size and prepared for the
self assembled E-DNA monolayer. This is done by first cleaning the wafer with acetone,
isopropanal, and de-ionized water (3 min in each) followed by 5 min in a piranha solution and a
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5 min soak in DI. Next, the E-DNA probes are deposited directly on the electrode surface where
they self assemble on the gold working electrodes via gold thiol bonds. The top, or chamber
substrate, is prepared by depositing a 100 nm thick SiO2 passivation layer on the wafer. Then
1.1 mm diameter holes are drilled into this substrate for fluidic ports using a CNC mill (Flashcut
CNC, San Carlos, CA) equipped with a diamond bit (Triple Ripple, Abrasive Technology, Lewis
Center, OH). This wafer is then diced in to the appropriate rectangular size. The microfluidic
channels are patterned out of a 250 μm thick piece of polydimethylsiloxane (PDMS) sheet using
a cutting plotter (CE5000-60, Graphtec, Santa Ana, CA).
The three pieces are bonded together in the final steps through the use of UV-ozone.
The PDMS patterns are treated for 300 seconds and then permanently bonded to the chamber
substrate. The same UV-ozone treatment is applied to the other side of the PDMS layer and it
is then bonded to the electrode substrate. In the final step eyelets (Labsmith, Inc. Livermore,
CA) are bonded to the ports on the chamber substrate using 5 minute epoxy (Devcon, Danvers,
MA). When the glue is dried the chip is filled with phosphate buffered saline (PBS) and sealed
until use.

2.1.2 E-DNA Monolayer Preparation
Following the cleaning procedure, a self assembled monolayer is applied to the gold electrode
surface. During this stage of assembly the methylene blue redox-labeled stem-loop probe is
attached to the surface of the electrodes and remaining electrode surface is passivated by 6Mercapto-1-hexanol (C6) to provide electric insulation and to prevent non-specific binding to
the gold surface. The probe is purchased in a protected state and requires disulfide bonds to be
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broken down before it can be used. To fully activate the probe tris [2-carboxyethyl] phosphine
(TCEP) is mixed with DI to create a 0.1 M solution which is then introduced to the probe. 2 μL
of this TCEP solution are added to 2 μL of 300 μM probe and it is incubated for 40 min in the
dark. Next, the probe and TCEP mixture is diluted by an activation buffer (0.1 M Pb, 1 mM MgCl
and1.5 M NaCl). 196 μL of the activation buffer are added to the 4 μL of TCEP/probe mixture.
The solution is then ready to be pipetted onto the gold surface and allowed to incubate in the
dark for 1 hour.

The piece is then dipped in DI for 1 min and gently blown dry. Before the C6

is immobilized onto the electrodes it is first diluted by a buffer solution (12mM phosphate, 1 M
NaCl and 2.7 mM KCl). 1 μL of C6 is mixed with 915 μL of this buffer to create a 8 mM solution
which is pipetted onto the electrodes and allowed to sit for 2 hours before rinsing in DI for 1
min and gently blown dry.
E-DNA detection is performed without any purification steps, so the sensor surface must
be desensitized to protein rich samples. This is done by incubating the sensor in a 1x Hotstar
master mix (Qiagen, Venlo, The Neitherlands) without template or primers and a 0.1% bovine
serum albumin (BSA) for 30 minutes. The sensor is then flushed with guanidine hydrochloride
and the process is repeated twice or until the baseline alternating current voltammetry (ACV)
signal becomes stable.

2.1.3 DNA Sequences
The PCR primer and E-DNA probe sequences to detect the GyrB gene of Salmonella enterica
serovar Typhimurium LT2 were adopted from our previous work [23]. The forward primer is 5′GGA AAC CAT CGT TCC ACT-3′, and the reverse primer is 5′-/5Phos/AAC AAG AAT AAA ACG CCG
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AT- 3′ (Integrated DNA Technologies, Inc., Coralville, IA). We note that the 5′ end of the reverse
primer is phosphorylated, such that this strand will be selectively digested by the lambda
exonuclease enzyme to yield ssDNA products of the following sequence: 5′-GGA AAC CAT CGT
TCC ACT GCA GCG CTA CTT CCA CGC CGA TAC CGT CTT TTT CGG TGG AGA AAT AGA AGA TAT
TCG GGT GGA TCG GCG TTT TAT TCT TGT T-3′. The E-DNA probe was synthesized by Biosearch
Technologies (Novato, CA) with the following sequence: 5′-HS-(CH2)11-GCA GTA ACA AGA ATA
AAA CGC CAC TGC-(CH2)7-NH2-MB-3′. A 17-base complementary sequence (underlined) is used
for the detection.

2.1.4 PCR Protocol
As previously discussed, the amplification was done using symmetric on chip PCR. First,
Genomic DNA of Salmonella was obtained from ATCC (Manassas, VA) and reconstituted in TE
buffer (10mM Tris, 1mM EDTA, pH 7.5 at 1 ng/μL). The template was then diluted to the
desired concentration and 1 μL was added to 100 μL of PCR mix containing 50 μL 2× Hotstar Taq
master mix, 42 μL RNase free water, 300 nM forward primer (3 μL), 300 nM phosphorylated
reverse primer (3 μL) and 20 μg BSA (1 μL, Sigma Aldrich, St. Louis, MO). This sample was then
injected into the PCR chamber on the IMED chip with the ports allowing excess fluid to exit
through the mixing port to prevent it from entering the E-DNA chamber. The chip is then
sealed up using the labsmith connecters and placed on a custom thermofoil heating pad
(Minco, Minneapolis, MN). The chip is located next to a 100 Ω platinum resistive temperature
detector (RTD) which is also mounted on the thermofoil. The thermocycling is carried out using
a temperature controller (Omega Engineering, Inc., Stamford, CT). The chip is subjected to a 15
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min 94 degree C hot start, 38 cycles of PCR at 94, 55 and 72 degrees C (with ramps of ~15, ~30
and ~10 s, respectively, and 30 s dwells) and a 5 minute final extension at 72 degrees C over a
total time period of ~90 minutes During the thermocycling the E-DNA portion of the chip is
located on another thermoelectric cooler (Laird Thechnologies, Chesterfield, MO) which keeps
the sensor at 18 degrees C.

2.1.5 ssDNA Generation
Once PCR is complete the sample is ready for ssDNA generation. The PCR product is mixed with
lamdba exonuclease enzyme which was purchased from New England Biolabs (Ipswich, MA).
This is carried out by pumping each fluid simultaneously at a flow rate of 10:1 (200 and 20
μL/min for product and enzyme, respectively) through an on chip channel and into an empty off
chip microcenterifuge tube. The effectiveness of this mixing scheme was verified using buffer
and blue dye as enzyme. The fluids appeared uniformly mixed upon entry into the micro
centrifuge tube. This mixture is then drawn back into the PCR chamber and incubated for 20
minutes at 37 degrees C via the temperature controller. At this point, the ssDNA is ready for
detection although its buffer conditions need some minor alterations.

2.1.6 AC Voltametery
The on chip E-DNA measurements are completed using AC Voltammetry. The electrodes are
connected to an electrochemical analyzer (CH Instruments, Inc., Austin, TX) via a standard five
pin card edge connector. ACV is performed between -0.75 V and -.25 V at a frequency of 10 Hz
and a sensitivity of 200 nA/V. To verify all signals, ACV scans were performed in triplicate. To
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account for the on chip platinum pseudo-reference electrodes, curve alignment was performed
based on the peak current [12].

2.1.7 On chip E-DNA Measurements
Following PCR and ssDNA generation the samples are introduced to the E-DNA chamber using a
syringe pump (Harvard Apparatus, Holliston, MA). All ACV scans are conducted when the
chamber is filled with PBSM buffer (1x PBS increased to 50 mM MgCl2) which matches the salt
concentration of the sample. To establish a baseline, 1mL of PBSM is pumped through the
chamber and ACV scans are obtained. Next, the sample is mixed with MgCl2 using the same
mechanism as the lambda exonuclease so that the salt concentration is 50 mM. This increased
salt concentration helps to expedite hybridization of the target to sensor. The sample is then
pumped into the E-DNA chamber, where it incubates with the sensor for 20 minutes, and the
ACV signal is obtained. Finally the E-DNA probe is regenerated by pumping 1 mL of 8 M
guanidine hydrochloride followed by 5 mL of de-ionized water through the chamber.
IMED chips were designed to be disposable for one time use, akin to a PCR tube, to
avoid carry-over contamination. As such, negative controls could not be run on the same chip.
Instead, for each IMED trial, a corresponding zero template negative control was
simultaneously conducted in a benchtop thermal cycler (Eppendorf, Westbury, NY) under the
same protacol. Each was then used to challenge the regenerated E-DNA sensor after the
corresponding IMED trial (purple curves in fig. 6). Furthermore, to verify that the chip is not a
source of contamination, a zero template negative control IMED trial was also performed (fig.
6A).
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2.2 Results and Discussion
2.2.1 IMED Chip Design
The IMED system integrates three main biochemical functions which are performed
sequentially on a single monolithic chip: (1) exponential PCR amplification, (2) enzymatic

Figure 3. IMED assay overview. (A) Template DNA is added to a PCR reagent mixture containing
phosphorylated reverse primers. (B) The template is PCR amplified. (C and D) Lambda exonuclease is
mixed with the product and digests the phosphorylated strands. (E) Prior to electrochemical analysis in
the detection chamber, MgCl2 is added to the IMED chip to adjust the salt concentration from 1.5 mM
to 50 mM to optimize the hybridization conditions. (F) Before introducing sample to the sensor, a
baseline redox current is measured via ACV. Next, the ssDNA product hybridizes with the E-DNA probe
modulating the redox current signal. Finally, the E-DNA probe is regenerated to verify the hybridization
event.

conversion from double-stranded (ds) PCR amplicons into target ssDNA, and (3) sequencespecific electrochemical detection. First, genomic DNA and PCR reagents are loaded into the
12

PCR chamber (see fig. 3A) and thermal cycling is performed using a temperature-controlled
thermofoil (see fig. 3B). During PCR the reverse primers yield phosphorylated strands which are
subsequently selectively digested by lambda exonuclease within the PCR chamber to efficiently
produce ssDNA targets for detection (see fig. 3C and 3D). Next, the salt concentration is
modified for optimal hybridization (see fig. 3E), and sequence-specific electrochemical
detection is performed with E-DNA probes, [12, 22, 23, 24] where target hybridization causes a
change in the redox current of the probe, which is detected via ACV (see fig. 3F).

2.2.2 Integrated PCR and Single-Strand Generation
We achieved highly efficient exponential PCR amplification and enzymatic generation of ssDNA
in the IMED chip (see fig. 4). To prevent polymerase adsorption to the walls during the reaction,
glass surfaces were coated with 100 nm of SiO2, and 0.1% BSA was added in solution to act as a
dynamic coating [25]. The sample loading rate was optimized at 200 μL/min to prevent bubble
formation. The IMED chip yielded double-stranded PCR amplicons of the correct size (100 bp)
after 38 cycles (see fig. 4, lane 4), and the efficiency was comparable to that of a benchtop
thermocycler (lane 2 in fig. 4). As expected, the IMED chip did not produce target amplicons
without template DNA (lane 3 in fig. 4). ssDNA was generated by incubating the dsDNA
amplicons with the lambda exonuclease for 20 min in the chip. The phosphorylated strands of
the dsDNA were efficiently digested, yielding ssDNA targets ready for E-DNA detection (see fig.
4, lane 5). The lower band in this lane corresponds to the ssDNA, which has higher
electrophoretic mobility, whereas the upper band is representative of undigested dsDNA
amplicons. Importantly, we note that the fluorescent stain (Lonza GelStar* Nucleic Acid Gel
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Stain, Thermo Fisher Scientific, Waltham, MA) is significantly more efficient in labeling dsDNA,
compared to ssDNA. Although we observed a clearly visible dsDNA band in the gel,
measurements of fluorescence relative to a controlled mass standard indicated that the yield of
this enzymatic reaction was >90% (data not shown).

Figure 4. Demonstration of on-chip PCR and ssDNA generation Lane 1, 100 base-pair ladder; lane 2,
positive control from benchtop thermal cycler; lane 3, negative control from the IMED chip without
template DNA; lane 4, IMED output with template DNA, which showed similar efficiency to the
benchtop thermal cycler; and lane 5, IMED output after ssDNA generation. The lower band is ssDNA and
upper band indicates incompletely digested double-stranded DNA.
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2.2.3 On-Chip E-DNA Detection
The dose-response calibration curve of the on-chip E-DNA sensor module was characterized
over a wide range of concentrations (25-2400 nM) using a protocol developed from earlier
work [22,23,26] (see fig. 5). To measure chip-to-chip variability, three different chips were
tested at each concentration. The resulting standard deviation from all measurements was
~3%, indicating that our chip fabrication and sensor preparation steps are highly reproducible.
We note that successive scans using the same electrode yielded an average standard deviation
in peak current of ~1.5%, which is inherent to the probe chemistry [27]. We attribute
additional variations of the peak current between chips to alignment errors during the chip
assembly, which resulted in variations in the effective electrode surface area.

Figure 5. E-DNA sensor response as a function of concentration. The E-DNA sensor signal, as
represented by the percent change in peak current between the baseline and after incubation with
synthetic DNA target for 30 min. The standard deviation for each point was calculated from three
measurements from three separate chips.
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2.2.4 Integrated System Performance
We performed a complete IMED assay for the detection of the Salmonella GyrB target, and the
resulting AC voltammograms are shown in figure 6. First, baseline ACV curves were obtained for
each chip (blue curves in fig. 6); as expected, the sensor yields a negligible change in peak with
a sample that contained no template DNA (see red curve in fig. 6A). On the other hand, the
sample that contained 100 aM Salmonella genomic DNA induced a 52% decrease in the peak
current (see red curve in fig. 6B). Furthermore, we verified that this reduction in current is
indeed caused by hybridization between target ssDNA and E-DNA probes by regenerating the
sensor, which returns the current signal to within 96% of the initial baseline (see green curve in
fig. 6B). The sample that contained 10 aM template DNA produced a 12% decrease in peak
faradic current, with the signal returning to 98% of the initial baseline after regeneration (see
red and green curves in fig. 6C). To further verify the signal, the sensors were challenged with
external zero-template negative controls prepared in a benchtop thermocycler (Eppendorf,
Westbury, NY), producing little change from the regenerated signal levels, with signal drops of
1% (100 aM sample) and 0% (10 aM sample) (see purple curves in fig. 6B and 6C). We have
demonstrated the aforementioned results, based on the concentration of purified E. coli
genomic DNA. To estimate the device performance, in terms of colony-forming units (CFU), we
have used a simple calculation based on the work of Churchward et al [28]. Assuming a
doubling time of 40 min [29] and complete cell viability in a similar 50-μL sample, we estimate
that our 10 aM and 100 aM signals would correspond to ~120 and ~1200 CFU, respectively.
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Figure 6. Limits of IMED detection with Salmonella genomic DNA. (A) The no-template negative control
yielded ~1% change in the faradaic current (red) compared to the baseline (blue). Probe regeneration
with guanidine hydrochloride reset the sensor to within 98% of its initial state (green). (B) The 100 aM
sample produced a 52% signal change, and (C) the 10 aM sample produced a 12% signal change, with
respect to the baseline (red, blue). Each detection was validated with sensor regeneration, which
returned the probe current to ~96% of the baseline (green). Signals in panels B and C were also
compared against externally prepared zero-template negative controls, which resulted in drops of 1%
and 0%, respectively (purple).
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3 The MIMED
3.1 Experimental Methods
3.1.1 Device Fabrication
To assemble the device, two borofloat wafers are sputter-coated with 100 nm SiO2. A CNC mill
(Flashcut CNC, San Carlos, CA) with 0.75 mm diamond bit (Triple Ripple, Abrasive Technology,
Lewis Center, OH) is used to drill fluidic valves in the top wafer. On the bottom wafer gold
working electrodes and platinum counter and reference electrodes are patterned
photolithographically and E-beam evaporated at thickness of 200 nm on 20 nm titanium
adhesion layers. The channel is cut from a 250 m-thick PDMS sheet (BISCO Silicones,
RogersCorp, Carol Stream, IL) using a cutting plotter (CE5000-60, Graphtec, Santa Ana, CA) and
bonded to the diced glass substrates via 300 second UV-ozone treatment. Fluidic port
connectors (Labsmith, Livermore, CA) are glued onto the device with thermal-resistant epoxy
(Loctite, Henkel, Düsseldorf, Germany), readying the chip for probe immobilization.

3.1.2 E-DNA Probe Immobilization
To prepare gold working electrode surfaces for effective self-assembly they were cleaned via
cyclic voltammetry under the following conditions. Twelve potential sweeps ranging from -0.8
to 0.9 V (with respect to the platinum reference electrode) were applied at 0.1 V/s with sample
interval of 0.001 V and 10 A/V sensitivity in 50 mM H2SO4. Subsequently, the chamber is
flushed with dionized water (DI) followed by the addition of probe solution. Probe solution is
prepared by adding 2 L of 100 mM tris [2-carboxyethyl] phosphine (TCEP) to 2 L of 1.2 M
probe stock and incubating at room temperature (RT) for 40 minutes for cleavage of disulphide
18

bonds at which point 46 L high-salt incubation E-DNA buffer (1xHSIEB, 1.5 M NaCl, 100 mM
phosphate, 1 mM Mg2+) is added to aid in subsequent self-assembly. The chip is incubated for 1
hour at room temperature, permitting the thiolated stem-loop structure to form a selfassembled monolayer (SAM) on the gold electrode. The chamber is then flushed with 1 mL DI
water and the remaining electrode area is passivated by incubating in passivation solution for 2
hours after which the chamber is again flushed with DI and filled with HSIEB. Passivation
solution is prepared at 8 M by adding 1 L stock 6-Mercaptohexanol (Sigma-Aldrich, St. Louis,
MO) to 915 L 1xHSIEB. At this point, the device is ready for trials. To prevent chance of carryover contamination, probe preparation is conducted in a laboratory in a separate building.

3.1.3 DNA Sequences
To demonstrate sensing of Influenza A/PR/8/34 H1N1, the following sequence was chosen
within a highly conserved region of Segment 7 of the viral genome encoding for the matrix
protein M1: 5’- CCA GCT CTA TGC TGA CAA AAT GAC CAT CGT CAG CAT CCA CAG CAC TCT GCT
GTT CCT TTC GA-3’. For E-DNA sensor calibration, this target sequence was synthesized by
Integrated DNA Technologies (Coralville, IA). To generate the target sequence in vitro, sense
and antisense primer sequences were chosen as follows 5’-/5Phos/-TCG AAA GGA ACA GCA
GAG TG-3’ and 5’-CCA GCT CTA TGC TGA CAA AAT G-3’ (Integrated DNA Technologies),
respectively. Note the forward primer is phosphorylated at the 5’ end to permit lambda
exonuclease digestion during the ssDNA generation step. The E-DNA stem-loop probe was
synthesized by Biosearch Technolgies (Novato, CA) with the following sequence, 5’- HS-(CH2)11-
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GTG CAC GAA AGG AAC AGC AGA GTG CAC- NH2-MB 3’. A complementary 18-nucleotide
sequence (underlined) is used for detection.

3.1.4 Bead Preparation
A stock of influenza antibody-coated magnetic beads was prepared. Using a magnetic particle
concentrator (Invitrogen, Carlsbad, CA), 10 L of streptavidin-coated magnetic beads (MyOne™
Streptavidin C1, diameter = 1 m, Invitrogen, Carlsbad, CA) were washed with 1 mL and
resuspended in 10 L 1xPBS. 2 L of biotinylated anti-Influenza A nucleoprotein antibody
(Bioscience Research Reagents, Temecula, CA) was added to the beads and the mixture was
incubated for 30 minutes at 4 C to conjugate the antibody with beads. The mixture was then
washed twice with 1 mL and resuspended in 50 L 1xPBS.

3.1.5 Virus Capture
To commence the virus capture, stock virus was thawed and diluted to a desired concentration
with 1xPBS. 1 L was then added to capture buffer, followed by 5 L of antibody-coated beads.
The sample was then placed on a rotator for 30 min at 4 C. For MIMED system tests, 1 mL
1xPBS was used as capture buffer. In simulated patient samples, 50 L 10% RNAlater (Qiagen,
Valencia, CA), 90% PBS was used as the capture buffer to mitigate RNA degradation due to
nuclease activity. Additionally, throat swabs were collected with flocked nylon swabs (VWR
LabShop, Batavia, IL) and incubated in the capture buffer for 5 minutes prior to the addition of
virus and beads. After incubation, the device chamber is placed above six permanent magnets
(K&J Magnetics, Inc., Jamison, PA) while the sample solution is pumped through the chip at 60
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mL/hr via a syringe pump (Next Advance Inc., Averill Park, NY). Magnetic gradients trap the
beads in the chamber, concentrating the viral particles. The sample is then washed by flowing
1 mL 1xPBS through the chamber.

3.1.6 RT-PCR Protocol
Once the virus labeled beads are trapped in the chamber and washing is complete, the RNA is
ready to be amplified. To enable reverse-transcriptase polymerase chain reaction (RT-PCR),
reagents (OneStep RT-PCR kit, Qiagen, Valenica, CA) containing a phosphorylated forward
primer and standard reverse primer are injected into the chamber over the trapped virus. The
chip, mounted on a thermoelectric cooler (TEC, Custom Thermoelectric, Bishopville, MD) linked
to a PID controller (Omega Engineering, Inc., Stamford, Connecticut) is heated to 50 C for 30
minutes to denature the protein-RNA complex and reverse transcribe the target sequence. The
chip is subjected to a 15 min 94 degree C hot start, 38 cycles of PCR at 94, 55 and 72 degrees C
(with ramps of ~15, ~30 and ~10 s, respectively, and 30 s dwells) and a 5 minute final extension
at 72 degrees C. During the thermocycling the E-DNA portion of the chip is located on another
thermoelectric cooler which keeps the sensor at 18 degrees C.

3.1.7 Voltammetry
All electrochemical measurements are conducted with an electrochemical analyzer (CH
Instruments, Inc., Austin, TX). To perform measurements, the chip is connected via a standard
five-pin card-edge connector and subjected to alternating current voltammetry (ACV) for endpoint analysis or square wave voltammetry (SWV) for continuous monitoring. ACV is performed
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between -0.7 V and -0.2 V at a frequency of 10 Hz, amplitude of 25 mV, period of 0.5 s and
sensitivity of 200 nA/V. To verify all signals, ACV scans were performed on both working
electrodes, each in duplicate. ACV curves are aligned by peak potential to correct for drift due
to on-chip platinum pseudo-reference electrodes. SWV is performed between -0.7 V and -0.2 V
at a frequency of 100 Hz, amplitude of 10 mV and sensitivity of 500 nA/V.

3.1.8 On-Chip E-DNA Measurements
All voltammetric scans are conducted in the E-DNA chamber in the presence of 1xHSIEB to
maintain consistent salt concentration and pH. To establish baseline signals, prior to sample
injection, the E-DNA chamber is flushed with 1xHSIEB and ACV scans are taken. Subsequently,
the PCR product is drawn into a syringe containing an equal volume of 2xHSIEB where it mixes
and is injected into the E-DNA chamber for hybridization with the probe for 30 minutes at
which time ACV signals are obtained for the hybrid. Finally, the E-DNA probe is regenerated by
pumping 1 mL of 50 mM NaOH followed by 5 mL of deionized water through the chamber
where upon it is scanned again in the presence of 1xHSIEB.

3.2 Results and Discussion
3.2.1 MIMED System Design
The MIMED system integrates five bimolecular functions within a monolithic device: (1)
immunomagnetic concentration and purification, (2) RNP denaturation, (3) RT-PCR, (4)
enzymatic ssDNA generation and, (5) sequence-specific electrochemical detection. Design and
fabrication of the MIMED device (fig. 7A) is based on previous work [30]. Briefly, the device
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Figure 7. MIMED assay overview (A) The 1 x 6 cm device contains a 250 μm - thick PDMS channel
bonded between two SiO2-coated borofloat substrates. Capture/RT-PCR/ssDNA processes occur in the
35 μL sample-prep chamber; E-DNA detection is performed in the 7 μL electrochemical cell containing
two gold WEs, and platinum CE and RE. The thiolated 20 base-pair H1N1 DNA probe is immobilized on
the WE and passivated with 6-mercaptohexanol. Three fluidic ports are used: sample/buffer/reagent
input (left); waste output (center); E-DNA product output (right). (B) To commence the assay, a throat
swab is collected and added with deactivated virus into a tube containing RNase-inhibitor to reduce
degradation. (C) Antibody-coated magnetic beads are added and incubated for 30 min. (D-E) Sample is
pumped into the device; external magnets capture labeled virus on-chip; buffer is injected to wash,
followed by RT-PCR mix. (F-G) A TEC and controller heat the chip 50 C to denature the RNP and reversetranscribe. (H-I) PCR is performed (38 cycles) with phosphorylated reverse primers then mixed with
lambda exonuclease generating ssDNA. (J) Product is pumped into the E-DNA module where ssDNA
hybridizes with the probe as measured through square-wave and AC voltammetry.
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measures 1 x 6 cm and contains a 250 µm-thick polydimethylsiloxane (PDMS) channel
sandwiched between two borofloat substrates. Magnetic capture/RT-PCR/ssDNA process steps
occur in the sample-prep chamber (volume = 35 μL), and the E-DNA detection is performed in
the electrochemical cell (volume = 7 μL) containing working (WE), counter (CE) and reference
(RE) electrodes. A thiolated probe DNA sequence is immobilized on the gold WE, and is
complimentary to a 20 base-pair region in Segment 7 of Influenza A/PR/8/34/H1N1.
The detection process begins by inserting the throat swab into a test tube containing
RNA stabilization medium (fig. 7B). Influenza H1N1 viral particles are captured by magnetic
beads conjugated with anti-Influenza A nucleoprotein antibody (fig. 7C). After a 30 minute
incubation, the sample is injected into the MIMED chip (fig. 7D) while permanent magnets
mounted on the chip magnetically capture labeled viral particles. The captured sample is then
washed with 1 mL of 1xPBS followed by the injection of reverse-transcriptase PCR mix
containing a phosphorylated forward primer and standard reverse primer (fig. 7E). The device,
mounted to a controlled thermal electric cooler, is heated to 50 C to denature the RNP and
reverse-transcribe the viral RNA (fig. 7F-G). Next, 38 cycles of PCR are performed producing a
high concentration of dsDNA, and Lambda exonuclease is added to the product for the selective
digestion of phosphorylated stands, yielding a high concentration of ssDNA (fig. 7H-I). The
single-stranded product is mixed with high salt buffer and injected into the electrochemical
chamber where it hybridizes with a redox-labeled DNA stem-loop probe (fig. 7J). As described
in our previous work [30, 31], the hybridization induces a conformational change, which
displaces the methylene blue redox label farther from the gold working electrode surface,
resulting in a decrease in peak faradic current. To verify the hybridization event, the sensor is
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regenerated by flowing NaOH and DI through the chamber, dehybridizing the target and
returning the sensor to its initial state.

3.2.2 Viral sample preparation
Influenza A/PR/8/34 H1N1 was acquired from Ting at UCLA where it was grown, tested and
inactivated prior to shipping. To disrupt the capsid protein and expose the RNA-nucleoprotein
complex (RNP), NP-40 buffer was added to the stock (2%). Infectivity was then retested by our
partner, Ting, at UCLA, confirming disruption. Viral stock solutions (107 TCID50/mL) were stored
at -80 C until use. RNA degradation is a significant problem for samples collected in the
presence of nucleases such as throat, buccal or nasopharyngeal swabs, etc. [32, 33, 34, 35] and
we observed that our RNA swab samples can rapidly degrade in the MIMED system. This
problem was circumvented by incubating the sample in a RNA-stabilization medium (RNA later,
Qiagen, Valencia, CA) which suppresses the nuclease activity. We observed that high
concentrations of the reagent appear to come at the expense of reduced virus-antibody
affinity. As such, we empirically found that the most effective concentration of RNA later was
10%.

3.2.3 Performance of integrated magnetic sample purification
Integration of magnetic sample preparation is advantageous for three major reasons. First, it is
a universal capture method that can be applied to a variety of targets such as viruses, bacteria
and proteins through antibodies or aptamers. Second, immunomagnetic capture is a welldeveloped technique which allows immediate application of commercial components such as
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magnetic beads and antibodies as the application demands and is easily substituted for existing
swab sampling in standard viral transport media vials. Third, integration of microfluidic
magnetic capture enables laminar flow and well-controlled high magnetic field gradients which
provide high throughput capture high efficiency and consistency, controlled continuous sample
washing, as well as reduced sample loss and potential for contamination.
The trapping process can be described in two steps: pull-down and immobilization. In
order to assess capture, magnetic and drag forces must be considered first [36, 37]. In the
MIMED device, under normal operations the Reynolds number in the channel is low and the
flow is laminar. The magnetic beads will experience a Stokes drag force, Fd, given by





r
r
r
Fd  6a v f  v p ,
where a is the characteristic length of the particle (bead diameter), vf and vp are the velocities


of the fluid and particle respectively. In the presence of external permanent magnets of
saturating magnetic field, the magnetic force experienced by the bead is given by
r
4 3
Fm 
r MB ,
3

where r is the bead radius and M is the saturation magnetization.

In order to trap, beads are first pulled toward the channel wall closest to the magnet.

For 100% capture, beads farthest from the capture wall must be able to translate the thickness
of the channel during its residence time. In this device, via simulation we estimate that a
magnetic gradient of at least 200 T/m extends through the channel cross-section. For the
MyOne beads used in the device, saturation magnetization is taken at 336 kA/m [38]. Attracting
beads perpendicular to the flow gives a velocity of ~2mm/s, thus easily brining beads to the
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surface of the device within a few millimeters of the channel at a flow rate of 60 mL/hr. The
second part of trapping requires the magnetic force in direction opposite of the flow exceed the
drag force. Due to a parabolic flow profile in the channel, the viscous drag near the surface is
low at ~4 pN at 1 m from the wall versus ~ 300 pN magnetic force. As such the magnetic force
is able to retain the beads. Indeed, nickel stripes could be micro fabricated on the device to
enable stronger local gradients, however, these were unnecessary in the device at reasonable
flow rates, simplifying fabrication.

Figure 8. Efficiency of magnetic bead capture is measured vs. flow rate and compared to a tube
magnetic particle concentrator. From triplicate trials, MIMED magnetically concentrates ~100% of
labeled target at 6.0 and 60 mL/hr (both at SD = 0.3%,). At the high flow-rate of 600 mL/hr, capture
efficiency decreases to ~42% (SD = 16%).

The MIMED device is able to capture beads with virtually no loss of beads at relevant
flow rates (fig. 8). To quantify the capture efficiency, 1 μm–diameter magnetic beads labeled
with phycoerythrin were suspended in 1xPBS at 107 beads/mL. This sample was pumped
though MIMED chip at 6.0, 60 and 600 mL/hr, followed by 1 mL 1xPBS wash at the same flow
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rate. This was repeated six times for each sample, three times with permanent magnets
mounted (test) and three times with no-magnet (control). The output of each was collected and
analyzed via flow-cytometry (BD FACSAria, Franklin Lakes, NJ). The difference between test and
control counts was taken as amount of beads trapped in the device. To get the capture
efficiency, the number of beads trapped is normalized by the counts in the control. This figure
does not include beads that may have been lost in the interfacing, however, we believe this
contribution to be minimal. Of note, capture efficiency, rate and consistency were found to be
superior to an Invitrogen magnetic particle concentrator using 3-minute incubation times and 1
mL PBS wash. Approximately 100% of the beads were captured in the chip with high
consistency at flow rates of 6.0 and 60 mL/hr (fig. 8). At a higher throughput of 600 mL/hr, the
capture efficiency decreased to ~42% with 16% SD. Viral particles are ~100 nm diameter, and
thus would have a minor contribution to the drag force experienced by the 1 μm beads. As
such, we can process large samples into the device capturing ~100% of labeled target in the
neighborhood of a few minutes for a variety of clinical samples. For this demonstration, we
have chosen to operate at 60 mL/hr.

3.2.4 On-chip RNP denaturation, RT-PCR and ssDNA generation
In order to amplify the DNA from captured and washed viral particles the RNA Nucleoprotein
(RNP) surrounding the RNA must be denatured. The MIMED is able to implement the use of
thermally stable reverse transcriptase to simplify the PCR process. The chamber is able to be
heated up to 50 degrees C so that the NPR can be denatured and the RNA can be reverse
transcribed simultaneously. As with the IMED the chip is then able to undergo symmetric PCR
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to produce dsDNA and them employ the use of lambda exonuclease to selectively digest away
one strand. This system results in ssDNA without the loss in amplification that results from
asymmetric PCR. The efficiency of on-chip RT-PCR and ssDNA generation reactions was
consistent and similar to that of benchtop controls (fig. 9, lanes ‘c’ & ‘+’) while zero-template
negative controls produce no product (fig. 9, lane ‘-’). Furthermore typical ssDNA yield via
exonuclease treatment was calculated to be ~90% as measured by the Kodak Gel Logic EDAS
200 digital imaging system (NY, USA).

Figure 9. RT-PCR on-chip (c) and off-chip (+) show similar output of specific 62-BP product; zerotemplate controls (-) produce no product. ssDNA is likewise generated (EXO) with efficiency (>90%).

3.2.5 Electrochemical Sensor characterization
The output of the RT-PCR ssDNA module typically falls within 10 to 300 nM from samples
containing 10 – 1000 TCID50, and as such, the subsequent sensing module must be able to
detect across that concentration range. Indeed, the sequence-specific E-DNA sensor is capable
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of resolving signals from such concentrations in approximately 30 minutes (fig. 10). To
characterize the temporal response of the sensor, synthetic 62 base-pair ssDNA target was used
to challenge the sensor. The target was incubated in the sensing chamber with high-salt buffer
while SWV scans were taken every thirty seconds. This response is logarithmic in concentration
and approximately linear in time (for t<10 min). All curves are normalized with respect to their
baseline signal and have been corrected for repeated-scan-based signal loss via negative
controls.

Figure 10. E-DNA signal was calibrated via square wave voltammetry as a function of time and target
concentration; expected RT-PCR product concentrations (10-100 nM) are resolved in 30 min. All trials
are baseline corrected.

Note: All further work on this project as described below was completed by my partner Scott
Ferguson who took over this project full time after I left the lab. It is included to provide the
complete picture and final results of the MIMED project.
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3.2.6 Integrated system performance using viral particles in buffer
To assess the performance of the integrated MIMED without the effects of nuclease
degradation, the system was challenged with viral samples spiked into PBS. Samples containing
viral loads at 10, 100, and 1000 TCID50/mL were independently subjected to the MIMED
protocol and the resultant ACV signals were obtained after 30-minute incubations (fig. 11). For
each sample, ACV scans are conducted prior to hybridization, yielding a baseline of peak faradic
current at methyele blue redox potential (red curves). After hybridization, scans are repeated,
yielding changes in peak faradic current whose magnitude is related to target concentration
(purple curves). Samples resulted in peak faradic current changes of 21%, 29%, and 35%
respectively (fig. 11B-D), each significantly greater than the zero-template negative controls
resulting in a signal change of less than 1% (fig. 11A). To further validate the response, the
sensor is regenerated by dehybridizing the target from the probe, returning it to its initial state
(dashed blue curves). Each sensor signal was regenerated to within 96% of initial peak faradic
current, confirming proper operation. This result shows that under optimal capture conditions,
wherein antibody-virus affinity is high and sample degradation is minimal, the MIMED system
can readily detect samples with less than 10 TCID50/mL, well within the upper bound of clinical
levels (~105 TCID50/mL).
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Figure 11. Integrated system performance. In the absence of sample nucleases, the MIMED system
readily detects viral loads as low as 10 TCID50/mL. In the absence of target DNA, the sensor reports a
baseline current (red). In the presence of target, peak faradic current is suppressed by <1, 21, 29, 35
percent respectively by zero-virus control and 10, 100, 1000 TCID50/mL (purple) with respect to the
baseline (SD = 0.3, 0.4, 0.3, 0.6% respectively) . The sensor is regenerated (via NaOH and DI water) to
within 96% of the baseline signal (dashed blue), validating specific detection.
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3.2.7 Sample-to-answer performance from swab samples
Finally, complete sample-to-answer tests were performed with inactivated H1N1 viruses on
throat swabs (fig. 12). H1N1 samples at 10, 100, 1000 TCID50/sample resulted in peak faradic
current suppression of 3.5%, 23% and 29%, representing unambiguous positive signals
compared to <1% change from zero-virus negative controls in all cases. All MIMED samples are
run in triplicate wherein each replicate signal is the average response of both chip electrodes.
Though as expected, performance of system is reduced in the presence of sample-degrading
nucleases and non-optimal binding buffer, the MIMED is nevertheless capable of detecting
virus from clinically relevant samples at clinically relevant viral loads.

swab samples: peak faradic
current change vs TCID50
40

30
20
10

0
0

10
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Figure 12. Limit of detection of MIMED is below 10 TCID50/sample. Executing complete sample-toanswer trials, the MIMED offers a limit of detection of less than 10 TCID50 in swab samples. Triplicate
negative controls yield changes in peak faradic current under 1%, while signals of 3.5, 23, and 29% are
returned from trials of 10, 100, 1000 TCID50 per swab sample, each in triplicate. The relatively large
sample variability is characteristic of the end point PCR analysis where slight differences in amplification
efficiencies lead to more significant final product concentrations.
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4 Conclusion
The Integrated Microfluidic Electrochemical DNA (IMED)system represents a completely
integrated electrochemical DNA detection architecture with a limit of detection of <10 aM
(~300copies in our chamber size), which is ~2 orders of magnitude below that of previously
reported work [13-16]. While previous methods based on asymmetric PCR exhibited limited
efficiency, IMED exponentially increases the target concentration through symmetric
polymerase chain reaction (PCR). This is enabled by lambda exonuclease, which converts dsDNA
into ssDNA within minutes. Incorporation of enzymatic digestion into the IMED workflow was
facile to implement because the enzyme operates effectively in unmodified PCR buffer. The
disposable microfluidic architecture minimizes sample loss and the likelihood of contamination
because the fluid pathways are contained within a sterile system. One particularly noteworthy
feature of the device fabrication process is the use of an electronic cutting plotter to define the
channel patterns in the PDMS sheet; this immediate CAD-to-prototype method allows
convenient and rapid fabrication. The device can also be used for the detection of RNA, as well
as DNA, through the use of reverse transcriptase enzymes, which is utilized in the MIMED. In
addition, through the use of different redox labels or electrode-specific probe immobilization,
IMED can be expanded to enable multiplex detection [12]. We believe that the inherent limit of
detection can be brought significantly lower than 10 aM through optimization of the PCR
protocol. For example, after performing the PCR/exonuclease reaction with a 100 zM sample
(roughly three copies for our chamber size) in a benchtop instrument, we observed a 9%
change in signal, compared to a change of <1% in the negative control (see fig. 13). The IMED is
a good foundation but the next step is pathogenic detection from a clinically relevant sample.
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Figure 13. IMED sensor response from product amplified off-chip in a conventional bench top
thermocycler. The sensor responded to initial concentrations as low as 100 zM with a 9 percent signal
drop while dropping less than 1 percent in the presence of the neg. control. Through the optimization of
on chip PCR we could potentially push the IMED's LOD into the 100 zM range. This equates to roughly 3
copies in our reaction volume.

The MIMED system is able to detect the presence of H1N1 viral particles from throat
swabs by processing raw samples and outputting sequence-specific electrochemical signal
though a monolithically integrated device. Using this system we achieved a detection limit of
10 TCID50/sample (50% Tissue Culture Infectious Dose), which is significantly below the
infectious dose of 105 TCID50/mL [39]. This shows the MIMED to be a true sample-to-answer
device with the successful integration of point of care electrochemical technology and clinically
relevant samples and sensitivity. Additionally, the MIMED platform is general and can be
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applied to a variety of viruses, thermally lysable bacteria, or potentially to protein targets
through sandwich assays [40]. As with the IMED, there is also the potential for multiplexing
through the addition of probes on the gold electrode surface. The demonstrated abilities of the
MIMED combined with its versatility as a detection platform represent a significant
advancement in the area of point of care diagnostics.
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