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Abstract: We report the first electrochemical system for the
detection of single-nucleotide polymorphisms (SNPs) that can
accurately discriminate homozygous and heterozygous geno-
types using microfluidics technology. To achieve this, our
system performs real-time melting-curve analysis of surface-
immobilized hybridization probes. As an example, we used our
sensor to analyze two SNPs in the apolipoprotein E (ApoE)
gene, where homozygous and heterozygous mutations greatly
affect the risk of late-onset Alzheimer�s disease. Using probes
specific for each SNP, we simultaneously acquired melting
curves for probe–target duplexes at two different loci and
thereby accurately distinguish all six possible ApoE allele
combinations. Since the design of our device and probes can be
readily adapted for targeting other loci, we believe that our
method offers a modular platform for the diagnosis of SNP-
based diseases and personalized medicine.

Single-nucleotide polymorphisms (SNPs) are important
diagnostic indicators for identifying inheritable diseases[1,2]

and predicting drug responses.[3] Genetically informed treat-
ment and dosing decisions will require effective platforms for
SNP detection that are rapid, portable, and cost effective.[4]

Such platforms must also support multiplexed detection and
accurately differentiate between homozygous and heterozy-
gous mismatches—a critical factor for many diagnoses.[5, 6]

Electrochemical DNA sensors offer robustness, portabil-
ity, and compatibility with microfluidics and microelectron-
ics,[7, 8] and many varieties of electrochemical DNA sensors (as
reviewed by Palecek and Bartosik)[9] have been developed for
SNP detection, including various enzymatic[10–12] and hybrid-
ization-based assays.[13–15] Surface-immobilized, redox-
reporter-labeled probes offer many advantages in this arena
as they require no exogenous reagents, exhibit low back-
ground, and can operate directly in complex mixtures.[16]

Innovative probe designs based on triple-stem probes,[17]

polarity-switching probes,[18] and base-pair-stacking
probes[19] have all proven successful at SNP detection.
Unfortunately, none of these sensors have shown the capacity
to accurately discriminate heterozygous mismatches, as such
samples contain a mixture of matched and mismatched DNA,
and these probes cannot accurately resolve the minute
differences in hybridization energy. Fluorescence-based,
solution-phase methods such as dynamic allele-specific
hybridization (DASH) can, in contrast, distinguish homozy-
gous and heterozygous SNPs by means of melting-curve
analysis in solution phase.[20] This has spurred interest in
integrating melting-curve analysis with electrochemical
detection, but these efforts have been confounded by
difficulties in obtaining accurate electrochemical and temper-
ature measurements with sufficient speed and resolution.[21–23]

We present a novel microfluidic device that performs
electrochemical melting-curve measurements with unprece-
dented temporal resolution at speeds that enable “real-time”
analysis, and can accurately discriminate between homozy-
gous and heterozygous SNP genotypes. Our “microE-DASH”
chip employs surface-bound, redox-tagged DNA probes[24]

complementary to a SNP-containing target sequence. As we
heat the chip, we can obtain a melting curve by continuously
measuring changes in the electrochemical signal. Further-
more, microE-DASH can achieve multiplexed detection of
homozygous and heterozygous genotypes at multiple loci in
a single step by the integration of multiple probes and
electrodes within the chip. As a model, we used microE-
DASH to genotype two distinct SNP loci associated with the
ApoE gene, where specific alleles strongly affect individual
risk of late-onset Alzheimer�s disease.[25]

MicroE-DASH achieves accurate SNP discrimination by
monitoring the thermal melting of duplexes formed by
surface-bound probes and their DNA targets in real time
(Figure 1A). The probes are linear, single-stranded DNA,
modified with a redox reporter (methylene blue; MB) at their
3’ end and self-assembled onto gold working electrodes
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through a tri-thiol modification at their 5’ end. In the absence
of target, these probes are unstructured and flexible, allowing
the MB reporter to readily approach the gold electrode,
generating a redox current that can be measured using
alternating-current voltammetry (ACV). However, probe–
target hybridization decreases the current because the stiffer
double-stranded duplex greatly reduces reporter access to the
electrode.[26]

To distinguish perfectly matched (PM) targets from those
containing single-base mismatches (MM), we increase the
temperature until the duplex completely melts. Due to its
higher hybridization energy, the PM target (Figure 1A, top)
melts at a higher temperature than the MM target (Fig-
ure 1A, bottom), and microE-DASH can readily distinguish
the two by continuously measuring redox current as a function
of temperature (Figure 1B, left). Furthermore, we can
accurately determine the melting temperature of the duplex

(Tm) by taking the derivative of the current as a function of
temperature (dI/dT) as described below (Figure 1B, right).
Heaton et al.[27] and Mahajan et al.[28] have shown that strong
DC electric fields can influence DNA duplex formation and
dehybridization. However, given the lower magnitude and
shorter duration of our AC measurements, we suspect that
electric fields have negligible effect on the measured melting
temperature of our duplexes.

The microE-DASH chip contains a single reaction
chamber that incorporates platinum reference and counter
electrodes and two probe-conjugated gold working electrodes
to form a multiplexed electrochemical measurement cell
(Figure 1C; see the Supporting Information for fabrication
details). The chip is mounted on a Peltier heater, which
controls the temperature in a preprogrammed sequence while
a potentiostat continuously records the peak redox current
from the two working electrodes. Importantly, the chip is
designed for minimal thermal resistance, so that the temper-
ature of the electrodes and reaction chamber can equilibrate
in seconds (Figure S1). This enables near-real-time acquis-
ition of melting curves, such that the entire assay can be
completed within 30 min without the need to return to room
temperature for measurement.[22,29] To ensure probe stability,
we immobilized them onto the electrodes by means of a 5’-tri-
thiol modification.[30] This dramatically improves their ther-
mal stability; mono-thiol probes detach from the electrodes at
temperatures as low as 75 8C, whereas tri-thiol probes are
stable at temperatures up to 85 8C, maintaining > 99% of the
maximum signal (Figure S2).

As a proof of concept, we designed probes for SNPs
within the ApoE gene that serve as important clinical
diagnostic indicators for Alzheimer�s disease.[25] In addition
to the normal isoform (e3), this gene has two variants (e4 and
e2) arising from SNPs rs429358 (T:C) and rs7412 (C:T),
referred to as T1 and T2, respectively, in this work. Carriers of
the e4 allele—and e4-e4 homozygotes in particular—exhibit
greater risk of developing Alzheimer�s.[31] Conversely, the e2
allele is associated with a reduced likelihood for Alzheim-
er�s.[32] Accurate identification of the six possible allele
combinations (Table 1) is thus important for identifying
high-risk individuals.

We designed probes complementary to the T1 and T2
sequences associated with the e3 isoform. This allowed us to
readily identify homozygotes for e3, e2, e4, or any hetero-
zygous combination of alleles, based on whether T1 and T2
form PM or MM duplexes with their respective probes

Figure 1. Microelectrochemical dynamic allele-specific hybridization
(microE-DASH). A) MicroE-DASH obtains real-time electrochemical
melting curves from linear, single-stranded DNA probes complemen-
tary to the SNP target. The probes are linked to electrodes through
a 5’ tri-thiol anchor with a methylene blue (MB) redox reporter at the
3’ terminus. The flexible unbound probe allows MB to readily approach
the working electrode, generating high current. Rigid target–probe
duplexes restrict MB–electrode interaction, resulting in a current
decrease. Temperature-dependent changes in redox current reveal
differences in melting temperature (Tm) between perfectly matched
(PM) and mismatched (MM) targets. B) Tm corresponds to the
temperature at which the rate of current change is greatest. We can
thus determine the Tm by the peak of the first derivative of the redox
current as a function of temperature (dI/dT). C) The microE-DASH
chip consists of two glass pieces separated by a PDMS gasket; the
fluid sample is introduced through a fluidic via drilled through the
glass; the entire device is mounted on a programmable Peltier heater.
The lower glass piece features two working electrodes, coupled with
counter and reference electrodes, which form an electrochemical cell.

Table 1: ApoE genotypes and their associated microE-DASH readout.

Genotype Alzheimer’s
risk

T1 melting
curve

T2 melting
curve

e3-e3 normal PM PM
e2-e2 decreased PM MM
e4-e4 increased MM PM
e3-e2 decreased PM heterozygous
e3-e4 increased heterozygous PM
e2-e4 normal heterozygous heterozygous
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(Table 1). We considered three key criteria in designing the
probes. First, we ensured that Tm occurs between 45–65 8C,
which is sufficiently high for distinguishing secondary melting
transitions but within the thermal stability range of the tri-
thiolated probes. Second, we designed probes with minimal
secondary structure because self-hybridization can result in
complex melting behavior and compete with target hybrid-
ization. Finally, we designed the two probes with minimal
sequence overlap to minimize potential cross-reactivity. We
performed modeling with mfold[33] software to ensure that our
probe design satisfied the first two criteria (see the Supporting
Information for sequences), and verified their target specific-
ity by immobilizing the probes onto gold electrodes and
incubating them with nonmatching targets (i.e., T1 target with
T2 probe, and vice versa); this resulted in minimal signal
change compared to matched targets (Figure S3).

ACV measurements taken as a function of temperature
can precisely track the melting characteristics of DNA targets.
To demonstrate this, we hybridized the PM target to the T2
probe and measured the electrochemical current from 25 to
85 8C in 1 8C intervals. We observed a dramatic increase in
redox current between 45 and 65 8C (Figure 2A), consistent
with the sudden transition expected during melting of the T2–
PM duplex. In the absence of target, instead of the sudden
current increase expected from a duplex melting transition,
we saw a current increase resulting from increased thermal
motion of probe molecules at higher temperatures,[23] which in
turn results in more frequent interaction between redox
reporter molecules and the electrode (Figure S4).

Differences in melting behavior can be directly observed
in real time by plotting the peak redox current as a function of
temperature. We demonstrated this after challenging T2
probes with PM, MM, or a heterozygous (HET) mixture of
PM and MM targets (1:1 ratio) (Figure 2 B). We normalized
peak-current readings to a 0 to 1 scale using the initial and
maximum current values in each run, with five-point averag-
ing to smooth the melt curve (see Methods described in the
Supporting Information). As a general trend, we observed
clear differences in the half-maximal temperature among the
three melting curves. The half-maximal point was reached for
the PM target at a higher temperature (61 8C) than the MM
target (56 8C), while the curve for the HET mixture fell in
between at 58 8C.

To determine accurate Tm values we calculated the
derivative of the current with respect to temperature (dI/
dT) and defined Tm as the point at which this derivative is
largest, analogous to established fluorescence melting
approaches.[34] PM and MM targets produced single, distinct
peaks with Tm values of 63 8C and 56 8C, respectively (Fig-
ure 2C, red and black). This large difference enabled accurate
and reproducible detection of SNPs in homozygous samples.
Analysis of HET samples is challenging because the resulting
dI/dT plot consists of two peaks from the PM and MM targets
that can potentially overlap (Figure 2C, blue). To deconvolve
the contribution of each probe–target duplex, we adopted an
analytical strategy used for extracting peaks from multiple
melting curves (see Methods described in the Supporting
Information). We applied a curve-fitting algorithm to our
single-peak PM and MM melting curves, and determined that

a Lorentzian function yields the best fit to our experimental
data (Figure S5).[35, 36] When we applied this fit to the T2
heterozygous melting curve (Figure 2C), we identified two
curves with peaks at 65.4 8C and 56.6 8C. These correspond
well to the measured Tm values of PM and MM, respectively,
confirming the validity of this approach.

MicroE-DASH�s capacity to simultaneously differentiate
multiple homozygous and heterozygous SNP samples enabled
us to accurately genotype all six ApoE SNP combinations in
a single-step assay. We assembled a duplex microE-DASH
chip with a different probe immobilized on each of the two
sensors, allowing us to simultaneously determine melting

Figure 2. DNA sample genotyping using microE-DASH. A) Peak cur-
rent traces recorded at 10 8C increments while heating duplexes
formed by the T2 probe and PM target reveal Tm-dependent increases
in current. B) Plotting the peak currents measured for the T2 probe
incubated with PM, MM, and a heterozygous 1:1 mixture of PM and
MM at 1 8C increments reveals distinct melting curves for each
genotype. Based on the half-maximal current, the PM (black) target
forms the most stable duplex with the highest Tm. The MM (red)
target forms a less stable duplex with a lower Tm, while the hetero-
zygous sample (blue) exhibits an intermediate Tm. C) By plotting the
derivative of the current as a function of temperature (dI/dT) versus
temperature, we can determine Tm with a precision of approximately
�1 8C. The target trace from each genotype has a unique peak.

Angewandte
Chemie

3229Angew. Chem. 2014, 126, 3227 –3231 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


temperatures for both T1 and T2. We first obtained melting
curves for each of the three homozygous ApoE genotypes
(Figure 3A). As expected, these samples generated single
peaks for both T1 and T2, since SNP mismatches occur in
both alleles for any given homozygous genotype. The single-
peak Tm values measured in these duplex devices agree with
repeated measurements from single-target experiments of T1
(PM: 61� 1.5 8C, MM: 50� 1 8C) and T2 (PM: 62� 0.6 8C,
MM: 56� 0.6 8C). Furthermore, the shifts in the melting

curves observed for the e2-e2 and e4-e4 samples corresponded
with our predictions based on the target–probe mismatches
identified in Table 1.

We subsequently used microE-DASH to accurately iden-
tify all three possible heterozygous genotypes. We obtained
T1 and T2 melting curves as described above, and determined
that each heterozygous combination yielded the predicted
melting curve shifts (Figure 3B). The e3-e2 and e3-e4
genotypes resulted in heterozygous melting curves for T2
and T1, respectively, while the e2-e4 genotype yielded
heterozygous melting curves for both probes. We used
deconvolution analysis on the heterozygous melting curves
to extract individual Tm values for each target–probe combi-
nation, which were in agreement with the PM and MM Tm

values obtained from homozygous samples. For example, the
T2 melting curve for the e3-e2 target yielded peaks of 58 8C
and 64 8C, which correspond well with our previous MM and
PM Tm measurements of 57 8C and 63 8C, respectively. The
DTm for these heterozygous samples matches well with the
individually measured single-peak Tm value. This confirms
that microE-DASH can accurately report both homozygous
and heterozygous genotypes independent of the specific
sample composition.

The microE-DASH microfluidic electrochemical SNP
biosensor is thus capable of discriminating homozygous and
heterozygous samples within 30 min. To demonstrate the
potential diagnostic utility of this, we have accurately resolved
the six different SNP genotypes commonly associated with
ApoE, an important diagnostic biomarker for Alzheimer�s
disease. MicroE-DASH can be readily expanded to incorpo-
rate microfluidic PCR and single-strand generation in an
integrated device.[37] Since the design of our probes is
relatively straightforward, we believe that microE-DASH
may offer a modular platform for SNP-based disease diag-
nostics and personalized medicine.
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