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Single nucleotide polymorphisms (SNPs) are the most abundant
and stable type of genetic variations found in human genome.
Genotyping of such sequence variations is often diagnostic of
particular genetic disorders and drug responses owing to their direct
connections with transcriptional regulation or biological functions
of many proteins.1 SNP genotyping is generally performed through
a certain allele discrimination mechanism followed by detection
of the allele-specific products.2 Typical allele discrimination
mechanisms include allele-specific hybridization,3 allele-specific
nucleotide incorporation,4 allele-specific cleavage,5 and allele-
specific oligonucleotide ligation.6 Allele-specific hybridization
requires double-stranded DNA hybrids resulting from single-base
variations to show detectable differences in hybridization efficiency
or thermal stability. Such a mechanism normally involves stringent
control of the assay conditions, posing challenges in sequence-
dependent probe design, and hybridization condition optimization.1a,2a

Enzyme-aided allele discrimination, such as allele-specific nucle-
otide incorporation, cleavage and ligation, provides a more selective
and flexible arsenal for SNP genotyping.1a,2a These techniques,
though widely adapted to varying detection strategies from optical
readouts7 to mass spectrometry8 and electronic measurements,9-11

still have not prevailed owing to relatively high cost, limited
specificity, or inadequate sensitivity.1

Electrochemistry holds potential as a next-generation molecular
detection strategy for genotyping because of its high sensitivity,
low cost, and excellent compatibility with miniaturization technolo-
gies. Along this direction, numerous attempts have been demon-
strated via electrochemical probing of enzyme conjugates,9 nano-
particle tags,10 and redox labels11 presented by allele-specific
reactions. However, a major concern with most electrochemical
genotyping is the implementation of multistep enzymatic discrimi-
nation reactions on the surface, which possibly leads to steric
hindrance and thus influences enzymatic efficiency and reproduc-
ibility. Also, for those strategies using redox labels, current assay
configurations fail to render electroactive reporters in close proxim-
ity to the electrode interface, limiting the sensitivity of the detection
strategies. Motivated by our previous observations on surface
hybridization of ferrocene (Fc)-tagged probe in sensitivity enhance-
ment,12 we report here the proof-of-principle of a novel electro-
chemical genotyping technique based on gap ligation reaction13

with surface hybridization detection. This technique affords a robust,
specific, and sensitive platform for enzymatic SNP typing.

The SNP typing strategy comprises a unique biphasic architecture
with specific enzyme-aided allele discrimination reactions in a
homogeneous solution followed by ultrasensitive surface hybridiza-
tion detection of the allele-specific products with redox tags close

to the electrode, as shown in Scheme 1. The gold electrode is
modified by self-assembly with capture probe 4 via the thioctic
acid label at 3′ terminal (∼1.9 × 1012 strand/cm2). Each detection
probe, 1 or 2, is designed with a short barcode tail sequence
complementary to a half-segment of the capture probe. In SNP
typing, probes 1 and 2 are annealed on the DNA template flanking
the SNP site with polymorphic nucleotide left as a gap. Nucleotide
complementary to the base gap allows allele-specific incorporation
at 3′ end of probe 1 by DNA polymerase (AmpliTaq, Stoffel
fragment). The nucleotide-incorporated probe 1 can then be
covalently joined with probe 2 by DNA ligase. This two-step gap
ligation reaction13 involves joint use of DNA polymerase and ligase,
furnishing the genotyping strategy with highly specific biochemistry
in allele discrimination. On heating, the ligated product is released
from the corresponding hybrid and folded into a molecular beacon
structure14 because of intramolecular hybridization of two comple-
mentary sequences in 1 and 2. This intramolecular hybridization is
known to exhibit a much higher Tm than intermolecular annealing
of these two separate probes.7a,15 In the ligated products two tail
sequences of probes 1 and 2 are kept into close proximity, which
promotes cooperative annealing of the ligated products to capture
probes. Thus, Fc tags are drawn in adjacence to the electrode,
resulting in a substantial current with the maximized sensitivity.
Nucleotide noncomplementary to the gapped base disables the gap
ligation reaction, thus the disjoined probes failing to anneal capture
probes with no remarkable redox signal triggered (melting tem-

† Hunan University.
‡ South Medical University.

Scheme 1. Electrochemical Genotyping Strategy Based on Gap
Ligation Reaction with Surface Hybridization Detectiona

a Two probes, 1 and 2, flank the SNP site with polymorphic nucleotide
left as a gap on DNA target 3. 2 has a arm sequence (red) complementary
to the target-specific sequence (red) of 1. Each probe has a tail sequence
(blue) complementary to capture probe 4. Nucleotide matching the gap can
be incorporated at the 3′ end of 1 by polymerase followed by covalent
ligation with 2 by ligase. Ligated product forms molecular beacon structure,
promoting the proximate tail sequences to cooperative annealing on 4 with
the Fc tag close to the electrode and redox current triggered. Mismatched
nucleotides disable the gap ligation reaction with disjoined probes that cannot
be annealed on 4 due to predesigned low melting temperature.
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perature for probes 1 and 4 is estimated to be 27.8 °C). Thermal
cycling allows the reactions to proceed repeatedly, offering a route
for amplifying the ligated products and further enhancing the
detection sensitivity.

There are indeed several advantageous elements intrinsic in the
genotyping strategy. First, the biphasic architecture with homoge-
neous enzymatic allele discrimination reactions followed by surface
detection of allele-specific products circumvents most biochemical
reactions on the electrode interface except the surface hybridization
step. This not only ensures high efficiency and fidelity in enzymatic
discrimination, but also makes the technique easily automated,
highly reproducible, and readily accomplished with minimal
working steps. Second, a cyclic disulfide anchor of thioctic acid is
used for the immobilization of capture probe 4, which is observed
to improve stability of the surface-tethered probes and prevents their
displacement by thiol compounds in enzyme buffers and dissocia-
tion from the surface during heating processes.16 Third, surface
hybridization promoted by cooperative annealing of two tail
sequences in a ligated DNA strand provides a unique mechanism
in selective detection of allele-specific products with maximized
sensitivity and minimized background, since cooperative annealing
renders the redox tags in very close proximity to the electrode and
imposes the stringent requirement that surface hybridization only
occurs for DNA strands with both tail sequences complementary
to capture probes, which eliminates possible interferences from
coexisting Fc-tagged probes and nonligated strands. Fourth, each
tail sequence of the detection probe can be designed as a specific
barcode17 for each mutation site. Then using different barcode
sequences the genotyping strategy can be implemented for multiplex
detection of multiple SNPs in densely packed array format.18

The genotyping technique was tested using a model DNA target
of human �-globin gene around -28 position, a known biallelic
(A > G) SNP highly associated with �-thalassemia. Figure 1 depicts
typical voltammetric responses of this technique for 2 nM mutant
target 3 with varying nucleotide added. In cases of adding dTTP,
dATP, or dGTP, no appreciable current peaks appeared in cyclic
voltammograms (CVs). In contrast, with dCTP added in the reaction
mixture, a couple of well-defined redox peaks were obtained in
CV curves at 0.202 and 0.277 V (vs SCE), a typical redox potential
range of Fc (Figure 1A). Because in gap ligation reaction only the
nucleotide complementary to the gap base could mediate the
formation of ligated product, one reasoned that dCTP was comple-
mentary to the gap base, that is, the SNP site of the mutant target
was G, coinciding with the genotype of the mutant target. A control
experiment with a DNA sequence different from the mutant in the
presence of dCTP also gave insignificant redox peaks in CVs
(Figure 1A), which implied that the developed technique was highly
specific for the target and coexisting mismatched DNA targets did

not cause false signals. A further control experiment using another
detection probe 5, which only had the tail sequence different from
probe 2, in place of probe 2, was performed for mutant target 3 in
the presence of dCTP. This experiment was expected to produce a
molecular beacon-structured ligated product, but one tail sequence
near 3′ terminal was noncomplementary to capture probe 4, which
disabled cooperative annealing of both tail sequences of the ligated
product to capture probes. It was observed that there was no
remarkable redox peaks in CV curves (Figure 1A), indicating that
cooperative annealing of both tail sequences was essential for
surface hybridization detection of the ligated products, and thus
proximity-dependent surface hybridization could offer high selectiv-
ity in detecting the allele-specific products with no interferences
from coexisting Fc-tagged probes. Better differentiation between
the genotyping responses was achieved in differential pulse
voltammograms (DPVs), as shown in Figure 1B. Only very small
DPV peaks (<10 nA with SD across four repetitive experiments
) 3.8%) were observed around 0.244 V in cases when dTTP, dATP,
or dGTP was included in the mutant target system, or dCTP was
added in the DNA sequence different from the mutant, while a
strong reduction peak was present at 0.268 V (SD across four
repetitive experiments ) 3.3%) for the mutant target system in the
presence of dCTP, affording a signal gain of ∼12-fold with
comparison to those for noncomplementary nucleotides and mis-
matched target. Similar observations were obtained with 2 nM wild-
type target 7 (single nucleotide variation in sequence versus mutant
target 3), in which addition of dCTP, dATP, or dGTP did not yield
significant current signals, while the introduction of dTTP gave
remarkable current peaks in CV and DPV curves, suggesting that
the SNP site of the wild-type target was A. Therefore, it was clear
that the pattern of voltammetric signals for varying nucleotides was
able to signify the single nucleotide variations in DNA target,
evidencing that the developed strategy provided a specific platform
for SNP genotyping.

Figure 2 gives typical DPV responses of the genotyping technique
to mutant sequence 3 of varying concentrations with the addition
of dCTP. Dynamically increased DPV peaks in response to mutant
target 3 of increasing concentrations within the range from 0.2 fM
to 2 nM were observed. A high dose-response sensitivity over 20
nA/decade was obtained in a six-decade concentration range from
0.2 fM to 0.2 nM with a readily achieved detection limit of 0.1
fM, amounting to ∼3000 DNA molecules in 50 µL samples. Such
high sensitivity allowed the developed strategy to be implemented
directly for SNP typing of genome samples without preliminary
amplification steps. Further results from detecting mixtures of
mutant sequence 3 and wild-type target 7 as well as samples merely
containing wild-type target 7 in the presence of dCTP are shown
in Supporting Information, Figure S1. It was clear that up to 106-

Figure 1. (A) CVs obtained via surface hybridization at 55 °C with varying
nucleotides for genotyping 2 nM mutant 3 (defaut) and noncomplementary
(NC) 6 targets using probe 2 (defaut) or 5 (specified). Potential scanning
rate is 100 mV/s. (B) Corresponding DPVs. Scanning was performed in
0.1 M KClO4 from -100 to 600 mV, amplitude of 50 mV. All potentials
were referred to SCE.

Figure 2. (A) Typical DPV curves obtained via surface hybridization at
55 °C in response to mutant target 3 of varying concentration. (B)
Corresponding DPV peak currents versus mutant target 3 concentrations.
DPV was recorded in 0.1 M KClO4 from 0 to 500 mV (vs SCE). The error
bars represented SD across four repetitive experiments.
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fold wild-type target had little effect on scoring the mutant sequence,
and in the absence of the mutant sequence no significant DPV
signals (∼5 nA) were obtained even with 20 nM wild-type target.
The findings demonstrated that the technique afforded extremely
high specificity, which might hold potential as an effective mutation
detection technology for solid tumor-based cancer research.2

A close inspection of the CV currents versus different scan rates
in genotyping the mutant sequence 3, as shown in Figure S2,
revealed that the peak current increased in linear correlation to the
scan rate, a typical feature of surface-bound electrochemical
processes, confirming that Fc was confined to the electrode surface.
Impedance analysis of the surface hybridization reactions, as
depicted in Figure S3, demonstrated that cooperative annealing of
ligated products with a 5′ Fc tag resulted in dramatically decreased
Faraday impedance, indicators for surface confinement of Fc labels
that exhibited facilitated electron transfer kinetics. With the 5′ Fc
tag replaced by the amino moiety in probe 1 in the gap ligation
reaction, the electrochemical impedance was observed to increase
substantially on surface hybridization of the ligated products. This
gave immediate evidence for the surface binding events, since in
this case the ligated products only had amino terminus with no
redox labels in close contact to the electrode. The introduction of
a noncomplementary nucleotide merely induced trivial variation
of the electrochemical impedance, implying extremely low ef-
ficiency in annealing of unligated probes to the capture probes.

The electrochemical genotyping strategy was further validated
by using human genomic DNA with SNP (A > G) at the -28
position in human �-globin gene. The 602-bp amplicons were
generated by PCR from eight DNA samples, as comfirmed by the
1% agarose gel image shown in Figure S4. The genotypes of these
samples were previously characterized by DNA sequence analysis.
The amplicons were directly employed for SNP assay using the
developed technique. Figure S5 depicts the characteristic DPV
signals obtained for these amplicons in the presence of one of the
four nucleotides. From these DPV patterns the genotypes of the
samples could be unequivocally identified, that is, samples 1, 4,
and 6 were in normal state (gene has no mutation at -28 site on
both chromosomes), samples 2, 5, 7 and 8 were heterozygous (gene
is mutant on one chromosome, and not on the other chromosome),
and sample 3 was homozygous mutant (gene is mutant on both
chromosomes). These results were in good agreement with the
sequencing data, which clearly revealed that the genotyping strategy
might become a promising technique for genomic research.

In conclusion, we developed a highly specific and sensitive
electrochemical genotyping technique based on gap ligation reaction
and surface hybridization detection. This technique utilized homo-
geneous enzymatic reactions to generate molecular beacon-
structured allele-specific products that could be selectively and
sensitively detected via surface hybridization with redox tags close
to electrode surface. Such a unique biphasic architecture created a
universal methodology for incorporating enzymatic discrimination
reactions in electrochemical genotyping with desirable reproduc-
ibility, high efficiency, and no interferences from interficial steric
hindrance. Also, multiplex detection of multiple SNPs could be
implemented in densely packed array format with a specific barcode
sequence designed for each SNP site. Because disulfide anchors of
surface-immobilized capture probes were resistant to thiol com-
pound displacement and heating treatment, the developed technique

could be further adapted in a close-tube format using miniaturized
three-electrode systems integrated in a thermal cycler, thereby
allowing this technique to be easily automated and parallelly
implemented for hundreds of samples. In view of these advantages,
this new electrochemical genotyping strategy was expected to afford
an intrinsically robust and specific genotyping platform for genetic
diagnosis and association studies.
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