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An electrochemical impedance sensor for simple and specific

recognition of G-G mismatches in DNA

Min Huang,’ Hanying Li,” Hanping He,**® Xiuhua Zhang®® and Shengfu Wang®

The sequence-specific recognition of SNPs is important for disease diagnosis and human gene therapy. In this work, a
simple sensor based on electrochemical impedance spectroscopy (EIS) was developed for the highly sensitive and specific
detection of G-G mismatches in dsDNA using a small molecule-modified gold electrode. After the electrochemical
impedance sensor was incubated with G-G mismatched dsDNA, its charge-transfer resistance (R.) increased significantly.
Meanwhile only a small increase in R values was observed for dsDNA with other base mismatches and for complementary
dsDNA. Importantly, G-G mismatched dsDNA was selectively detected based on differences in charge transfer resistance
(AR) even in the presence of other DNA and ct-DNA. Under optimal experimental conditions, the established EIS sensor
was used to quantify G-G mismatched dsDNA based on the linear relationship between AR and the logarithm of the
concentration of G-G mismatched dsDNA from 1 nM to 1 uM with a detection limit of 0.3 nmol/L. This sensing strategy is a

potential alternative tool for measuring G-G mismatched DNA for the diagnosis and early clinical detection of genetic

diseases.

1.Introduction

In the last decade, much research has focused on the detection of
specific nucleic acid sequences, particularly in the areas of medicine,
biology and chemical biology. DNA detection plays an important role
in the diagnosis of genetic diseases and is useful for early-stage
monitoring and treatment.! Single nucleotide polymorphism (SNP) is
a genetic difference bases on a single nucleotide base and is the

most frequently observed variations in DNA sequence in the human

3

genome. SNPs are present in every 500-1000 base pairs.z' For

example, DNA mutations include transitions, transversion, and the

deletions etc. Many diseases are directly related to SNP, including
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cell anemia and cystic fibrosis, etc. Therefore, it is necessary to
detect a difference in single nucleotides in DNA sequences,
preferably using a technique that is reliable and affordable. a7
Biosensor technologies have been investigated because of
their great promise for the rapid, high sensitivity, and low-cost
detection of specific DNA sequences related to human cancer,

. . 8-10
viruses, and bacterial.

Strategies for SNP detection based on
biosensors have been based mainly on nucleic acids ( e.g., peptide
nucleic acids, and locked nucleic acids), surface ligation reaction
(e.g., ligase-mediated gene detection), single base extensions,
mismatch binding proteins, rolling circle amplification, and strand—
displacement amplification and so on. The methods have theirselves
advantage of better selectivity and sensitivity, especially rolling
circle amplification that can arrive a detection limit about some
amol/L concentration.* However, the process is of complex with
high cost, needing operation of professional technician.

Electrochemical biosensors for detecting DNA have attracted

much attention because of their high sensitivities, low-costs, simple

J. Name., 2013, 00, 1-3 | 1
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. . 12-16
operation and rapid responses.

Recently, electrochemical
17
measurement protocols, e.g., chronocoulometry,” square-wave

19
voltammetry, and
20-23

voItammetry,18 differential pulse

electrochemical impedance spectroscopy (EIS) have been
reported for the detection of DNA. Many of these sensors to
detection SNPs were also based on DNA, PNA, locked nucleic acids,
surface ligation reaction, single base extensions, mismatch binding
proteins, rolling circle amplification, and strand—displacement
amplification. Unfortunately, they also suffer from shortcomings in
their stability and simplicity.

In previous work, some naphthyridine derivatives displayed
excellent recognition for SNPs such as G-G mismatches.?**
Naphthyridine group was shown to form complementary hydrogen
bonds with guanine base. Bi-functional probes containing both an
electrochemically active group (ferrocenyl) and a DNA binding
organic molecule through the condensation of carboxyl and amine
have been developed for the electrochemical detection of DNA
(including G-G mismatches and CGG repeats DNA) based on current
(:hanges.sl'g’3 Electrochemical impedance spectroscopy (EIS), which
provides insight into interfacial reactions and mass transport
processes in electrochemical systems,34 has been widely used as a
DNA label-free detection method to study various molecular
binding processes, including antigen-antibody recognition, protein-

DNA interactions, and DNA hybridization."’s'43

We recently
developed an electrochemical impedance sensor for the detection
of CGG trinucleotide repeats using EIS.** The electrochemical
impedance sensor exhibited the very simple and rapid detection of
CGG trinucleotide repeats with a label-free target DNA and without
immobilizations of DNA. It is a very promising option for the early
diagnosis and treatment of Fragile X syndrome.

In this work, because of low-cost and simple of the EIS, the
approach would be developed for the detection of G-G mismatches
in DNA duplexes. To the best of our knowledge, this is the first
report of the specific detect of G-G mismatch duplexes by EIS based
on small molecule modified electrode. The EIS exhibited a wide
linear range, excellent detection limit with 0.3 nmol/L, and very
good sensitivity. Importantly, the method is very simple, easy to
operate, low-cost and label-free target. In addition a very good
selectivity and stability was achieved even in the presence of other
DNA and ct-DNA based on changes in the charge transfer resistance

at the interface.

2| J. Name., 2012, 00, 1-3

2Experimental Section

2.1 Reagents and Apparatus.
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide-hydro-

chloride (EDCI) was purchased from Sigma-Aldrich. N-
hydroxysuccinimide (NHS), 2-(N-morpholino)-ethanesulfonic acid
(MES), 3-mercapto propionic acid (MPA, 99%), were purchased from
Aladdin Reagent Database Inc. (Shanghai, China). Phosphate buffer
solution (PBS,10mM, pH=7.4), Tris-HCl (pH=7.4),ultrapure water
(18.25 MQ cm) was used in all experiments. All other reagents were
analytical grade and used without further purification.
Oligonucleotides were synthesized and purified by Sangon
(Shanghai, China). All dsDNA was paired through the hybridization
of ssDNA.
Electrochemical experiments, including electrochemical
impedance spectroscopy (EIS) and square wave voltammetry (SWV)
and cyclic voltammetry (CV) were conducted on a CHI 660C
electrochemical workstation (CH Instruments, Inc. Shanghai) with a
three-electrode system consisting of a Au electrode as working
electrode, a saturated calomel electrode (SCE) as reference

electrode, and platinum wire as counter electrode, respectively.

2.2. Preparation of the Sensor-Successive Steps of

Gold Electrode Modification

The synthesis of the Boc-NC-linker has been reported
previously.33 Fig.S1 shows 'H NMR and HRMS of of the synthesized
molecules. Boc-NC-linker (8 mg, 1 mmol) was dissolved in 5 mL
CHCl3, and 4 mol/L HCI/EtoAc was added dropwise in an ice bath.
The Boc-NC-linker reacted completely as determined TLC
monitoring. The solvent CHCl; was removed, and remaining brown
solid was washed in 1 mL CHCIl; to remove undeprotected Boc-NC-
linker. Finally, the solid was dried before being dissolved in 1 mL
CH;O0H to obtain the 10 mM storage solution used in the next step.

A bare Au electrode (2 mm in diameter) was polished carefully
with 0.05 uM alumina slurries for at least 10 min, before being
ultrasonically cleaned with ethanol and ultrapure water twice for 5
min. The electrode was cleaned electrochemically in 0.5 mol/L
H,SO, by cycling the potential between -0.2 V and 1.6 V until a
standard CV curve was obtained. Subsequently, the gold electrode
was rinsed with ultrapure water and absolute ethanol. This as-
pretreated bare gold electrode was immersed in an absolute

ethanol solution containing 5 mM MPA, and was incubated at room

This journal is © The Royal Society of Chemistry 20xx
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temperature for 12 h. The electrode was then removed and washed
gently with ultrapure water to remove any excess MPA. The
electrode was then immersed into the activation solution containing
400 mM EDCI and 100 mM NHS for 2 h. The activated gold
electrode was then immersed in PBS containing 200 uM terminal
amino group NC-linker for 3 h to form peptide bonds. The NC-linker
modified electrode (EIS sensor) was obtained after washing with
ethanol and ultrapure water to remove any weakly adsorbed

material.
2.3 Electrochemical measurements

The modified gold electrode was immersed in different 20 mM
solution containing mismatched dsDNA in Tris-HCI (pH=7.4) and
incubated for different time at 37°C. Some electrochemical
measurements were performed after washing to remove
nonspecifically bound DNA. To characterize electrochemical changes
at the electrode/electrolyte interface caused by the step by step
deposition of MPA, NC-linker and G-G mismatched DNA. CV and EIS
were performed for the prepared biosensor in the presence of the

3-/4- .
/% All electrochemical measurements

redox couple probe [Fe(CN)g]
were performed in an electrochemical cell at room temperature. For
CV measurements, tests were performed using 4 mL solution
containing 0.5 mM K;3[Fe(CN)¢] and 0.5 mM K,[Fe(CN)e] in 0.5 M
agueous potassium nitrate (KNO;) over the potential range from -
0.2 V1o 0.6 V at a scan rate of 0.1 V/S. SWV were performed in the
same solution as was used for CV measurement. SWV experiments
were performed from -0.1 V to 0.65 V with an increment 0.004 V,
and an amplitude of 0.025 V at a frequency 15Hz and quiet time of
2s. The impedance measurements were performed in the same
solution by applying an AC voltage with an amplitude of 5mV in a
frequency range from 0.01 Hz to 100 kHz at under 0.208 V. The
electrical circuit parameters were determined by fitting the
impedance data to the equivalent circuit shown in Fig. 1. The fits
were performed over the total frequency range from 0.01 Hz to 100
kHz using a non-linear least-squares fit, which was performed using
ZSimpWin software (Princeton Applied Research Massachusetts,
USA).The ZSimpWin software pakage was used to fit the Nyquist
plot, which contained the real (Z) and imaginary components (-Z")
of the immobilized layers' resistances, and the equivalent circuit
was used to understand the surface structure. From the values of
R, the quantitative signal was determined as a function of DNA

concentration using the increasing R. after the NCD/MPA/Au

This journal is © The Royal Society of Chemistry 20xx

sensor was incubated with different DNA concentrations of DNA.

3. Results and Discussion

3.1 Sensing principle

EDCNHS o
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Scheme 1. Schematic diagram of the proposed EIS-based
biosensor for DNA detection

The principle of EIS detection (Scheme 1) for the sequence-
specific recognition of G-G mismatched DNA was effective, rapid
and affordable, making it useful for practical applications. Based on
previous work, naphthyridine derivatives were successfully applied
as recognition molecules in electrochemical impedance method.
Briefly, NCD was immobilized on the surface of an Au electrode
using a flexible long chain to create an EIS biosensor. The
recognition of G-G mismatched dsDNA was achieved by monitoring
differences in R before and after incubation of the EIS biosensor in
target DNA solution. MPA were first self-assembled on the surface
of the Au electrode to couple NC-linker compound via amide linkage.
NC-linker modified Au electrodes (EIS biosensor) were used to bind
with target duplexes via hydrogen bonding. When the duplexes
were selectively bound to NC molecule, the DNA on the surface of
the Au electrode blocked interfacial charge transfer, which resulted
in increasing charge-transfer resistance (R.). The different DNAs
were distinguished by the difference changes in R value. In the
target dsDNA, G-G mismatched DNA was specifically bound to NC
(as has been shown in our previous work). Therefore the EIS sensor
had a higher R after being incubated with G-G mismatched dsDNA,

allowing it to be differentiated from other mismatched DNAs.
3.2 Characterization of the Modified Electrode

Electrochemical behaviors of the modified electrodes were
characterized at different stages using EIS, SWV, and CV experiments.
As shown in Fig.1, EIS curves, obtaining in 0.5 M KNO3 containing
0.5 mM Fe(CN)63'/4', contained the semicircles diameter of which

were equal to R,. The curve of EIS presented as Nyquist plots,

J. Name., 2013, 00, 1-3 | 3
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consisting of two portions: (1) the semicircle section at high
frequencies, which corresponds to R and (2) a linear portion at low
frequencies, which is related to diffusion-limited processes in
solution.** The equivalent circuit was used to fit the impedance data
as shown in the inset to Fig.1. In the equivalent circuit, R; and W,
are the resistance of the solution and the Warburg impedance,
respectively. R, which was caused by charge transfer reactions
(Faraday processes) and the diffusion of ions from the electrolyte to
the interface, and the interfacial double layer capacitance were
treated as constant phase elements. The fit in Fig.1 shows that the
experiment curves are in a good agreement with the fits. In a 0.5 M

KNOj; solution containing 0.5 mM Fe(CN)B?"M'

, the bare electrode
exhibited an almost straight line (curve a) reflecting the outstanding
electrochemical conductivity of the bare Au. After the self-assembly
of MPA on the bare electrode via-thiol binding, the value of R
increased (curve b) to 2899 ohm from 221 ohm (AR./ohm =2678).
This was attributed to the small molecules obstructing electron
transfer. Afterwards, NC-linker compound was coupled to the
carboxyl on the electrode's surface via condensation reaction. R
slightly increased (curve c). R of the fitting curves changed to 6087
ohm from 2899 ohm (AR./ohm =3188). This increased impedance

indicated that the interface of the EIS sensor was prepared

successfully.

(A4) % (B)
o0
A~ .o 30000
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o w3’ 4 % oo 25000
0. SOy I‘i £ 20000
= ° =
«® S 15000
o
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0 1 2 3 4 a b c d
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Fig.1 (A) The Nyquist plots of different modified electrodes in the
frequency range from 0.01 Hz to 100kHz: (a) bare/Au electrode, (b)
MPA/Au electrode, (c) NCD/MPA/Au electrode (EIS sensor), and (d)
EIS sensor after incubation with G-G mismatch DNA. The inset
displays the equivalent circuit used to fit the experimental EIS data.
(B) Histograms representing average R, values obtained. RSDs

ranged from 0.4 to 5.7%.

After the EIS sensor was further incubated with target G-G
mismatched duplex (0.5 umol/L ), R increased significantly (curve
d). The value of R jumped from 6087 ohm to 24820 ohm (AR /ohm
=18733), indicating that the EIS sensor effectively captured G-G

4| J. Name., 2012, 00, 1-3

mismatched DNA by hydrogen bond interactions. More negative
charges were introduced onto the electrode's surface, causing
diffusion of redox probe to the surface of the electrodes to be
hindered by repulsive interactions.” These results were in a good
agreement with those obtained from SWV measurements (Fig.2A)
and CV measurements (Fig.2B), in which the peak currents changed
during the assembly and binding processes. These results further
indicated the successful assembly and binding of DNA, as described
in scheme 1 and eliminated the possibility of false positive in the
impedimetric assay.

The appearent fractional coverage (GR,S) of each modification of
gold electrode were calculated according the Eq. (1) described by
Janek et al*®

barc
ox 1. B
s - m
ct

(1)

Where bare and m represented the bare Au electrode and each
modified electrode respectively. The calculated 9R|s values were give
in Table S1. The values of GR.S were increasing, and more than 0.9,
which indicated successful modification and most full coverage at

gold surface.

before
Ao Rct
s =1 -

R after

ct

(2)

In addition, the appearent fractional coverage (GR,S) of dsDNA
captured on NCD/MPA/Au electrode was calculated by the Eq. (2)
similarly.‘m‘47 Where, before and after represented NCD/MPA/Au
electrode before and after incubation with dsDNA respectively. BR|5
based on R values before and after incubation with dsDNA on
NCD/MPA/Au electrode was 0.766 when the concentration of
dsDNA was 0.5 pumol/L. The values of GR,S at other concentrations

can be seen in following (Table S2).

o >
S
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Fig.2 CV (A) and SWV (B) response of the(a) bare/Au electrode, (b)
MPA/Au electrode, (c) EIS sensor, and (d) EIS sensor after
incubation with G-G mismatched DNA. Histograms representing
average anodic (l,4) (C) and cathodic (I,) (D) values of CV obtained.
(E) Histograms representing average current from the obtained SWV.

RSDs ranged from 0.6 % to 5.4 %.

3.3 Optimization of incubation time

The capture of DNA by NC-modified electrode requires
sufficiently long incubation time because of the dynamic equilibria
and thermodynamics of the interaction between the NC and DNA.
As shown in Fig.S3, the impedance of the EIS sensor after
incubation with target DNA increased with incubation time before
reaching nearly constant value after 80 min, suggesting means that
the binding on the surface of the electrode reached saturation. For
this reason, 80 min was used as the incubation time for target DNA

in the electrochemical tests described in the following section.

3.4 Selectivity

To further investigated the sensor's effective sequence-
specific recognition of G-G mismatch DNA, 16 kinds of dsDNA
including G-G mismatched, other mismatched duplexes (G-A, G-T, C-
A, C-T, C-C, A-G, A-A, A-C, T-G, T-T, and T-C) and complement
DNA(G-C, C-G, A-T, T-A) were used in the assay. The detailed DNA
sequences are provided in the supporting information. The ESI
spectra and R values of the electrodes were recorded before and
after incubation with these dsDNA targets. As shown in Fig.3, black
points show R after incubation with the G-G mismatched duplex.
Clearly, these black points had the larger R value (2.5x10"* ohm)
than did the other duplexes shown in Fig.3. This corresponded to
AR value as larger ad 18906 ohm in the presence of G-G
mismatched DNA, which was 2.65 to 39 times higher than the
values of other duplexes (Fig.4). These data strongly indicated that
the EIS sensor successfully captured more G-G duplexes than other
duplexes and had an excellent selectivity for G-G mismatched
dsDNA. For other DNA, the values of AR, were generally between
480 ohm and 7120 ohm, because of nonspecific interactions

between the small molecule and DNA.

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 EIS of the different electrodes:(A)EIS sensor after incubation
with 0.5 pumol/L G-X(X=G, T, C, or A) DNA (B) EIS sensor after
incubation with 0.5 umol/L G-G/C-X (X=G, T, C, or A) DNA (C) EIS
sensor after incubation with 0.5 pmol/LG-G/T-X(X=G, T,C, or A) DNA
(D) EIS sensor after incubation with 0.5 pmol/LG-G/A-X(X=G, T, C, or
A) DNA.

Fig.4 AR of the EIS sensor after incubation with the 16 kinds of
dsDNA.

3.5 Detection of Target DNA

J. Name., 2013, 00, 1-3 | §
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Fig.5 EIS response of the EIS sensor after incubation with different
concentrations of G-G mismatched DNA at concentrations of 1, 5,
10, 50, 100, 500,1000,1200, 1600, 1800, 2000, 3000, 5000 nmol/L,
corresponding to a to m, respectively (A). The relationships
between AR and target DNA concentration (B). The first linear
region of AR vs. the logarithm of the target concentration from 1
nM to 1 uM(C). The second linear region of AR vs. the target
concentration from 1 uM to 2 pM (D).The relative standard
deviations (RSDs) of three parallel experiments were between 0.4%

and3.5%.

Under optimal conditions, different concentrations of target G-G
mismatched DNA were analyzed with EIS measurements in 0.5 M

KNO; containing 0.5 mM Fe(CN)g>"*

using the EIS sensor. As shown
in Fig.5, it was found that R, increased with increasing
concentration of dsDNA until reaching saturation. Initially, the
values of R, were particularly sensitive to concentrations before a
small plateau was reached. Above 1 umol/L, the sensitivity
increased again before finally reaching saturation, as shown in
Fig.5B. Two linear regions were observed as shown in Fig.5C and
Fig.5D. The plot of ARy vs.the logarithmic of the target DNA
concentration was linear from 1 nmol/L to 1umol/L with a detection
limit of 0.3 nmol/L. The linear fit followed AR, =
5446.21xIgCyna+20491.59 and had a correlation coefficient of R12=
0.9953. In the other linear range, AR, vs. the target DNA
concentration was linear from 1 umol/L to 2 umol/L, with a linear fit
of AR, = 8671.93xCpya+11712.76 with a correlation coefficient of
R22=0.9945. In the preparation of modified electrode, the appearent
fractional coverage (BR,S) was discussed. Here, GR,S before and after

incubation with different concentrations of the dsDNA on

NCD/MPA/Au electrode was calculated according the Eq. (2) for

6 | J. Name., 2012, 00, 1-3

ability to capturing target DNA. The details can be seen in table S2.
9R|5 values were increasing until a plateau when the concentrations
of dsDNA increased from 0.01 umol/L to 5 mol/L. The higher 8%

values indicated excellent capturing ability of EIS sensor.

3.6 Interference, stability, and repeatability of the

sensor

According to the results presented above, the assay was very
simple and rapid while providing an excellent selectivity and
sensitivity. To conveniently use this method for practical samples,
tests were performed on mixtures that contained different
potentially interfering DNA including ct-DNA. EIS sensors were
incubated with mixture containing G-G mismatched DNA and five-
times more of another DNA with a different base-pair DNA, as
shown in Fig.6A. R did not increased as much as it did in the
presence of the G-G mismatched duplex alone, indicating that other
mismatched DNA and complementary DNA did not interfere with
the detection of G-G mismatched duplexes. Meanwhile, 16different
duplexes mixtures were investigated, as shown in Fig.6B. The
mixtures' AR values clearly increased in the presence of G-G
mismatched duplex. AR, was about three times larger in G-G
mismatch duplex than in the mixture without G-G mismatch
duplexes, even when the total concentration of the other 15DNA
was about three times higher than that of the G-G mismatched
duplexes. A fully matched double strand calf thymus DNA (ct-DNA)
was also test (Fig.6B). When the concentration of ct-DNA was
increased to as high as 2.5 pug/mL, AR remained very small at only,

708 ohm. Fortunately, AR increased to 20186 ohm when the ct-

DNA sample contained 0.5 uM of the target G-G mismatched dsDNA.

These results provided additional evidence that the EIS biosensor
was able to detect a target with high specificity and had great
potential for the recognition and detection of G-G mismatched
dsDNA.

During these experiments, the EIS sensor was high stable and
repeatable. In the experiment reported above (including the
optimization of incubation time, and the determination of
selectivity and linearity relationships), the relative standard
deviations (RSDs) of three parallel measurements ranged from 0.4%
to 6.4%. Finally, four different electrodes were treated using the
same procedure to test the reproducibility of the method. The RSDs
was 6.6% for the determination of 500 nM target DNA under the

same conditions (Fig.S4). These results indicated that the assay was

This journal is © The Royal Society of Chemistry 20xx
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reliable and reproducible, important characteristics for practical
applications.

For this assay, the EIS sensor was highly selective for G-G
mismatched duplexes even when the target concentration was
outside of the sensor’s linear arrange. When 5 uM target duplex
was measured in the assay, the AR for the G-G mismatched duplex
(3.5 x 10" ohm) was significantly larger than that measured for the

other duplexes (between 230 ohm and 8900 ohm) (Fig.S5).
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Fig.6 Selectivity of the EIS sensor after incubation with different
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mixtures. (A) 0.5 umol/L target G-G mismatched DNA +2.5 umol/L
15 other dsDNA sample respectively. (B) 1.65 umol/L mixture of all
15 other DNA with and without 0.5 umol/L target G-G mismatched
DNA; 2.5 pg/mL ct-DNA with and without 0.5 umol/L target G-G
mismatched DNA. RSDs of three times experiments ranged from

0.8% to 4.3%.

4. Conclusion

A simple, sensitive, and flexible electrochemical method for
the detection of G-G mismatched dsDNA was developed by EIS
based on small molecule modified electrode. Recognition and
detection were achieved by measuring R, values before and
after incubation with target DNA. The method was so different
from other DNA sensors utilizing olignucleotides as probe
fragments and working either in hybridization modes including
PNA and LNA. EIS method by PNA or LNA was not found for the
detection of SNPs, as we known. Some other methods were
reported for detection of SNPs by PNA and LNA, such as
electrochemical method and fluorescence, as listed in table S3.

The EIS assay provided a very different idea for detection
platform of SNPs. Although the detection limit didn't achieve
very low concentration, the EIS sensor displayed a wide linear
detection range (1 nmol/L to 1umol/L) and excellent detection
limit with a 0.3 nmol/L. The sensor have some advantages such
as excellent specificity and reproducibility, simple preparation,

rapid detection, low-cost, label-free target DNA, and no need

This journal is © The Royal Society of Chemistry 20xx

professional technician when used. Moreover, the sensor was
not affected by interferences by other duplexes and was able to
discriminate target G-G mismatched DNA from 16 other DNA
samples and a large, fully matched ct-DNA. Therefore, this EIS
sensor is very useful platform for the SNPs detection especially

for detection of G-G mismatched DNA.
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