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Nanoporous carbons represent well defined materials with large surface area, defined porosity, high

electrical conductivity and fast heterogeneous electron transfer rates. These materials are seldom used

for sensing and even more rarely for biosensing. We for the first time show the application of

nanoporous carbon using electrochemical impedance spectroscopy technique to detect DNA

hybridization and polymorphism. Our findings demonstrated the proof of concept of using

nanoporous carbon in nucleic acid analysis, being able to detect the presence of a single nucleotide

polymorphism.

Introduction

The demand for new materials in the electrochemical detection

of biomolecules has increased considerably in the last few

years.1–4 This is due to the enormous need for new analytical

devices for point-of-care diagnosis which can provide rapid and

sensitive responses.5–7 The detection of DNA hybridization and

polymorphism is becoming a very important issue in biomedical

field since it can provide early information on the presence and

the development of different genetic diseases.8 DNA biosensors

are the ideal candidate for this purpose since they fulfil the

requirements for a fast and reliable response, while at the same

time being more affordable and easier to handle for the general

user, as compared to the classical methods for DNA analysis.9

Electrochemical Impedance Spectroscopy (EIS) is a rapid,

non-destructive method which can be used for the characteriza-

tion of different kinds of materials.10,11 Being able to detect

interfacial properties at the electrode surface, EIS has become an

increasingly powerful tool for highly sensitive detection of

biorecognition events.12,13

Carbon materials have been used in biosensing schemes as

electrode materials due to their high electrical conductivity, fast

electron transfer rates, well established chemistry and afford-

ability. There has been significant research carried out using

carbon-based materials such as graphite,14 carbon paste,15

carbon nanotubes13 and graphene16 as electrode platforms for

biosensing. However, another type of carbon nanostructured

material remains completely unexplored for biosensing applica-

tions. This material is nanoporous carbon. Nanoporous carbons

are termed carbon structures with pores of less than 100 nm,

spanning across areas of microporous (pores of 0.2–2 nm),

mesoporous (pores of 2–50 nm) and macroporous (50–1000 nm

pores) carbons.17 Such materials are well established, have high

surface area and well defined structure. Surprisingly, they found

most of the applications in the energy storage area,18,19 but a

little attention was given to their sensing properties.20,21 Earlier

works on the detection of nucleic acids and proteins such as

thrombin with mesoporous carbon using fluorescence emission

techniques has been reported22,23 but the use of electrochemical

sensing methods are still yet to be fully explored. Even though

nanoporous carbon materials exhibit very fast heterogeneous

electron transfer rates and high surface area, they have not been

used for electrochemical nor impedimetric DNA sensing.

In this work we used for the first time a nanoporous

carbon platform for the detection of DNA hybridization and

polymorphism by electrochemical impedance spectroscopy.

Hairpin shaped oligonucleotides were used as DNA probes to

be immobilized on the electrode surface. A hairpin-DNA

(hpDNA) is a secondary DNA structure in which two regions

of the same strand are complementary to each other, thus

resulting in the formation of a double-stranded end and an

unpaired loop.24,25 Due to this inherent structural constraint,

hpDNA presents a higher selectivity for target recognition

capabilities in the presence of single nucleotide polymorphisms

(SNPs) as compared to linear DNA probes.26–28 The developed

platform was able to distinguish between a complementary target

and a sequence with one mismatch which is correlated to the

development of Alzheimer’s disease. Our findings demonstrated

a novel application of nanoporous carbon as sensing platform

for the impedimetric detection of nucleic acid sequences.

Experimental

Materials

Disposable electrical printed electrodes (DEP chips) were

purchased from BioDevice Technology (EP-PP; Lot No.

EPFS18), Nomi, Japan. Potassium ferricyanide (K3Fe(CN)6),
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potassium ferrocyanide (K4Fe(CN)6), hydrochloric acid, sodium

chloride (NaCl), trisodium citrate (Na3C5H6O7), disodium

hydrogen phosphate (Na2H2PO4) and nanoporous carbon (Lot

No. 699632; pore size: 11.2 nm) were used as received from

Sigma (singapore). Nanoporous carbon was in detail character-

ized in our previous publication.21 Deionised water with a

conductivity of 18.2 MV cm was used in the preparation of

solutions and samples. Hairpin probe oligonucleotide (hpDNA),

complementary target oligonucleotide (wild), non-complemen-

tary target oligonucleotide (nc) and mutant target oligonucleo-

tide (mutant) were pre-prepared by Sigma. Table 1 lists the

sequences of each nucleotide used.

Samples and solutions

PBS buffer, pH7 consisted of 0.01 M phosphate and 0.1 M

sodium chloride solution. A 0.01 M solution mixture of K3Fe

(CN)6 and K4Fe(CN)6 (1 : 1) was used as redox marker. TSC1

buffer, pH 7 was prepared using 0.075 M trisodium citrate and

0.75 M sodium chloride. TSC2 buffer, pH 7 consisted of 0.03 M

trisodium citrate and 0.3 M sodium chloride. TSC solutions

are commonly used as the buffer solutions in hybridization

procedures. All DNA solutions were prepared in TSC1 buffer.

Nanoporous carbon was dispersed in deionized water to form a

1 mg mL21 suspension. A fresh suspension is prepared monthly

to ensure consistency in the results measured.

Apparatus

Impedimetric and cyclic voltammetric measurements were

carried out using Autolab 302 electrochemical analyzer (Eco

Chemie, The Netherlands) operated by the GPES software. The

DEP electrodes used were comprised of a three electrodes

system: working electrode (carbon paste), counter electrode

(carbon paste) and reference electrode (Ag/AgCl). Thermo

Shaker (Model. TS-100) from BIOSAN was used in the

temperature controlled incubation steps.

Procedure

EIS measurements were performed for: 1) Bare DEP electrode.

2) Nanoporous carbon modified DEP electrode. 3) hpDNA

Probe modified DEP electrode. 4) Target DNA hybridized DEP

electrode. Cyclic voltammetries were performed in steps 1 and 2.

Specific details on the preparations, modifications and

hybridization of the DEP electrode at each step is further

described in the respective sections below.

Preparation of nanoporous carbon modified DEP electrode

3 mL of nanoporous carbon suspension were deposited on the

working electrode, left to dry and gently washed with deionized

water to remove any unabsorbed material.

Preparation of hpDNA probe modified DEP electrode

3 mL of the hpDNA probe solution were deposited on the

nanoporous carbon modified DEP electrode and left to dry at

60 uC for 15 min. The electrodes were then washed in TSC2 at

25 uC under stirring for 5 min. The washing step was repeated

twice with fresh TSC2 each time. This was to ensure that any

excess or physically unabsorbed hpDNA sequences were

removed from the electrode surface.

Hybridization with DNA target

Hybridization of hpDNA probe and target DNA sequences are

carried out by incubating hpDNA modified DEP electrodes in

an eppendorf tube containing the specific DNA target and left

for 40 min at 55 uC under stirring. The electrodes were then

washed in TSC2 buffer at 42 uC for 10 min under stirring. This

was repeated twice using new TSC2 each time. The total volume

used in all incubation steps was 100 mL. A schematic of the

protocol is given in Scheme 1.

EIS and CV measurements

All measurements were performed with the Autolab potentiostat

using a mixture of K3Fe(CN)6/K4Fe(CN)6 as the redox marker.

EIS measurements were carried out for a range of frequencies

from 10 KHz to 0.05 Hz with amplitude of 10 mV. The results

obtained were presented as Nyquist plots (Z9 against 2Z99). A

Randles equivalent circuit [R1(Q[R2W])] was chosen to fit the

obtained data.

Table 1 Sequences of the hpDNA and the various targets (wild, nc and mutant)

Name Sequence

hpDNA 59-ATG GAG ACC AGG CGG CCG CAC ACG TCC TCC AT -39 (32 mer)
Wild 59-ATG GAG GAC GTG TGC GGC CGC CTG GT-39 (26 mer)
nc 59-AAA AAA AAA AAA AAA AAA AAA AAA AA-39 (26 mer)
Mutant 59-ATG GAG GAC GTG C_GC GGC CGC CTG GT-39 (26 mer)

Scheme 1 Preparation of DEP chips: immobilization of hairpin probe

DNA and hybridization with DNA target sequences.
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Results and discussion

The behavior and suitability of nanoporous carbon as sensing

platform in the analysis of DNA sequences was studied using

electrochemical impedance spectroscopy as the detection techni-

que. The bare electrode surface was first modified with

nanoporous carbon and the impedimetric signal was recorded.

In Fig. 1 the Nyquist plots obtained for the bare DEP chip

(purple color) and the nanoporous carbon modified electrode

(black color) are represented.

The Randles equivalent circuit [R1(Q[R2W])] used for the data

fitting is given in the inset. In the circuit the electrolyte solution

resistance (R1) is in series with a parallel RC element. This

consists of a constant phase element (Q), the Warburg

impedance (W) and the charge transfer resistance (R2). We

focus on R2 (diameter of the semicircle in the Nyquist plot)

which denotes the charge transfer resistance of the redox marker

between the solution and the electrode surface.10,11 Therefore, by

monitoring the changes in R2 we can obtain information about

the different steps of the biosensing. From Fig. 1 it is clear that

the nanoporous carbon gives a much smaller and almost

negligible semicircle in the Nyquist plot as compared to the

bare DEP-chip, indicating a lower charge transfer resistance and

higher electron transfer rate for nanoporous carbon. This result

is in agreement with earlier works where nanoporous carbon was

found to have a fast heterogeneous electron transfer rate in the

presence of the same redox marker.21 This behavior can be due

to the increased surface area of the nanoporous material.

After the impedimetric characterization, the electrode surface

was modified with hairpin DNA probe (hpDNA) sequences.

Nyquist plot obtained for EIS measurements are shown in

Fig. 2A, B and C (red color). A much higher charge transfer

resistance compared to nanoporous carbon modified DEP-chip

(larger diameter in the Nyquist plot) was observed. This increase

is generated by the introduction of an additional layer which

carries a negatively charged DNA backbone. The repulsion

between the latter and the negatively charged redox marker

Fe(CN)6
32/Fe(CN)6

42 results in the increase of R2.29

Detection of DNA sequences involves the final step of the

protocol: hybridization of the hairpin DNA probes with target

DNA sequences. Different target DNA molecules at the same

concentration were used to observe if distinctive responses could

be obtained with the nanoporous carbon platform: complemen-

tary, non-complementary and mutant (1 base-pair mismatch).

Fig. 2A shows that in the presence of complementary DNA

target sequences (blue color), an increase in R2 is recorded. This

is because upon addition of the complementary target DNA

strands, hybridization between the target and the probe DNA

sequences occurs and a double stranded DNA is formed on the

electrode surface.29 The formation of this double layer, together

with the increased number of negatively charged phosphate

groups gives rise to greater like-charge repulsion towards the

Fig. 1 Comparison of impedimetric measurements between bare DEP-

chip (purple color) and nanoporous carbon modified DEP-chip (black

color). Measurements were performed in K3Fe(CN)6/K4Fe(CN)6 10 mM

in PBS, pH 7. Inset: Randles equivalent circuit.

Fig. 2 Nyquist plot for nanoporous carbon (black), hpDNA (red),

DNA target (blue) for three different hybridization experiments. A)

Complementary target DNA sequences. B) Non-complementary target

DNA sequences. C) Mutant target DNA sequences. Concentration of

hpDNA: 10 mmol L21; concentration of DNA target: 3 nmol L21.

Measurements were performed in K3Fe(CN)6/K4Fe(CN)6 10 mM in

PBS, pH 7.
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redox marker and therefore, a greater charge transfer resis-

tance.29 When either a non-complementary sequence (blue color

in Fig. 2B) or a sequence with 1-mismatch (blue color in Fig. 2C)

was employed in the hybridization step, the above mentioned

increase in R2 was not observed, thus confirming that

hybridization did not take place.

In order to obtain reliable EIS measurements, it is crucial to

ensure that the hpDNA probe sequences have completely

covered the electrode surface. This is to avoid any non-specific

adsorption during the hybridization step which would provide a

non-specific signal. Hence, an optimization of the concentration

of the hpDNA sequences was performed to determine the

amount of probes to immobilize on the nanoporous carbon

modified DEP-chip.30,31 The impedimetric response was studied

using a hpDNA concentration range from 0.1 mmol L21 to

20 mmol L21. The obtained results are shown in Fig. 3. The

signal is represented as the ratio between the charge transfer

resistance of hpDNA modified electrode and the bare electrode

(R2 probe/R2 bare). A trend could be observed in Fig. 3, where

the signal increases with increasing concentration from and

0.1 mmol L21 and 10 mmol L21. The highest R2 variation,

corresponding to the electrode surface full coverage was

obtained at 10 mmol L21 hpDNA. Therefore this value was

selected as the optimized hpDNA concentration to be immobi-

lized on nanoporous carbon modified DEP-chips.

Fig. 4 summarizes results obtained in the hybridization

experiment with three different DNA target sequences. Signal

is given as the variation of the target charge transfer resistance

relative to the probe one. The discrimination between the

completely complementary target and the sequence carrying one

mismatch was detectable at 3 nmol L21.

Conclusions

The impedimetric detection of DNA hybridization and poly-

morphism was realized for the first time on nanoporous carbon

material. The feasibility of nanoporous carbon as sensing

platform was demonstrated in the analysis of synthetic

oligonucleotides which can be correlated to the development of

Alzheimer’s disease. After further optimization of the experi-

mental protocol, the incorporation of nanoporous carbon in

bioanalytical devices can be considered, in order to develop a

universal platform with the general purpose of biomolecule

detection.
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