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Herein, we present a sensitive, selective, and facile label-free DNA functionalized single-walled

carbon nanotube (SWNT)-based chemiresistive biosensor for the detection of Hg2þ. SWNTs were

functionalized with Hg2þ binding 15-bases long polyT oligonucleotide through covalent

attachment using a bilinker molecule. The polyT was further hybridized with polyA to form a

polyT-polyA duplex. When exposed to Hg2þ the polyT-polyA duplex was dehybridized combined

with switching of polyT structure, leading to change in resistance/conductance of the SWNT

chemiresistor device. The device provided a significant response within 100 to 1000 nM of Hg2þ

concentration with a 6.72� 10�3 nM�1 sensitivity.VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4773569]

Mercury (Hg) is a worldwide concern in aquatic environ-

ments due to its toxicity and biomagnification in food webs.

Elevated exposure to mercury can affect the cardiovascular

system, gastro-intestinal system, liver, kidneys, and neurologi-

cal system of the human body.1 Industrial wastewater from

chlor-alkali and mineral industries, burning of fossil fuels, and

incineration of municipal solid waste are the major sources of

mercury contamination in the environment. The total global

mercury emission from all sources has been estimated at 7500

tons per year.2 The United States Environmental Protection

Agency (EPA) has mandated a drinking water upper limit of

2 ppb (10 nM) for mercury (II) ion concentration.3

Protein based Hg2þ biosensor using electrochemical4,5

and optical6 techniques has been demonstrated. However,

poor stability of proteins at ambient condition restricts its use

for real application. These stability issues could be overcome

by using DNA molecules that have excellent stability at ambi-

ent condition and do not require stringent storage conditions.

Highly sensitive and selective detection of Hg2þ ion based on

thymine-Hg2þ-thymine (T-Hg2þ-T) structure-switching DNA

using UV absorption, fluorescence, surface-enhanced Raman

spectroscopy, resonance scattering, and electrochemical meth-

ods has been demonstrated.7–12 However, these approaches

require labels and/or sophisticated instruments.13

One-dimensional (1D) nanostructure has been studied

extensively as a transducer element in biosensors for their

high surface to volume ratio, which results in the surface

phenomena predomination over the chemistry and physics

that happen in the bulk.14,15 Amongst different 1D materials,

single-walled carbon nanotubes (SWNTs) have emerged as a

promising material for the development of label-free bio-

sensor because of its extreme sensitivity towards resistance/

conductance changes upon adsorption/perturbation of ana-

lyte molecule on the SWNT surface and facile surface

modification possibilities.16,17 Further, the high electrical

mobility of SWNTs enables developing low power micro-

electronics whereas the 1D nanostructure of SWNTs facili-

tates development of high-density sensor arrays within a

limited space. In this work, we propose a label-free, chemire-

sistive biosensor for Hg2þ ion detection based on polyT-

polyA duplex functionalized SWNT, which upon exposure to

Hg2þ results in the dehybridization of polyT-polyA duplex

and switching of polyT structure, leading to change in resist-

ance/conductance of the SWNT chemiresistor device.

Initially, we investigated sensing of Hg2þ using a polyT-

based SWNTs chemiresistive biosensor fabricated through

non-covalent functionalization of SWNTs (Scheme I). Figures

S1 and S2, respectively, show the schematic of the fabrica-

tion/sensing steps and the current vs. voltage (I–V) responses

corresponding to each step.18 As shown in Figure S2, the re-

sistance of the SWNTs network increased upon non-covalent

immobilization of polyT (50-TTT TTT TTT TTT TTT-30)

attributed to p-p stacking interaction and the negative charge

density provided by the phosphate groups on a polyT-SWNTs

hybrid on the p-type SWNTs.18,19 Upon incubation of the final

sensor device (after blocking of Hg2þ binding with the gold

electrodes by a self-assembled monolayer of 6-mercapto-1-

hexanol (MCH))20 with 1lM Hg2þ, the device resistance

decreased (Figure S2). The resistance decrease or conductance

increase is a result of removal/release of polyT from the

SWNTs surface due to the formation of T-Hg2þ-T complex,21

a hairpin like structure,22 causing a decrease of negative

charge on SWNTs and/or thermodynamically favourable

reduction of Hg2þ on SWNTs23 providing a hole carrier injec-

tion on SWNTs. While the selectivity of the Scheme I biosen-

sor was very good (Figure S3)18 the sensitivity for Hg2þ was

low and the relationship of response with the Hg2þ concentra-

tion was not linear (data not shown).

In order to improve the device performance in terms of

sensitivity and selectivity, the fabrication protocol (Scheme

II) was modified and the device was fabricated through cova-

lent functionalization of SWNTs with amino-labelled polyT

followed by hybridization with polyA (Figure 1) to form
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DNA duplex. Figure 2 shows current vs. voltage (I–V)

recordings of the fabrication steps and Hg2þ sensing: non-

covalent functionalization of SWNTs with 1-pyrenebutanoic

acid succinimidyl ester (PBASE); covalent attachment of

the amino-labelled capture oligonucleotide polyT (50-

/5AmMC6/TTT TTT TTT TTT TTT-30) through the amide

bond between the amine at 50 end of the capture oligo and

N-hydrosuccinimide ester (NHS) of PBASE; neutralization

of unbound NHS with ethanolamine (EA) and blocking of

unfunctionalized SWNTs with Tween 20; hybridization of

amino-labelled polyT with polyA (50-AAA AAA AAA AAA

AAA-30) to form polyT-polyA duplex; MCH blocking of

gold pads of the electrode; and sensing of Hg2þ ion (please

see supplementary material for details).18 An increase in re-

sistance of the SWNTs was observed after PBASE modifica-

tion. The resistance of PBASE modified SWNTs remains

unchanged after covalent binding of amino-labelled polyT.

Further, increase in resistance of the device was noticed for

all successive steps of fabrication. The resistance increases

were in accordance with the literature and a result of electron

donation from these molecules to the nanotubes resulting in

charge carrier reduction in SWNTs and/or scattering potential

generated by the immobilization of the molecules and thereby

decrease in the hole mobility.24 Upon incubation of the final

biosensor with 250 nM Hg2þ solution for 30min at room tem-

perature, the source and drain current of the device increased,

i.e., the resistance decreased due to the dehybridization of

polyT:polyA duplex resulting the formation of T-Hg2þ-T

duplex and the release of polyA from SWNTs surface.25

Negative controls, i.e., SWNTs devices functionalized

with only the capture oligo and blocked with ethanolamine,

Tween 20 and MCH, i.e., without the polyA, showed no

response to Hg2þ (data not shown). These results confirmed

the effectiveness of the proposed sensing modality for Hg2þ

by a nanostructure-based chemiresistor biosensor.

Figure 3 shows the calibration curve, relationship between

the SWNTs chemiresistive biosensor response [(R�RO)/RO],

where R is the resistance after exposure to Hg2þ ion and RO is

the resistance of SWNTs after hybridization with polyA and

FIG. 1. Schematic illustration of SWNTs chemiresis-

tive label-free biosensor fabrication steps through cova-

lent functionalization of SWNTs with amino-labeled

polyT followed by hybridization with polyA.

FIG. 2. Current versus voltage (I–V) curves of SWNTs chemiresistive label-

free biosensor at different stages of fabrication and upon exposure of

250 nM of Hg2þ.

FIG. 3. SWNTs chemiresistive label-free biosensor calibration for Hg2þ.

Each data point is an average of the measurements from 4 independent sensors

prepared at different time and error bars represent61 standard deviation.
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MCH blocking. The resistance was calculated as the inverse of

the slope of the I–V curve between �0.1 andþ 0.1V (linear

range). As shown in the figure, the sensor response was linear

over the Hg2þ concentration ranging from 100nM to 1lM

with a 6.72� 10�3 nM�1 sensitivity. Also more than ten order

of enhancement in sensor response was observed as compared

to the device fabricated through Scheme I. This enhancement

in sensitivity is attributed to the extremely high sensitivity of

the chemiresistive transduction combined with the displace-

ment principle.26

To examine the selectivity of the biosensors, SWNT

devices were incubated with different metal ion solutions

of the same concentration. The responses for Hg2þ,

Ca2þ, Mg2þ, and Mn2þ ion were found out to be �18.80

6 4.8%, �7.316 2.01%, �4.286 0.60%, and �5.13

6 3.49%, respectively (Figure 4), thus demonstrating that

SWNT based chemirersistive biosensors were highly selec-

tive for Hg2þ ion detection.

In conclusion, we have fabricated a SWNTs chemiresi-

tive biosensor for Hg2þ ion detection based on structure-

switching DNA. This biosensor exhibited good selectivity

for Hg2þ ion and showed a linear response over the range of

concentrations between 100 nM to 1 lM Hg2þ ion. Further-

more, compared with those reported in literature based on

polyT,27,28 the SWNTs nano-biosensor is a truly label-free

system, requiring the aid of no labels attached to the polyA

or the capture oligo.
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