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We report the fabrication of a single-walled carbon nanotube (SWNT) based ultrasensitive label-

free chemiresistive biosensor for the detection of human cardiac biomarker, myoglobin (Ag-cMb).

Poly(pyrrole-co-pyrrolepropylic acid) with pendant carboxyl groups was electrochemically depos-

ited on electrophoretically aligned SWNT channel, as a conducting linker, for biomolecular immo-

bilization of highly specific cardiac myoglobin antibody. The device was characterized by scanning

electron microscopy, source-drain current-voltage (I-V), and charge-transfer characteristic studies.

The device exhibited a linear response with a change in conductance in SWNT channel towards the

target, Ag-cMb, over the concentration range of 1.0 to 1000 ng ml�1 with a sensitivity of �118%

per decade with high specificity. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897972]

Cardiac myoglobin (cMb), a monomeric hemeprotein, is

an important biological index for the diagnosis of acute myo-

cardial infarction (AMI). Though cMb is not highly cardiac

specific due to its abundant presence in myocardial as well

as skeletal muscle cells, its small size with molecular dimen-

sion of 3 nm� 4 nm� 5 nm and molar volume of 1.87� 104

cm3 mol�1 quickly releases it into blood circulation within

1 to 3 h after symptom onset and reaches a maximum

between 6 and 12 h, subsequently returning to the baseline

within 24–48 h.1,2 In the first 1 h of onset of myocardial in-

farction, the cMb level shoots up to 200 ng ml�1 from the

normal level of 30 to 90 ng ml�1 in human blood and can

reach as high as 900 ng ml�1 during the peak hour.3 This

high predictive value together with a high sensitivity makes

it a valuable biomarker for the early screening test of AMI.

Recent advancement in biological sensing techniques

has transformed the conventional detection techniques such

as piezoelectric,4 optical,5 and electrochemical6 to simpler

and miniaturized methods, which are comparatively much

more sensitive, reliable, and stable. One dimensional nano-

materials such as nanotubes, nanowires, and nanorods are

being increasingly used in the miniaturized biosensing

research field because of their sensitivity to electronic pertur-

bation, which allows high sensitivity and rapid analyte detec-

tion.7–10 Among these materials, semiconducting single

walled carbon nanotubes (SWNTs), hollow cylinders of sp2

bonded carbon atoms with diameter of 1–2 nm have emerged

as an efficient transducer11–13 for making chemiresistor/field

effect transistor (FET) devices because of their good electri-

cal conductivity due to large carrier mobility.14–16 SWNTs

have few defects, are chemically stable and inert, and their

large surface to volume ratio makes them sensitive to any

surface adsorption of biomolecules, with large, easily meas-

urable changes in FET device resistance/conductance.17,18

However, the proper immobilization of biomolecules to the

matrix of these one dimensional SWNT devices remains of

concern. Biomolecules such as peptides, proteins, and anti-

bodies possess special affinity to their complementary spe-

cies and hence an efficient surface immobilization technique

is required to be established to enhance the immobilization

amount and ultimate detection capacity. The biomolecular

immobilization may either be carried out by a physical or a

covalent linkage technique. However, physical immobiliza-

tion is prone to weak bonding, and covalent linkage, though

strong, requires a bilinker molecule, which affects the elec-

trical connectivity of SWNT to the biomolecule.

Conducting polymers have been used as the most prom-

ising biomolecular immobilizing matrices because of their

extraordinary electrochemical properties arising from their

conjugated p-electron backbone.19–21 Hence, we have used a

functionalized conducting copolymer poly(pyrrole-co-pyrro-

lepropylic acid) (PPy-PPa) composed of two contrasting

monomers: highly conducting pyrrole (Py) and low conduct-

ing pyrrolepropylic acid (Pa), as an organic conjugate linker

for biomolecular covalent immobilization of SWNT. The

PPy-PPa copolymer film shows good electrical conductivity,

while maintaining the semiconductor function of the device

and its feasibility in one dimensional carbon nanomaterial

based FET device has been investigated via source-drain cur-

rent vs voltage (I-V) measurements and FET characteristics.

While there are previous studies on the one dimensional car-

bon nanomaterial based chemiresistive biosensors, in this

work, we have utilized the polymer composites in such devi-

ces to provide efficient biomolecular immobilization for the

quantitative detection of cardiac biomarkers.

In this paper, we describe the fabrication of a chemiresis-

tive biosensor for the detection of human cardiac biomarker,

myoglobin protein antigen (Ag-cMb) by electrochemical dep-

osition of conducting copolymer PPy-PPa on p-type SWNT

electrophoretically aligned between gold microelectrodes.a)Electronic addresses: rajesh_csir@yahoo.com and adani@engr.ucr.edu
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The highly specific cardiac myoglobin protein antibody, Ab-

Mb, was covalently immobilized through its amino group to

the pendant carboxyl group of the electrodeposited copolymer

PPy-PPa film by a carbodiimide coupling reaction. The fabri-

cation process of the device is schematically represented in

Figure 1. Scanning electron microscopy (SEM), energy dis-

persive X-ray analysis (EDAX), I-V measurements, and FET

characteristics were used to characterize the device formation,

its performance and sensing mechanism.

Monoclonal mouse anti-human cardiac myoglobin (Ab-

Mb; Cat 4M23), Myoglobin derived from human heart tissue

(Ag-cMb; Cat 8M50), and C-reactive protein (Ag-CRP; Cat

8C72) were procured from Hytest (Turku, Finland). Mouse

immunoglobulin-G (Ag-IgG; Cat IGP3) was obtained from

GENEI, Bangalore. Pyrrole, pyrrolepropylic acid, sodium

p-Toluene sulphonic acid (p-TSA), N-(3-dimethylamino-

propyl)-N0-ethyl carbodiimide hydrochloride (EDC), N-

hydroxy succinimide 98% (NHS) were obtained from

Sigma–Aldrich chemicals. 1-hexadecanethiol (HDT) was pur-

chased from Merck Schuchardt. The SWNTs (SWNT-COOH,

80%–90% purity; bundle diameter: 4–5 nm) were purchased

from Carbon Solution, Inc. (Riverside, CA, USA). All other

chemicals/reagents were of analytical grade and used without

further purification.

A suspension of SWNT in N, N-dimethylformamide

(DMF) (0.01 mg ml�1) was prepared by centrifugation at

31 000� g for 90 min. 2.0 ll of the above dispersed SWNT

suspension were aligned across a pair of 3 lm apart micro-

fabricated gold electrodes using A.C. dielectrophoresis at

5 MHz frequency with a peak-to-peak amplitude of 1.5 V, fol-

lowed by annealing at 300 �C for 1 h under a reducing envi-

ronment (N2 with 5% H2).17 A mixture of ethanolic solution

of 0.25 mM 1-hexadecanethiol (HDT) and water (1:1 v/v)

was drop cast over the SWNT aligned gold microelectrodes

for 15 min to deposit a self assembled monolayer (SAM) of

HDT on the exposed gold surface. Such a SAM of HDT on

gold surface has been reported earlier to produce an electro-

inactive gold surface for electrochemical reactions.22 Thus,

SAM of HDT prevents the undesired electrochemical deposi-

tion of conducting copolymer on the exposed gold surface

during electro-polymerization, allowing electro-deposition

only on the aligned SWNT channel. For electrochemical po-

lymerization, the SWNT/Au-HDT microelectrode was taken

as a working electrode with Ag/AgCl wire as a reference

electrode and platinum needle as a counter electrode using

PGSTAT302N, AUTOLAB instrument from Eco Chemie,

connected to a probe station, Micromanipulator model

450PM-B for electrical contact to the source and drain elec-

trodes (Fig. 2). The PPy-PPa with a controlled film thickness

was electrochemically deposited on SWNT/Au-HDT from a

degassed aqueous solution containing 0.1 M pyrrole (Py),

0.03 M pyrrolepropylic acid (Pa), and 0.1 M p-TSA, at a fixed

bias voltage of 0.8 V vs Ag/AgCl by controlling the passage

of current. The pendant carboxyl groups of the PPy-PPa de-

posited on SWNT were activated by drop casting an aqueous

solution containing 0.03 M NHS and 0.15 M EDC for 1 h fol-

lowed by washing with distilled water and dried under N2 gas

flow. The activated PPy-PPa/SWNT was incubated with

phosphate buffer saline (PBS; pH 7.4) containing 100 lg

ml�1 Ab-Mb, for 3 h at 4 �C, for biomolecular immobiliza-

tion, followed by washing with PBS (pH 7.4) and dried under

N2 gas flow to obtain the desired Ab-Mb/PPy-PPa/SWNT

nanodevice. The device was passivated with 0.1% bovine se-

rum albumin (BSA) in PBS to block the nonspecific binding

sites of the SWNT channel as well as the unbound activated

carboxyl group in PPy-PPa/SWNT, leaving only the active

sites of specific Ab-Mb for immunoreaction interaction with

complementary target antigen, Ag-cMb.

The device characterization and response measurement

towards target Ag-cMb were carried out by monitoring the

(I-V) characteristics in a range from �0.5 V to þ0.5 V.

These electrical characteristics of the device were monitored

after each step of device fabrication and the resistance was

calculated by taking the inverse of the slope of I-V curve

from �0.5 to þ0.5 V (Fig. 3(a)). A decrease in source-drain

current (Isd) of the SWNT device was observed upon SAM

formation of HDT on the gold microelectrodes, which fur-

ther decreased on electrodeposition of PPy-PPa film on

SWNT, which may be attributed to a decrease in hole density

at the interface upon transfer of electrons from the conju-

gated polymer to p-type SWNT. This has been substantiated

by carrying out the FET characteristics studies of PPy-PPa/

SWNT device (Fig. 3(b)) on both before and after electrode-

position of PPy-PPa on SWNT with a back gate voltage, Vg,

FIG. 1. Schematic representation of

the stepwise fabrication process of Ab-

Mb/PPy-PPa/SWNT device.

FIG. 2. Schematic representation of the electrochemical setup for the elec-

trochemical deposition of PPy-PPa copolymer on SWNT device.

153701-2 Puri et al. Appl. Phys. Lett. 105, 153701 (2014)
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in the range of �40 to þ40 V, at a bias drain voltage (Vd) of

0.1 V recorded on a Keithley semiconductor characterization

system 2420. The charge/hole density (q) in the PPy-PPa/

SWNT-FET device was calculated by q¼CDVT/eL (where

C is the approximate capacitance, DVT¼ shift in threshold

voltage, L¼ channel length) and the charge mobility of the

holes, l¼ L2 (dIsd/dVg)/CVd (where Vd¼ drain voltage).17

Figure 3(b) shows a typical p-type semiconducting behavior

for pristine SWNT due to electron transfer from absorbed

oxygen,23 with a charge mobility of 1.03 � 102 cm2 V�1

S�1. A decrease in current was observed at a given voltage

for the HDT treated SWNT device with a much lower charge

mobility of 0.39 � 102 cm2 V�1 S�1 and a decrease in hole

density of 1.93 � 107 cm�1 with respect to pristine SWNT.

This change in electrical phenomenon has been found to be

contrary to earlier report, where an increased current was

observed for SWNT FET after 8 h exposure treatment of the

gold surface with HDT.24 This may be understood on the ba-

sis of the surface coverage of the gold surface with HDT

depending on treatment time. In our case, an exposure to

HDT in aqueous ethanolic solution of critical ratio22 with a

small treatment time of 15 min perhaps did not give enough

time for the thiols to diffuse into the SWNT-gold interface.

This might have shifted away the Au Fermi level from the

valence band of SWNT, modulating the local work function

and thereby increases the charge injection barrier imparting

a contact resistance (Schottky barrier). Further, it is interest-

ing to note that after electrodeposition of the PPy-PPa film

on SWNT/Au-HDT, even though the Isd decreased signifi-

cantly with a substantial decrease in hole density (1.28 �
107 cm�1 w.r.t. SWNT/Au-HDT), decrease in charge mobil-

ity (0.23 � 102 cm2 V�1 S�1) was not as much, indicating a

possible electrostatic gating effect due to electron charge

transfer and scattering of charge carriers at the PPy-PPa/

SWNT interface. The electrodeposition of PPy-PPa on

SWNT was also characterized by SEM and EDAX analysis

(the inset of Fig. 3(a)) with a LEO 440 PC; UK based digital

scanning electron microscope. The SEM image shows well

aligned PPy-PPa/SWNT, whereas the presence of nitrogen in

the elemental analysis of EDAX spectra revealed the electro-

deposition of PPy-PPa film on SWNT. Further, subsequent

decrease in Isd was observed in I-V curve, upon covalent

biomolecular immobilization of the PPy-PPa/SWNT with

Ab-Mb, and on its passivation with BSA due to the donation

of electrons to SWNT from the electron rich basic amino

acids such as arginine, histidine, and lysine of the protein

backbone structure.25

The current/resistance behavior of the Ab-Mb/PPy-PPa/

SWNT device was investigated towards the target protein anti-

gen, Ag-cMb, in PBS (pH 7.4). Since no large appreciable

increase in current was observed in PPy-PPa/SWNT at applied

gate voltage from 0 to �30 V, sensing performance of the de-

vice was carried out as a chemiresistive biosensor, without a

gate voltage. The device was incubated with a 2.0 ll sample

volume of different concentrations of Ag-cMb in PBS ranging

from 0.1 to 1000 ng ml�1, for a period of 1 min, followed by

washing with distilled water and dry under N2 gas flow. I-V
measurements were taken under dry condition. It was found

that the device on incubation with each increasing concentra-

tion of Ag-cMb exhibited a decreasing trend of current con-

ductance in SWNT with antigen-antibody complex formation

on immunoreaction at PPy-PPa/SWNT surface. We attribute

this to electron charge transfer to SWNT from the adsorbed

biomolecules on immunoreaction. Figure 4 shows the normal-

ized calibration curve (DR/R0¼ [(R)after immunoreaction�R0]/

R0) for Ab-Mb/PPy-PPa/SWNT device in a concentration

FIG. 3. (a) Current-Voltage (I-V) char-

acteristics curves of the device at vari-

ous stages of fabrication; Inset shows

the micro-chip structure with a SEM

image of PPy-PPa/SWNT/Au-HDT at

60.00 KX magnification; and EDAX

scanning results for corresponding

electrode; (b) FET characteristics

curves for the corresponding PPy-PPa/

SWNT/Au-HDT device.

FIG. 4. Concentration dependence calibration curve of Ab-Mb/PPy-PPa/

SWNT device for [Ag-cMb]. Each data point is an average of the measure-

ments from three individual devices and error bars represent 61 standard

deviation; Inset: normalized DR/R0 (%) response of the device for [Ag-IgG]

and [Ag-CRP] with respect to [Ag-cMb].

153701-3 Puri et al. Appl. Phys. Lett. 105, 153701 (2014)
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range of 0.1 to 1000 ng ml�1 of Ag-cMb in PBS, where R0 and

R are the device resistance measured before and after exposure

to Ag-cMb, respectively. The device exhibited a linear

response in DR/R0 over a concentration range of 1 to

1000 ng ml�1 Ag-cMb with a sensitivity of �118% per dec-

ade. This high sensitivity may be attributed to high Ab-Mb

probe loading of PPy-PPa copolymer due to its active binding

sites of pendant carboxylic groups and porous microstruc-

ture,26 resulting in increased electron transfer to the SWNT on

immunoreaction. The lowest detection limit of the device was

estimated to 24.2 pg ml�1 based on three times of signal-to

noise ratio (3r/m; where r is standard deviation of the inter-

cept and m is the slope of the linear curve), indicating to a

much lower level detection of Ag-cMb than previously

reported sensors.27,28

The specificity of the Ab-Mb/PPy-PPa/SWNT device

was also investigated by monitoring its response to a non-

specific protein, mouse Ag-IgG, and another cardiac specific

biomarker, C-reactive protein (Ag-CRP), under identical

conditions, as described for the specific target Ag-cMb. The

inset of Figure 4 summarizes the normalized DR/R0 (%) of

the device on exposure to individual 100 ng ml�1 Ag-IgG

and Ag-CRP with respect to Ag-cMb. The device showed

normalized response (DR/R0) of 11.6% and 7.2% for Ag-IgG

and Ag-CRP, respectively, with respect to Ag-cMb. These

significantly smaller responses in resistance towards non-

specific proteins due to non-occurrence of immunoreaction

on the Ab-Mb/PPy-PPa/SWNT surface, indicating good se-

lectivity of the device towards the specific target Ag-cMb.

In conclusion, we demonstrated a conducting copolymer

functionalized SWNT based chemiresistive biosensor for the

ultrasensitive detection of human cardiac biomarker myoglo-

bin, cMb. PPy-PPa was electrochemically deposited on con-

ducting SWNT channel, as a conducting linker, by making

the gold electrodes (source-drain) surface electro-inactive in

the working zone with a low defect density monolayer of 1-

hexadecanethiol (HDT). The synergistic combination of Py

and Pa monomers in PPy-PPa copolymer linker provided a

covalent binding ability for efficient biomolecular immobili-

zation with good biocompatibility. The charge transfer char-

acteristic of the PPy-PPa/SWNT device showed electrostatic

gating effect with large electron doping on SWNT. High pro-

tein Ab-Mb loading with strong covalent binding to PPy-

PPa/SWNT, responsible for an increased immunoreaction

with the target Ag-cMb, resulted in to a high sensitivity of

�118% per decade Ag-cMb concentration. The high sensi-

tivity, selectivity, and good biocompatibility of the device

can provide a platform for the label free detection of the

target molecules, after appropriate optimization with real

blood/serum, for clinical diagnosis in future.
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