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ABSTRACT: A highly selective, label-free sensor for the non-Hodgkin lymphoma gene, with an aM detection limit, utilizing 

electrochemical impedance spectroscopy (EIS) is presented. The sensor consists of a conducting electrospun fibre mat, surface-

grafted with poly(acrylic acid) (PAA) brushes and a conducting polymer sensing element with covalently attached oligonucleotide 

probes. The sensor was fabricated from electrospun NBR rubber, embedded with poly(3,4-ethylenedioxythiophene) (PEDOT), fol-

lowed by grafting poly(acrylic acid) brushes and then electrochemically polymerizing a conducting polymer monomer with ssDNA 

probe sequence pre-attached. The resulting non-Hodgkin lymphoma gene sensor showed a detection limit of 1 aM (1 x 10
-18

 

mol/L), more than 400 folds lower compared to a thin-film analogue. The sensor presented extraordinary selectivity, with only 1 %, 

2.7 % and 4.6 % of the signal recorded for the fully non-complimentary, T to A and G to C base mismatch oligonucleotide se-

quences, respectively. We suggest that such greatly enhanced selectivity is due to the presence of negatively charged carboxylic 

acid moieties from PAA grafts that electrostatically repel the non-complementary and mismatch DNA sequences, overcoming the 

non-specific binding. 

 

1 INTRODUCTION 

Biosensing, and in particular DNA sensing, is a rapidly expanding research field, with a wide range of applications, including 

medical diagnostics(Karimi-Maleh et al. 2016; Karimi-Maleh et al. 2015), forensics(Frascione et al. 2013), 

biosecurity(Muhammad-Tahir and Alocilja 2003), food quality(Amine et al. 2006; Radke and Alocilja 2005) and environmental 

monitoring.(Amine et al. 2006) The development is driven by an ever-increasing demand for cost effective, portable and highly 

sensitive sensors with rapid response times.(Kannan et al. 2011; Shi et al. 2015; Ulianas et al. 2014; Zhu et al. 2015) Current DNA 

detection technology generally relies on the polymerase chain reaction (PCR) in conjunction with fluorescence measurements, and 

contains multiple steps that are time-consuming and require specialized instruments and skilled users.(Ulianas et al. 2014; Zhu et al. 

2010) Thus, the development of a new generation of DNA sensing devices explore new materials, readouts and nanofabrication 

techniques. The new materials utilized include: carbon nanotubes(Cheng et al. 2009), quantum dots(Diltemiz et al. 2008; Medintz et 

al. 2003), semiconducting nanowires(Cui et al. 2001) and conducting polymers(Peng et al. 2009; Rahman et al. 2015; Zhu et al. 

2006), while the new readouts include: optical(Park et al. 2011; Srinivas et al. 2012; Zhu et al. 2010), electrical(Cui et al. 2001), 

electrochemical(Aydemir et al. 2017; Peng et al. 2009; Rahman et al. 2015) and others.(Buenger et al. 2012; Murakami and Maeda 

2005) Further developments are driven by advances in nano-fabrication techniques(Jianrong et al. 2004), including electrospin-

ning.(Marx et al. 2011; Yang et al. 2014) Conducting polymers (CPs) are a class of polymeric materials with unique opto-electrical 

properties. We and others have shown that conducting polymers make excellent biosensors, utilizing both optical and electrochemi-

cal readouts for sensing DNA, proteins and small molecular targets of biological interests, such as hormones(Guler et al. 2015; 

Kannan et al. 2011; Park et al. 2011; Srinivas et al. 2012; Zhu et al. 2015) Electrochemical gene sensing in particular provides a 

direct electrical, real-time, label-free detection method(Aydemir et al. 2015; Kannan et al. 2011), in formats amenable to miniaturi-

zation and the fabrication of portable devices. Of the electrochemical techniques, electrochemical impedance spectroscopy (EIS) is 

often utilized in biosensing(Aydemir et al. 2015; Gu et al. 2005; Tlili et al. 2005), as even minute changes on the electrode surface, 

induced by biorecognition events, affects steric and charge barriers to interfacial charge transfer on the electrodes, giving rise to 

strong signals.(Lisdat and Schäfer 2008) We have shown that EIS can be effectively utilized in determining kinetics of the hybridi-

zation between an oligonucleotide (ON) probe bound on CP-modified sensing electrodes and its target oligonucleotide in solu-

tion.(Kannan et al. 2011)  
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A further advantage of conducting polymers, underutilized in biosensing, is the ease with which they can be incorporated into 

composite materials(Festin et al. 2013; Yuechen et al. 2014; Zhao et al. 2015) and chemically modified by common synthetic ap-

proaches(Chan et al. 2015; Malmström et al. 2013; Strover et al. 2016), including surface functionalization through polymer brush-

es.(Hackett et al. ;                      ; Strover et al. 2016) These CP systems afford materials with a range of physical and me-

chanical properties; including tailored hydrophilicity,(                   13) solubility(Chan et al. 2015) and flexibility.(Festin et 

al. 2013) In terms of composite CP materials, conducting polymer semi-Interpenetrated Polymer Network (sIPNs) with rubbers 

have been fabricated and shown to make superb flexible actuators.(Festin et al. 2013; Martin et al. 2012; Yin et al. 1997) Founded 

on the idea of CP sIPNs, we have recently fabricated electrospun nitrile butadiene rubber (NBR) embedded with poly(3,4-

ethylenedioxythiophene) (NBR/PEDOT) fibre mats that demonstrated rubber-like flexibility with good electrochemical activity, 

conductivities in the range of 6 S/cm and reversible pore size changes upon cyclic oxidation and reduction.(Kerr-Phillips et al. 

2015) Advantages of electrospinning are the simplicity of producing porous, high surface fibre mats, and the capability of large-

scale production.(Ding et al. 2010; Guler et al. 2015; Yang et al. 2014) The fabrication of high surface area mats is of particular 

relevance to biosensors, as the surface area plays a major role in the sensor performance.(Cui et al. 2001; Kannan et al. 2012; Luo et 

al. 2006)  

 

In this work, we advantageously combine specific functionalization of CPs via polymer side-chain grafting with our electrospun 

NBR/PEDOT s-IPNs fibre mats, to create a DNA sensor with a very low detection limit, in the aM concentration range for the tar-

get oligonucleotide, and an exceptional selectivity. Each component of the sensor contributes uniquely to that outcome. The sensing 

fibre mats were formed as follows. The electrospun NBR rubber fibre mats were firstly embedded with PEDOT, followed by elec-

tropolymerising a CP monomer functionalized with a polymerisation initiating site.(                     ) Poly(acrylic acid) 

brushes were then grafted from the initiation sites and finally a single stranded oligonucleotide (ssON) probe – pre-attached to a 

conducting polymer monomer – was electrochemically polymerized onto the fibres. The fabricated electrochemical sensor was 

hydrophilic, highly porous, with a high surface area and coated with covalently bound ON probe. The probe was specific to non-

Hodgkin  y pho   g n  (Sch     )  Such     n o  cou d b  u  d  o d v  op quick,  ccu     “ iquid biop i  ”  h    ay help in 

early detection and avoid tissue biopsies.(Melani and Roschewski 2016). Here we demonstrate the detection limit of 1 aM, detect-

ing ca. 600 molecules in 1 ml of buffer solution; a 400 fold improvement compared to a thin-film sensor analogue. 

 

2 EXPERIMENTAL 

2.1 Fabrication of PEDOT embedded NBR/PEGDM fibres 

PEDOT embedded electrospun NBR mats were prepared as previously reported(Kerr-Phillips et al. 2015); more information can 

be found in SI. 

2.2 Grafting of poly(acrylic acid) brushes from PBrEDOT coated fibres 

Poly(acrylic acid) (PAA) brushes were produced by grafting of tert-butyl acrylate (tBA) by surface-initiated ARGET ATRP (ac-

tivators regenerated by electron transfer atom transfer radical polymerization) (Matyjaszewski et al. 2007; Matyjaszewski and 

Tsarevsky 2014) and subsequently hydrolysed. For more information see SI. 

2.3 Copolymerization of ThPhCONH-ON and ThPhEG 

THPhCONH-ON and ThPhEG were potentiodynamically polymerized at a molar ratio 0f 1:200 onto the PAA grafted fibres; de-

tails are provided in SI. 

2.4 Gene sensing measurements 

For gene sensing experiments, fibre mats were cut into strips of 0.2 × 2 cm. A small piece of platinum mesh was wrapped around 

one end to ensure a good electrical contact and to prevent rusting of the alligator clips (Figure S8). 

Gene sensing was performed using electrochemical impedance spectroscopy (EIS), with a Biologic SP300 potentiostat. The sam-

ples were incubated in the target oligonucleotide solutions in PBS (pH 7.6) (fully complementary, mismatched and a control solu-

tions with no ONs) at 42 °C for one hour and the measurements were performed before and after exposing the sensing mats to solu-

tions containing oligonucleotide targets at increasing concentrations from 1 aM to 100 pM. After incubation the samples were thor-

oughly washed with PBS (pH 7.6). EIS experiments were performed in PBS (pH 7.6) containing K3[Fe(CN)6]/K4(CN)6 redox cou-

ple (5 mM each). The impedance data were measured and collected at harmonic frequencies from 0.1 Hz to 100 kHz, with 10 mV 

sinusoidal excitation amplitude at an applied bias potential of 0.23 V (vs. Ag/AgCl, 3 M KCl), the EIS spectra was recorded se-

quentially until there was negligible change in consecutive spectra, thus allowing the fibres to equilibrate with the solution 

The EIS curves were fitted with a Randles equivalent circuit consisting of a resistor (Rs) in series with a constant phase element 

(CPE1) that is parallel with a resistive element, Rct, which is in series with another constant phase element (CPE2), see Figure S9 

inset. Here Rs represents the solution resistance, Rct the charge transfer resistance of the conducting polymer/solution interface, with 

pseudo-capacitance (CPE2) and double layer capacitance (CPE1).(Pei et al. 2012) 

 

3 RESULTS AND DISCUSSION 

3.1 Conducting fibre mats  
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The fibres were electrospun from a solution containing nitrile butadiene rubber (NBR) and poly(ethylene glycol)dimethacrylate 

(PEGMA), using a procedure as reported by us previously.(Kerr-Phillips et al. 2015) These materials were chosen as they afford a 

fibre mat that is flexible, robust, thermally stable and insoluble after crosslinking. After PEDOT incorporation the resulting 

NBR/PEGMA/PEDOT s-IPN were free standing, flexible, easy to handle and conducting (with a conductivity of 6 ± 3 S/cm) fibre 

mats (Figure S1 and Figure 1A). 

The surface area of the PEDOT embedded fibre mats was estimated under an assumption that the mats were comprised of tubular 

fibres of an average diameter of 6.26 ± 2.99 µm, as estimated from SEM, and using the estimated porosity of the mats (see SI for 

details). The obtained estimate for the surface area was 0.64 m
2 

cm
-3

, an approximately 60 fold increase compared to a film form, 

which is in good agreement with literature reports on the surface area of electrospun fibres.(Greiner and Wendorff 2007; Wang et 

al. 2004) 

3.2 Grafting of poly(acrylic acid) brushes 

To enhance the hydrophilicity of the conducting sIPN fibre mats, poly(acrylic acid) (PAA) brushes were grafted from the fib  ’  

surface. The hydrophilicity of the mats is important as the DNA sensors operates in an aqueous environment and the degree of wet-

ting of  h   ub        u f c    y  ignific n  y  ff c   h    n o ’  p  fo   nc   PAA w   cho  n h    du   o i   high hydrophilicity 

and negative charge in     v n  pH’  (pH > 7) (Aulich et al. 2010) The negatively charged surface is expected to repel negatively 

charged oligonucleotides. The hypothesis was that, if the conditions are favourable, the Watson-Crick base pairing between the 

surface-attached probe and the fully complementary target sequence would overcome the electrostatic repulsions, while the base-

pairing for mismatched and non-complementary sequences would not.  

To enable PAA brush grafting, a functionalized EDOT with initiating sites for ATRP(Malmström et al. 2013), abbreviated as 

BrEDOT, was electrochemically polymerized on the fibres surface (Figure 1B). The electropolymerisation of PBrEDOT was con-

firmed by an increase in the oxidative currents during the potentiodynamic electropolymerisation (see SI, Figure S2). tBA was then 

grafted from the ATRP initiating sites on the PBrEDOT and subsequently hydrolysed to poly(acrylic acid). Further information 

regarding the ATRP grafting can be found in SI. 

 

 

Figure 1. SEM images of: A) PEDOT embedded NBR/PEGDM electrospun fibres, B) PEDOT embedded NBR/PEGDM electrospun fi-

bres with electrochemically deposited PBrEDOT, C) PEDOT embedded NBR/PEGDM electrospun fibres with PtBA grafts and D) 

PEDOT embedded NBR/PEGDM electrospun fibres with PAA grafts. 

SEM images (Figure 1) and EDX (see SI, Figure S10) analysis indicates that the brushes are distributed over the entire fibre sur-

f c   So   inho og n i y in  h  cov   g  i  ob   v d in  h  fo   of       ‘c u p ’ on  h  fibre surface that originates from the 

commonly observed rough morphology of PEDOT (and PBrEDOT here) grown electrochemically.(Randriamahazaka et al. 1999; 

Tamburri et al. 2009) 

3.3 Fabrication of DNA sensing mats 

The steps involved in the preparation of the gene sensing fibre mats are depicted in Scheme 1. 

The gene sensing fibre mat was realized by electrochemically copolymerizing two monomers we reported recently, ThPh-

CONH-ON(Aydemir et al. 2017) and ThPhEG,(Aydemir 2016; Chan et al. 2015) (Figure 2) onto the above described conducting 

fibre mats. The covalently attached oligonucleotide onto the ThPhCOOH monomer is a specific probe for non-Hodgkin lymphoma 

gene. The co-monomers were added into the polymerization solution at a feed ratio of 200:1 of ThPhEG: ThPhCONH-ON 

(mol/mol), respectively. The electropolymerisation CVs are presented in Figure S7. ThPhEG is used as a spacer for the ThPh-

CONH-ON in order to minimize steric hindrances to hybridization, while the ethylene glycol side chains are also expected to help 
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preventing eventual fouling of the sensing elements(Hackett et al. 2015; Wagner et al. 2004). Advantages of pre-attachment of the 

ON probe sequence onto the monomer (i.e. ThPhCONH-ON) were discussed elsewhere(Aydemir 2016; Chan et al. 2015) but most 

importantly, probe pre-attachment allows for flexibility in the choice of the oligonucleotide sequence, targeting a desired analyte. In 

this case, pre-attachment of ON probe onto the monomer also avoids complications that would arise from using EDC/NHS chemis-

try in the presence of PAA brushes that contain carboxylic acid moieties, as these would be active towards the probe ON attach-

ment post-polymerization. 

 

 

Figure 2. Monomers used in the gene sensing component of the sensor. ON = oligonucleotide. 

The electrocopolymerisation of ThPhEG and ThPhCONH-ON onto the fibre mats thus produces the sensor where the target 

capturing and sensing element (poly(ThPhEG–co- ThPhCONH-ON) is embedded in PAA brushes and also intimately linked with 

the signal transducing conducting polymer layers of the fibre mats (PEDOT).  

An optical image of the resulting sensor can be seen in the SI, Figure S8. 

 

 

 

Scheme 1. Scheme of the fabrication of the electrospun PEDOT gene sensor. 

 

 3.4 Sensing of non-Hodgkin lymphoma gene 

Non-Hodgkin lymphoma gene sensing experiments were carried out using EIS(Aydemir et al. 2017; Kannan et al. 2011) in PBS 

buffer containing 5 mM [Fe(CN)6]
 −/4−

 and by incrementally increasing concentrations of the target ON sequence, starting with the 

lowest (1 aM).(Aydemir et al. 2017; Kannan et al. 2011) The obtained EIS spectra, before and after incubation of the sensor mats in 

the target ON solutions, were col  c  d  nd fi   d wi h    odifi d R nd  ’   quiv   n  ci cui  (Figure S9, inset).(Aydemir et al. 

2017; Kannan et al. 2011) The Warburg impedance element in the fitting model was replaced with a constant phase element to ac-

count for a unique morphology of the substrates (i.e. multiple layers) and swelling capability of the s-IPN, complicating the diffu-

sion. The resulting model fitted the experimental data well, as can be seen in Figure S9. The change in the charge transfer re-

sistance, normalized to the charge transfer resistance of the sensor before incubation in the target solution, was taken as the signal 

for the hybridization. 
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Figure 3 presents the normalized response curve for the sensor. As can be seen, there is a negligible change in the responses 

when there is no target ON present in the solution (hollow points), indicating exceptional stability of the sensor over the duration of 

the dose-response measurements (in total ca. 10 hrs). Additionally, repeat experiments reveal the reproducibility of the sensor (n = 

3) with relatively small standard deviations. Furthermore, the ThPhCONH-ON system (thin film analogue) was shown by us previ-

ously to be stable for at least two days in PBS solution at 4 
°
C, with negligible changes in the Rct.(Aydemir et al. 2017) We attribute 

that stability to (i) the presence of the negatively charged grafted PAA chains (surface bound PAA has a pKa of ca. 4.4)(Aulich et 

al. 2010; Dong et al. 2009; Malmström et al. 2013) that are highly swollen in the buffer (a pH of 7.6) and prevent chemisorption of 

the negatively charged [Fe(CN)6]
 −/4−

 redox couple(Ding et al. 2010; Wink et al. 1997) ; and (ii) the crosslinking of the fibres make 

the sensor unaffected by solvents and temperature. Thus the observed stability of the fibres reinforces the choice of cross-linked 

NBR/PEGDM as the senso ’  po ou  fibre mat base. 

 

 

Figure 3. Sensor response (expressed as the relative change in charge transfer resistance upon hybridization) on incubation with differ-

ent concentrations of the complementary ON on microfiber electrodes. Error bar taken from standard deviation, n = 3. Hollow points are 

negative control measured by incubation in PBS at relative intervals. 

Detection limit and sensitivity of the sensor 

The sensitivity of the sensor was determined to be 0.252 normalized Rct/log(conc./M) (with an R
2
 value of 0.9799), calculated 

from the slope of the linear region of the response curve, Figure 3. The value is comparable to that of the similar thin film elec-

trodes (0.341 normalized Rct/log(conc./M), reported by Aydemir et al. (Aydemir 2016) The detection limit, however, of the sensors 

is estimated to be a striking 1 aM, calculated as the concentration at which the signal to noise ratio (SNR) is greater than 

five(Santhosh et al. 2009), where the SNR was calculated as the change in normalised RCT over the change in normalised RCT for the 

control measurements taken without target present. The low detection limit obtained here is a ca. 400-fold improvement over the 

detection limit obtained with the thin film electrodes based on the same conducting copolymer(Aydemir 2016), however without 

the grafted PAA. We attribute such remarkable improvement to the large surface area of the sensor and the presence of charged 

PAA grafted side chains and the resulting heterogeneity caused by the PAA brushes  Inc    ing     n o ’   u f c        o i p ov  

its detection limit is a well-documented(Luo et al. 2006), with some recent examples from the literature that report electrospun 

PEDOT/PLA fibres for glucose sensing(Yang et al. 2014) and polyaniline nanowires on glassy carbon electrodes for DNA sens-

ing(Zhu et al. 2006) or the use of nanoparticles in gas sensing.(Lü et al. 2014) A comparison of this work to other recent relevant 

literature reports can be found in the SI Table S3. 

The sensor presents a wide dynamic range, from ca. 1 aM to 100 pM. An eight order of magnitude dynamic range in such low 

concentration region can be attributed to the high surface area, the PAA brushes, the surface heterogeneity and adequate spacing of 

sensing moieties that facilitate hybridization efficiency.(Liu and Dutton 2009; Zhu et al. 2015) We hypothesize that the excellent 

sensitivity for such a large mat is attributed to heterogeneity of the PAA brushes, which grow in clumps induced by the rough 

PBrEDOT morphology (Figure 1B), although the EDX analysis (Figure S10) suggests that the PAA brushes cover the entire fibre 

surface. Thus the PAA brush layer is of non-homogeneous thickness. Based on these observations, we propose that at the thinnest 

points the PAA layers are thin enough to eff c iv  y  c     ‘pinholes’, to allow a limited interaction of negatively charged 

[Fe(CN)6]
 −/4−

 redox couple with the underlying PEDOT. Within  uch ‘pinho   ’ the PAA brush layer would be less than the Debye 

length thick (0.76 nm in PBS(Noémie et al. 2013), approximately 3 to 5 PAA units(Jang et al. 2007)) and at least greater than twice 

the Debye length wide, pinholes of smaller dimensions should be effectively screened by the Debye double layer. These nanoscale 

pinholes would be the places where the poly(ThPhCONH-ON-co-ThPhEG) preferentially electrochemically polymerize; thus the 

sensor is comprised of microfibers with nano-scaled sensing regions. This would constrain the sensing elements to the small areas 

of the fibres, enhancing the Donnan exclusion of the redox couple(Kannan et al. 2011) and creating nano-scaled convex holes with 

optimised geometry for sensing,(Shoorideh and Chui 2014) therefore facilitating the low detection limit and high sensitivity. How-

ever, the reasons for such an excellent sensing response would need further investigation.  

 

3.5 Selectivity of the sensor 

To investigate the selectivity of the sensor, the sensor was incubated with a solution of fully non-complementary, T to A and G to 

C base mismatch DNA sequences, at a concentration of 1 pM. The normalized Rct values were compared to the signal from the so-
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lution of a fully complementary sequence of the same concentration (taken as 100%) (Figure 4). The Figure 4 shows exceptionally 

good selectivity of the sensor towards mismatched sequences, with 1.1 %, 2.7 % and 4.6 % of the signal recorded for the fully non-

complimentary, G to C mismatched and T to A mismatch oligonucleotide sequence, respectively. The slightly higher response from 

the T to A mismatch sequence is excepted, based on the strength of hydrogen bonding between the bases(Sz  yłowicz  nd S d  j-

Sosnowska 2010). We suggest that this impressive selectivity is due to the negatively charged surface of the fibres, caused by the 

PAA brushes that electrostatically repel DNA.(Booth et al. 2011; Peng et al. 2006; Peng et al. 2009) The non-Hodgkin lymphoma 

gene sequence, that is complementary to the fibre-bound probe sequence, overcome the electrostatic repulsive force though favour-

able intermolecular interactions with the probe ON sequence, giving rise to the signal. The use of Equation 2 may aid in under-

standing this finding:(Kannan et al. 2011)  

   
    

          
     

 

     (2) 

where θ denotes the fraction of the conducting polymer sensing film pinholes on the fibres that have double stranded oligonu-

cleotides (dsON) bound, kon and koff represent the rate constants for reaction of the target ON, with solution concentration c, with 

the surface-bound probe ssON to form surface-bound dsON and for dissociation of the surface-bound dsON, respectively. The se-

lectivity enhancement by the PAA brushes can be explained as the presence of the carboxylic acid groups reduce kon and increase 

koff. This will cause the equilibrium of the reaction responsible for the hybridization to favour the ssON as opposed to the dsON. In 

the case of mismatch and non-complementary ONs, where kon is smaller and koff is bigger already, the presence of the carboxylic 

acid groups makes the reaction to strongly favour ssON to the point where θ is close to zero. Thus, the overall effect is that the sen-

 o ’      ctivity is enhanced. 

 

 

Figure 4. Normalized sensor response of the microfiber sensing electrodes after incubation in corresponding ON solutions (complemen-

tary T to A and G to C base mismatch and non-complementary sequences) at concentration of 1 pM. 

4 CONCLUSION 

In this study we demonstrated fabrication of a novel DNA sensor based on conductive microfibers comprised of a rubber-based 

semi interpenetrated network of NBR/PEGDM/PEDOT. The sensing substrate is flexible, robust and easy to handle. The sensor 

demonstrated an ultra-low detection limit of 1 aM for non-Hodgkin lymphoma gene, superb selectivity, even to the one-base T to A 

mismatched target (4.6 % of the signal for the fully non-complimentary target), and with eight orders of magnitude dynamic sens-

ing range. This excellent gene sensing performance is attributed to a combination of the unique mate i   ’ p op   i     p oy d in 

constructing the sensor, i.e. the conducting polymer monomers with pre-attached ON probes, the conducting electrospun support 

and the PAA brushes grafted from the fibres surface. The electrospun fibres provide high surface area to volume ratio enhancing the 

detection limit. The PAA brushes repel mismatch ON sequences and also prevent physiosorption of the [Fe(CN)6]
 −/4−

 redox probe, 

both enhancing selectivity and sensitivity of the sensor.  

In more general terms, we demonstrated advantageous use of the molecular design of materials in highly sensitive and selective, 

label-free, electrochemical biosensing.  
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Highlights 

 A sensitive, low detection limit, DNA sensor is applied to electrospun conducting polymer fibres. 

 The selectivity is greatly enhanced by poly(acrylic acid) brushes grafted from the fibres surface before DNA sensing ele-

ment is introduced. 

 Sensitivity and detection limit is enhanced by the high surface area and we also propose due to the unique morphology in-

duced by the non-homogeneous poly(acrylic acid) graft layer. 

 




