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Abstract: 

The objective of this paper is to demonstrate the potential of nanostructured polypyrrole 

formed by template free as platform for amperometric detection of DNA. The nanowires of 

polypyrrole (nw-PPy) are formed through electrochemical polymerization and chemically 

modified by electrochemical oxidation of ethylene diamine or dendrimers PAMAM to obtain 

aminated surface. The DNA probe and ferrocenyl group, as redox reporter, were covalently 

linked to the surface of nw-PPy. The chemical structure of nanostructured platform was 

characterized through SEM, FT-IR and XPS and the electrochemical properties through cyclic 

voltammetry and electrochemical impedance spectroscopy (EIS). We show that the properties 

of nw-PPy such as, hydrophilic character and large surface area have large effect on the 

electronic properties. Thus, the electrochemical performance is increased compared to others 

nanomaterials considering the obtained value of the rate of electron transfer of 18 s
-1

. These 

properties allow enhanced DNA sensing where detection limit of 0.36 atomolar without any 

amplification step. The biosensor can be applied in detection of genomic DNA of 

Mycobacterium tuberculosis and the mutated one which present the resistance to rifampicin 

and large selectivity was demonstrated. We believe that nw-PPy modified with redox marker 

is a promising platform for electrochemical biosensors and can be applied for various 

diagnosis prospects.  

Keywords: Polypyrrole, Nanowire, DNA, Electrochemical, Detection, M. tuberculosis. 

 

Introduction 

A rapid, accurate, cost-effective of diagnostics of pathogenic and viral DNA biomarkers stills 

remains a challenge. The development of extremely sensitive, highly selective, simple, robust 

and yet inexpensive biosensing platforms appears thus essential for a wide range of 

applications, including not only clinical diagnostics [1] but also environmental monitoring [2] 
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and food safety testing [3]. The detection and identification of multi-resistant strains are 

raising therapeutic problems. Tuberculosis remains one of major global health problem 

worldwide. Despite the advent of antibiotics which have widely reduced mortality, antibiotic-

resistant strains have now emerged. The ability to obtain sequence-specific genetic 

information about infectious pathogens and resistant stand remains of great importance. Most 

methods used for DNA detection for diagnosis are PCR[4] and Q-PCR [5]. Recently various 

strategies were developed for label free DNA detection, such as fluorescence [6], [7]. Even 

these methods are sensitive they are not adapted to point of care analysis system. Thus, 

electrochemical DNA (E-DNA) biosensors have recently found extensive applications in 

diagnosis as well as analysis. E-DNA biosensors usually composed of two basic components, 

a DNA recognition system and a transducer which is a device that converts the chemical 

response into electrical signals that can be detected by various detection approaches[8] [9]. 

Several E-DNA biosensors using transducers have been developed for real time detection 

without amplification step. They include conducting materials [10] able to change their 

electrical properties after such hybridization reaction on their surface. 

Conducting polymers (CPs) are widely used as transducers for biological interactions. CPs are 

π conjugated polymers with an electronic structure giving them intrinsic characteristics such 

as electrical conductivity, which can be controlled by a doping/de-doping process, low 

ionization potential, high electron transfer ability and optical properties. Polypyrrole (CPPy) 

is one of the conducting polymers extensively applied for the design of bioanalytical sensors 

[11] [12] including DNA detection [13]. This is related to their electrical, electrochemical 

properties as well as their ability of immobilization onto micro size surface by 

electropolymerisation [14]. One of their potential powerful is their ability for chemical 

modification and introduction of functional group that has a great’s importance in the 

construction of biosensors devices [15]. E- DNA hybridization sensing based on CPPy has 

been achieved by measuring their electrical properties through impedance [16], amperometric 

[17] or redox markers [18]. Numerous publications concerning E-DNA biosensors based on 

CPPy with various approaches were developed. For example, molecular imprinted PPy [19], 

association of PPy with graphene [20] or with carbon nanotube [21] were shown to improve 

the detection performance. However, CPPy nanostructures present a greats interest in 

biosensors devices as these nanomaterials present high surface area comparable to carbon 

nanotubes, with tunable conductivity, flexibility, chemical diversity and easy processing [22]. 

Current research showed that vertically aligned PPy nanowires exhibit a unique combination 
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of morphology and intrinsic properties, such as high surface to volume ratio, fast 

oxidation/reduction kinetic and electrical conductivity [23]. 

nw-PPy can be obtained by a number of ways including growing on templates of inorganic 

materials such as anodic aluminium oxide [24] (AAO) membranes, zinc oxide [25] or 

template with organic materials such as, gelatin as soft mold [26]. The nanostructures of 

polypyrrole could also be formed through the nanotechnology approaches, through 

nanocontact printing and controlled polymerization [27]. Template free method of 

synthesizing nanostructures of CPPy has several advantages, like simple synthesis with no 

template removing steps needed. In addition, uniform and reproducible nanostructures are 

formed [28]. Various nanostructures could be formed within direct electropolymerization of 

pyrrole on electrode, depending on chemical and electrochemical conditions of use. For 

example, spherical PPy nanoparticles could be formed using potential pulses [29] where the 

size could be controlled [30]. nw-PPy without template has been demonstrated in the presence 

of non-acidic and week-acidic anions by the electropolymerization at fixed potential [31], 

where the length of the wire could be controlled [32]. Various electrochemical sensors based 

on nw-PPy have been presented for detection of small molecules such as NO3
−
 ions [33], Cu

2+
 

[34], ammonia gas [35], glutamic acid [36], spermidine [37], glucose[38] [39] and pH sensor 

[40]. Several groups have demonstrated E-DNA biosensors based on nw-PPy formed with 

template. The detection methods are based on the measure of resistance properties of 

polypyrrole layers using field effect transistors [41] or through the conductivity variation [42]. 

E-DNA based on amperometric measurements, with nw-PPy is still challenging, as the most 

demonstrated in literature are not conducting enough to allow high electron transfer and to 

provide amperometric measurement of attached redox marker.  

In this work, we would like to prove that aligned nw-PPy, formed by electropolymerisation 

with template free, could be employed as transducer and provide chemical and electronic 

properties which improve the DNA immobilization and detection. We demonstrate that 

modification of nw-PPy could be achieved through electrochemical deposition of groups 

bearing amine such as ethylene diamine (EDA) and polyamidoamine dendrimers (PAMAM). 

Redox molecules such as ferrocene could be attached to PPy nanostructure to follow their 

electrical properties and their electron transfer ability. Such nanostructure could be applied for 

M. tuberculosis detection and discrimination of resistant stand with single nucleotide 

polymorphism. The results will be compared to other materials based on polypyrrole. 
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2. Material and methods 

2.1 Reagents: 

DNA sequences were obtained by Eurogentec Company. The DNA probes are with a 

sequence of 25 bases with a chain of six carbons and an amino group at its 5 ' phosphate 

position: NH2- C6-5'TCA - ATC- GCT - GGA- TCA - ATC- ATG -TTA - G3’. The 

complementary DNA has a sequence of 25 bases: 5'CTA -ACA - TTG -AGA -TTC -GCC - 

AGA- TTG - A3 ‘. A non- complementary sequence of DNA also has been used: 5'CTA -

ACA - TTG -AGA -TTC - TGA - CGA -GAT -GAT - CTT- C3 ' to study the selectivity of 

the biosensor. The DNA probe for M. tuberculosis is strand from rpob gene and is contained 

18 bases with the sequences NH2-C12-5’CCG-ACT-GTT-GGC-GCT-GGG3’ and the DNA 

probe resistant drug with the mutation TTG in position 531 of rpob gene (TCG/TTG) NH2-

C12-5’CCG-ACT-GTC-GGC-GCT-GGG3’. The DNA of M. Tuberculosis is obtained by 

amplification of a fragment of 411 bp length of the rpob gene and the mutated one following 

the methods described previously [43].  

Pyrrole, ethylene diamine (EDA), dendrimer polyamidoamine of second generation 

(PAMAM G2) and lithium perchlorate (LiClO4), dibasic potassium phosphate (K2HPO4) were 

purchased from Sigma-Aldrich. The pyrrole is distilled before use. The (1,1’-

(phtalimidebutanoate) ferrocene is bearing two acid activated by phtalimido groups and is 

obtained following the procedure described previously [44]. 

2.2 Biosensors formation 

Electrodeposition of polypyrrole nanowire:  

Films of nw-PPy were grown on the gold surface electrode by potentiostatic method during 2 

minutes in a solution containing 0.15M pyrrole, 1 mM LiClO4 and 0.2 M K2HPO4 in 5 mL of 

distilled water. During the electropolymerisation, the working and counter electrode were 

separated in a small volume cell from the reference electrode. After electrodeposition, the 

electrode was rinsed several times with double distilled water. Various applied potentials 

were studied 0.8V, 0.84 and 0.88 vs Ag/AgCl to underline their effect on polypyrrole 

morphology. 

Functionalization of PPY with EDA and PAMAM G2 Dendrimers  
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The functionalization of nw-PPy by PAMAM was performed by CV in a solution of 1 µM of 

PAMAM and 0.5 M LiClO4 by scanning the potential from 0 to 1.2 V at 50 mVs
-1

 during 

three cycles. This leads to a deposition of PAMAM on nw-PPy layer by covalent bonding and 

affords amine functions on the surface of PPy. The functionalization of nw-PPy with EDA 

was performed with the same method. The modified electrode with nw-PPy was placed in 

water solution containing 0.5 M LiClO4 and 1M of EDA and the deposition was performed by 

scanning the potential from 0 to 0.7 V vs. Ag/AgCl during 10 cycles at scan rate of 50 mVs
-1

. 

Then electrode was washed three times with double distilled water.  

Covalent attachment of ferrocene and DNA Probe  

These steps were carried out according the optimized procedures described in previous work 

[49]. Covalent attachment of ferrocene was performed by immersing the modified electrode 

nw-PPy-EDA or nw-PPy-PAMAM in a solution of acetonitrile containing 1µM ferrocene 

modified by two activated acid functions Fc(NHP)2 during 1h at room temperature. The 

amide link was them formed between available amine groupes of the surface and ferrocene 

bearing two activated acid groups. The electrode was rinsed several times with acetonitrile 

and double distilled water to remove the non-attached ferrocene. The electrode was then 

immersed for one hour in a solution of PBS pH 7.4 containing 1µM of DNA probe modified 

by amino group in 5’ end position. The reaction was performed at room temperature for one 

hour. The electrode was then rinsed with double-distilled water and PBS buffer. 

Hybridization with DNA target 

Hybridization between the DNA probe grafted on nw-PPy layer and the target DNA in 

solution was performed by incubating the biosensor into a target DNA solution for 30 min at 

47° C. Hybridization was carried out with different concentrations of target DNA: 1 aM, 10 

aM, 100 aM, 1fM, 10 fM, 100 fM. These concentrations were obtained by serial dilution of a 

stock solution. After incubation, the electrode was washed with PBS solution. Test of non-

complementary targets was performed in the same condition to analyze the non-specific 

interactions on the biosensor.  

2.3 Methods  

The electrochemical measurements are based on a potensiostat biologic controlled with Eclab 

software. All electrochemistry measured was performed with a three-electrode cell with a 
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reference Ag/AgCl electrode, a platinum stem as counter electrode and a working electrode of 

gold with area of 0.03 cm
2
. The working electrodes are polished several times with different 

thickness disc (6, 3, 1 µm) and diamond paste with respectively various thickness and 

subsequently activated in a sulfuric acid solution of 0.5 M by cyclic voltammetry by sweeping 

the potential between 0 to 1.8 V at 100 mV/S for 15 cycles. 

X-ray photoelectron spectroscopy (XPS) was performed on a K Alpha spectrometer from 

Thermofisher, using monochromated X-ray source (Al Kα 1486, 6ev). The spectra obtained 

were treated by Advantage software provided by Thermo-Fisher. A Shirley-type background 

subtraction was used. 

 

Figure 1: Schematic presentation of DNA biosensor based on modified nw-PPy: a) electro 

polymerization of nw-PPy film; b) electrodeposition of PAMAM G2; c) covalent grafting of 

ferrocene; d) anchoring of ssDNA probe; e) detection of specific DNA target 

 

3. Results and discussions 

3.1 Characterization of polypyrrole nanowires  

N
H

(a) Electropolymerization
(b)- EDA or PAMAM G2 

(e) hybridization

Au

(c)- Ferrocene

(d)- NH2-DNA

nw-PPy

Modified ferrocene
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SEM is used to analyze the surface morphology of the formed nw-PPy. The oriented 

nanowires structures are obtained following described methods using weak base of H2PO4 and 

low concentration of LiCLO4. The polymers were obtained by potentiometric methods after 

optimization of potential applied and time of polymerization. The morphologies of nanowire 

such as long, shape, size and caliber could be controlled by the potential of polymerization. 

Figure 2 shows SEMs images of the electrode surface modified with nw-PPy formed using 

various potentials of electrodeposition. nw-PPy formed with applied potential of 0.88V 

underlines low organization of the nanowire and large width around 400 nm (Fig 2, image a). 

Decreasing the applied potential to 0.86V and 0.84V leads to lower width of nanowire and 

formation of array (Fig 2, images b et c). This proves the relationship between the potential 

applied for the polymerization and the structure of nanowire where applied potential has a 

large effect on the structure. The optimized condition retained thereafter is, applied potential 

of 0.84V during 120s. The wide of nanofibers are around 100 nm. 
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Figure 2: SEM images of gold surface covered by nw-PPy with different scale (20µm and 

2µm) the films were formed with various applied potential a) E=0.84V; b) E=0.88V; c) 

E=0.80V. 

 

The mechanism of the formation of nw-PPy film without using a template has challenged for 

a long time. The formation of nanowire has been explained by two hypotheses. The first 

a 

b 

c 
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claims hydrogen interaction of amine of pyrrole and hydrogenophosphate ions HPO4
2-

/H2PO4
-
 

used as electrolyte is formed during nucleation process where the chemical environment 

favors hydrogen bonding. The oligomers of pyrrole formed during the first step is them self-

align and form a well-ordered bundle structure on the surface where the grown of the PPy 

leads to aligned polypyrrole nanotubes on gold surface [31]. Another explanation was also 

provided, where the mechanism supposes the formation of self-assembled gas bubbles on the 

working electrode which could act as the chemical template for the growth of nw-PPy [45]. 

To confirm such mechanism, electropolymerisation of N-methyl pyrrole (Py-N-CH3) has been 

performed in the same condition. SEM image shows that the polymerization process leads to 

the formation of nanowire (See SI.1, Figure S1). This demonstrates that the formation of 

nanowire polypyrrole could be obtained even for N-protected pyrrole and favors the 

mechanism of nanobubble of oxygen as template [32]. 

The electrical properties of the nw-PPy were analyzed through the electron transfer ability of 

redox process of Fe(CN)6
4-

/Fe(CN)6
3-

 system (Figure 3A). CVs show the response obtained 

with non-modified gold electrode and after the nw-PPy deposition. The CV shows high redox 

current obtained when gold coated nw-PPy. This demonstrates the formation of conducting 

polypyrrole layer with high surface area.  
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Figure 3: (A) Cyclic Voltammetry of the gold electrode analyzed in solution of Fe(CN)6
4-

/Fe(CN)6
3-

 before and after polymerization with nw-PPy; (B) Nyquist plots obtained after 

modifications of gold electrode with PPy and nw-PPy the measurements were obtained in 

PBS buffer, in frequency range from 0.1Hz to 100 kHz at 0.10 V vs. Ag/AgCl by applying 

DC potential of 10 mV. The symbols are the experimental data, and the solid lines are the 

fitted curves using the equivalent circuit showed in inset. (C) Same Nyquist plot as (B) with 

enlargement in high frequency range. 

 

Electrochemical impedance spectroscopy (EIS) measurement was realized with nw-PPy film 

and compact film of PPy in redox free PBS solution with applied potential of 0.1V near the 

open circuit potential to obtain low current flowing and avoid the lost of the stability at low 

frequency. This allows analyzing the electrical and electron transport properties of PPy layer. 

Nyquist plots (Figure 3B, C) were fitted according to the equivalent circuit model (inset 

Figure 3B, table S3), where one charge-transfer step is obtained according to bode and phase 

diagram. Various circuit models could be used to fit the PPy layer properties when EIS was 
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performed in the absence of redox markers. Some of them separate the ionic diffusion related 

to charge compensation and doping process from the electron transfer [46]. In this work 

where low potential range is applied, the circuit model with one interface fits well with the 

equivalent circuit presented. The measured charge transfer resistance could be related to the 

electrical properties of nw-PPy and its conductivity. Thus Rct informs on both the electron 

transfer occurred at the PPy as well as the anion transfer for charge compensation due to 

doping/undoping process. Result shown that nw-PPy has a characteristic of conducting 

surface where Rct value around 100 Ω which is in same order of magnitude of PPy compact 

film (See SI.3; table S3) and in the same order of magnitude of data described in literature 

[46]. The analytical treatment of EIS shows the presence of CPE behavior with n value of 0.8 

instead of capacitance which demonstrates that the distribution of charge is not the same in all 

the thickness of the nanostructure. This behavior is generally observed in the case of 

nanostructured PPy [37]. 

3.2 Functionalization of nw-PPy and structural characterization  

In order to functionalize nw-PPy with functional groups bearing amine in terminal position, 

electrochemical deposition of molecules containing amine groups were obtained through 

amine oxidation [47][48]. EDA could be attached to nw-PPy surface through formation of 

carbon-nitrogen link on the film layer, where the others terminal amine groups could serve for 

additional functionalization. To increase the number of functional groups dendrimers 

PAMAM of various generation could be attached with same way as demonstrated previously 

in the case of compacts film of PPy [49]. The surface of nw-PPy film was modified with EDA 

and dendrimers PAMAM of second generation (PAMAM G2). The modification was 

performed by scanning the potential and during oxidation, amine groups forms radical cations 

–NH
•+

 which interact with carbon of PPy leading to covalent grafting.  

FT-IR and XPS were performed for the characterization of such reaction. FT-IR spectroscopy 

allowed analyzing the structural properties of nw-PPy before and after electrochemical 

deposition of amines. The spectra of nw-PPy and nw-PPy-PAMAM give significant 

information (See SI.2.1, Figure S2). The fundamental bands of nw-PPy related to the 

asymmetric (C C) and symmetric (C N) ring stretching vibration of pyrrole ring are 

observed at ∼1545 and 1305 cm
−1 

respectively. The bands at 1175 and 903 cm
–1

 are 

characteristic of doped nw-PPy chains as demonstrated previously [50]. Covalent attachment 
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of dendrimers PAMAM leads to new bands at 1709 cm
-1

 attributed to the amide bond C=O of 

PAMAM. 

XPS analysis, in carbon and nitrogen regions for nw-PPy and nw-PPy-PAMAM layers was 

also achieved (Fig. 4, table S1). The XPS spectrum in carbon region of nw-PPy showed five 

bands after deconvolution and peaks separations with maximum at 283.92, 284.82, 285.81, 

287.65 and 290.94 (Fig. 4A). The two peaks at lowest energy correspond to α and β carbon 

atoms of nw-PPy. The peak (c) observed at 285.81 eV corresponds to imine C=N or C-N
+
 

structures and does at 287.65 eV could be associated to C=N
+
 band. The peak (e) at 290.94 

eV is much weaker and could be attributed to π-π* satellite commonly found in aromatic 

system. The spectrum obtained after PAMAM G2 electrodeposition (Fig. 4B) shows a 

significantly increase of the peaks ratio of 285.79 eV and 287.62 eV corresponding 

respectively to C-N and C=O bonds, which could be related to immobilized PAMAM G2. 

In specific nitrogen region, nw-PPy layer was characterized with component of the peaks at 

401 eV which could be attributed respectively to N-H bonds and to the positively charged 

nitrogen (Fig. 4C). Small contribution at 398.1 eV could be associated to aromatic amines 

structure. After modification of the surface with PAMAM G2, significant modifications of 

nw-PPy-PAMAM spectrum were observed (Fig. 4D). The nitrogen peaks showed two 

maximums at 399.80 and 401.36 eV which could be attributed to amine and amide bonds 

respectively. The relative intensity at 399.80 eV is much higher than for nw-PPy before 

modification and could correspond to C-N and N-H bonds of PAMAM G2 linked to the 

surface. The component at binding energy region of 401-403 eV corresponds usually to 

positively charged nitrogen, and the energy band obtained at 399.16 eV could be attributed to 

amines of PAMAM G2. These results confirm the association of PAMAM G2 dendrimers 

through covalent attachment to polymer.  
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Figure 4: Deconvolution of XPS spectra in carbon and nitrogen for nw-PPy layer (A,C) and 

nw-PPy-PAMAM (B, D) after modification with PAMAM G2 dendrimers. 

To demonstrate that the covalent attachment of PAMAM G2 to nw-PPy is through carbon-

nitrogen link on pyrrole ring and not nitrogen-nitrogen between the amine of polypyrrole and 

PAMAM, electrodeposition of PAMAM was realized also on nw-PPy-N-CH3 modified in 

nitrogen by methyl group. XPS analysis was then used for further investigation on PPy-N-

CH3 and PPy-N-CH3-PAMAM (see SI.2.2, Figure S3, Table S2). The deconvolution of N1S in 

the case of PPy-N-CH3 gives one peak 399,9 eV related to carbon-nitrogen bond. After 

grafted of PAMAM in PPy-N-CH3 the nitrogen region shows after deconvolution a peak 

related to carbon-nitrogen bond and new peak at 402.4 which could be attributed to nitrogen 

positively charged in PAMAM. This result proves that the PAMAM groups are well grafted 

on the surface of PPy-N-CH3 and this link is between the nitrogen of PAMAM and carbon β 

of pyrrole.  
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3.3 Electrochemical characterization of modified nw-PPy  

Electrochemical characterization through EIS measurements allowed the characterization of 

electrical properties of the nw-PPy modified with PAMAM and EDA and the comparison 

with non-structured PPy (Figure 5). Nyquist plots were performed in PBS solution free of 

redox markers. The EIS data were successfully fitted by the same equivalent circuit model as 

shown previously (Figure 3B inset). For the two PPy and nw-PPy, an important increase in 

the resistance was observed after PAMAM immobilization (Figure 5 A, B and Table S3). The 

enlargement in high frequency region demonstrates well the small semicircle obtained in the 

case of the non-modified PPy and nw-PPy compared to those obtained after modification (See 

SI.3, Figure S4). This is due to the saturation of the surface with larges molecules such as 

PAMAM which has generally positive charge causing blocking effect. This behavior is more 

important in the case of nw-PPy-PAMAM than PPy-PAMAM (Figure 5C). This could be 

attributed to larger amount of the dendrimers covalently bonded to nw-PPy which present 

higher surface to volume ratio compared to PPy. In the case of surface nw-PPy-EDA (Figure 

5D) smaller variation of the charge transfer resistance is obtained due the small size of EDA 

molecules.  

 

 

Figure 5: Nyquist plots obtained after attachment of dendrimers PAMAM G2 on PPy(A) and  

nw-PPy( B) and (C) comparison of response obtained between structured and non structured 
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surface; (D) comparison of ESI obtained after the attachment of EDA or PAMAM to nw-PPy. 

The measurements were obtained in PBS buffer, in frequency range from 0.1Hz to 100 kHz at 

0.10 V vs. Ag/AgCl by applying DC potential of 10 mV. (C) Comparison between PPy-

PAMAM-FC and nw-PPy-PAMAM-FC. The symbols are the experimental data, and the solid 

lines are the fitted curves using the equivalent circuit showed in Figure 3. 

 

Association of ferrocene redox marker to the nw-PPy-PAMAM and nw-PPy-EDA was 

realized to enhance the kinetic of charge transfer within the nw-PPy layer and to study the 

electron transfer ability. Ferrocene bearing two activated acid groups (N-Hydroxyphtalimide) 

could react on both the surface of the aminated surface of PPy and the DNA probe bearing 

amine group in terminal 5’position. After the attachment of ferrocene, the nw-PPy/EDA/Fc 

and nw-PPy/PAMAMG2/Fc films were analyzed by CV and square wave voltammetry 

(SWV) (Figure 6). Redox signal of ferrocene with oxidation peak at 0.09 V (vs. Ag/AgCl) 

and reduction peak at 0.04 V (vs. Ag/AgCl) are obtained after ferrocene attachment on 

modified nw-PPy-PAMAM and nw-PPy-EDA. The variation of anodic and cathodic peak 

potential gives a value of 50mV which demonstrated non-ideality reversible redox system. 

The formal potential measured is 0.05 V vs Ag/AgCl which is lower compared to ferrocene 

attached to others surface and nanomaterials (see Table 1). The shift toward lower potentials 

of ferrocene compared to others materials may be explained by the polar properties of nw-PPy 

which is known as super hydrophilic structures [51]. SWVs (Figure 6 B) show well-defined 

peaks of oxidation of ferrocene where the current is much higher for the nw-PPy-PAMAM 

than that modified with EDA. This result demonstrates clearly that nw-PPy-PAMAM allows 

to bind a large numbers of redox markers compared to nw-PPy-EDA. The full-widths at half-

maximum (fwhm) of the oxidation peaks could give information about the homogeneity and 

the distribution of redox molecules on the surface. The theoretical value of fwhm of redox 

reversible redox center immobilized on the surface is expected at 91mV at 25°C [52]. 

Analysis of electrochemical characteristic of ferrocene attached to nw-PPy through EDA or 

PAMAM demonstrate that fwhm is 146 mV in both case which is higher that the ideally a 

one-electron transfer and also higher of monolayer of ferrocene calculated at 114mV[53]. The 

increased value of fwhm could be related to chemical inhomogeneity of the surface or the 

interaction between neighboring ferrocene. In the last case, dilutions of redox site by spacing 

their attachment leads to decrease fwhm. Concerning nw-PPy the same value is obtained with 
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both nw-PPy modified with EDA and PAMAM G2. This underlines that the higher value of 

fwhm is related to the inhomogeneity of the surface of nw-PPy. Similar report has been 

demonstrated in the case of ferrocene anchored on nanofiber of carbon where large value has 

been attributed to the presence of different local environments of the redox couple [54] [55].  

The charge exchanged during redox process allows calculation of the surface coverage of 

ferrocene groups, bonded to the modified nw-PPy, following the equation: 

 = Q/ nFA   (1)  

 is surface coverage, Q is the charge under the cathodic or anodic waves, n is number of 

electrons involved in the redox process, F is the Faraday constant, and A is the area of the 

electrode.  

Based on equation (1) we calculated the average coverage of the surface for nw-PPy 

nanowires modified with EDA and with PAMAM G2 (see table 1). Immobilization of 

ferrocene on nw-PPy-EDA leads to surface coverage of 49.10
-9

 mole.cm
-2

, where surface 

coverage of
 
64.10

-9
 mole.cm

-2
 is obtained in the case of nw-PPy-PAMAM. This confirms that 

the formation of the nano-array of polypyrrole improves the surface area and then the number 

of attached molecules. 
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Figure 6: (A) CV (B) SWV of electrochemical signal of ferrocenyl group (Fc) linked to nw-

PPy modified with dendrimers PAMAM and EDA, (C) Nyquist plots obtained after covalent 

attachment of ferrocene to the nw-PPy-PAMAM and nw-PPy-EDA modified electrode. The 

measurements were obtained in PBS buffer, in frequency range from 0.1Hz to 100 kHz at 

0.10 V vs. Ag/AgCl by applying DC potential of 10 mV. The symbols are the experimental 

data, and the solid are the fitted curves using the equivalent circuit. 

 

EIS were performed after covalent attachment of electroactive ferrocene for both modified 

electrodes nw-PPy-PAMAM-Fc and nw-PPy-EDA-Fc. Nyquist plots show a decrease in 

semi-circle after ferrocene attachment which underlines lower charge transfer resistance (Fig. 

6C, Table S3). This proves that the bonding of the electroactive species to the modified 

electrode surface increase the charge transfer ability. ESI shows a more significant decrease 

of charge transfer resistance in case of nw-PPy-PAMAM-Fc compared nw-PPy-EDA-Fc. 

This confirm the previously result demonstrating that the number of ferrocene grafted on the 

surface of modified electrode is higher in the case of PAMAM immobilization increasing the 

charge transfer ability.  
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3.4 Kinetic characterizations of attached ferrocene on nw-PPy  

 

To understand how the structure of polypyrrole, impact the electron transfer process, the 

electron-transfer rate constants are calculated from the peak-to-peak separation of CVs using 

Laviron method [52]. The method uses the numerical integration to correlate the standard 

electron-transfer rate constant ks with the separation between anodic peaks ∆Ep at different 

scan rates (equation 2).  

 

1

𝑚
=  

𝑛𝑣𝐹

𝑅𝑇
 

1

𝐾𝑆
   (2) 

 

Where n  is number of electrons exchanged in the redox reaction (n=1), v is the scan rate  m is 

the dimensionless rate constant, R is universal gas constant, T temperature, F faraday 

constant. The value of m was determined by adjustment of the curve Ep = f(m
-1

). 

The ks calculated for ferrocene attached on nw-PPy-PAMAM-Fc was measured and compared 

to PPy-PAMAM-Fc layer obtained by binding of PAMAM to compact PPy film [49]. An 

increase of ks from (1.67±0.01) s
-1

 to (7.44±0.03) s
-1 

was obtained in the case of nw-PPy-

PAMAM-Fc compared to compact layer. This demonstrates that the nanowires improve the 

electron transfer between neighboring ferrocene. This improvement of the ks could be related 

to the large surface area of nanowire PPy and their chemical properties which favor the 

electron hopping process. To test how the molecular length affects the electron-transfer 

process, the CV data obtained with nw-PPy-EDA-Fc with attached EDA, smaller molecule 

compared to PAMAM, were analyzed. The data showed that there are significant change in 

the electron transfer rate constant as the length of the carbon chain is varied from PAMAM to 

EDA with increase of  the ks from (7.44±0.03) to (18.77±0.06) respectively.  

 Eox (V) (mole.cm
-2

) Ks (s-1) LOD Ref 

Nanowire PPY-

EDA-Fc 

0.054 49.10
-9

±1.15 18,7 - This work 
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Table 1: Electrochemical parameters obtained for various modified polypyrrole structures 

 

3.5 Properties of biosensors towards DNA detection 

To study the effects of nanostructured polypyrrole in sensing properties, the covalent 

attachment of DNA and then hybridization reaction between ssDNA probe immobilized and 

DNA target in solution has been realized. The concentration range of DNA target studied was 

from 1aM to 1 pM. This was measured by the changes of current corresponding to redox 

signal of ferrocene attached to the nw-PPy. SWVs show the variation of the redox current 

after DNA hybridization within the various concentrations (Figure 7A). The decrease of redox 

current is related to the low electron transfer happened after the hybridization of 

complementary DNA and the formation of double strand on the surface. This current variation 

is depending on the concentration of DNA target in solution. Calibration curve was plotted by 

presenting the average current variation versus the logarithmic scale of the concentration 

(Figure 7B). We can see that large dynamic range of DNA detection is obtained with this 

biosensor from 1 aM to 100fM where the saturation is started at 100fM. The calculated 

detection limit of 0.36 aM is obtained, based on signal-to-noise ratio of 3 and by measuring 

the standard deviation of the blank test. This sensitivity could be related to various parameters 

provided by polypyrrole nanostructure and their functionalization such as the high surface 

area of nw-PPy, that allows loading a large amount of DNA probe, the conductivity of the 

nw-PPy layer and hydrophilic character, which enhances the electron transfer ability. This 

result demonstrates the potential of nanowire polypyrrole formed by electrodeposition as 

platform for DNA detection.  

 

 

Nanowire PPY-

PAMAM-Fc 

0.05 64 .10
-9

 ±1.02 7.4 0.36aM This work 

PPY-PAMAM-

Fc 

0.135 18.87.10
-9 

±1.14 

1.6 0.4fM [56] 

PPY-CONH-

PAMAM-Fc 

0.11 3.0.10
-9

 ±0.04 5.8 - [57] 

PPY-CNT-

PAMAM-Fc 

0.256 32 10
-9

 ± 2 1.90 0.3fM [43] 
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Figure 7: (A) SWV recorded in PBS solution after incubation of biosensor with various DNA 

concentrations (1aM–100 fM). (B) Plot of the relative changes of the current peak vs. 

concentration of DNA target ΔI=(I0-I)/I0, where I0 is the peak current of biosensor and I the 

current measured after incubation of the biosensor with certain concentration of DNA target. 

(C) SWV obtained after incubation of biosensors the 1µM of ncDNA and 1fM of c DNA 

target. 

 

3.6 Analysis of the performance of the E-DNA biosensors 

The non-specific interactions were studied by incubation the biosensor with non-

complementary DNA target of 18 bases. Figure 7C shows the SWV analysis before 

incubation of electrode in DNA solutions and after incubation in 1 µM solution of DNA non-

complementary target (nc DNA) and 1 fM of DNA target (c DNA). No decrease of the redox 

current after hybridization with nc DNA target was observed, while the incubation with 

cDNA in the lower concentration of 1fM showed a large variation. This underlines that the 

chemical structure of nw-PPy prevents non-specific interaction. This could be related to 
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super-hydrophilic character of nw-PPy as their polar and hydrated environment surface which 

disfavors the interaction of the relatively hydrophobic nucleobase of DNA [58]. 

The reproducibility was tested by measuring the response with 3 fresh biosensors and 

standard deviation of 10% is measured. This reproducibility could be improved by controlling 

the surface properties of the gold and the geometry of the cell.  

 

3.7. Detection in real sample of M. Tuberculosis and resistant strand   

 

 The biosensor was used also for detection of DNA pathogen agent of M. 

tuberculosis, and was applied to discriminate the single nucleotide polymorphism (SNP) 

(TCG/TTG) which gives the resistance of M.tuberculosis to rifampicin drug. The PCR sample 

were composed of 411 bases of DNA fragment from rpoB gene called WT, and fragment with 

mutated DNA called Mut. The DNA probe specific to WT and Mut was composed of 18 

bases modified with amine group and was attached to the nw-PPY surface. The hybridization 

reaction with WT and Mut DNA was followed by SWV of redox signal of ferrocene (Figure 

8). 

 

Figure 8: (A) SWV response obtained with biosensors modified with WT probe (solid line) and after 

detection with PCR sample with mutated DNA (dash line) and after detection with PCR sample with 
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WT DNA (dot line). (B) SWV response of biosensors obtained with biosensors modified with Mut 

probe (solid line) and after detection with PCR sample with WT DNA (dash line) and after detection 

with PCR sample with Mut DNA( dot line). (C) Histogram resuming average variation of current with 

the various biosensors with WT and Mut DNA probe and target from PCR sample. 

 

The incubation the biosensor bearing WT probe with the PCR sample with the SNP Mut 

sample with mutation shows small variation in the response of biosensor (Figure 8A, red 

curve). However, when the biosensors hybridize specific WT DNA target large variation is 

obtained (Figure 8A, green curve). The same results were obtained when biosensor bearing 

DNA probe with the mutated TCG/TTG. Large variation is obtained with mutated DNA 

sample and very small variation in the case of WT sample (Figure 8B). These results 

demonstrate that biosensors based on nw-PPy was able to analyze DNA from real sample of 

M. tuberculosis strains and to distinct the SNP mutation which is a very promising in their 

application in DNA sensors. 

This biosensors present high sensitivity and easy to used compared to those demonstrated in 

the case of DNA biosensors were amplification steps is generally needed after the DNA 

hybridization step (see table 2). 

 

Table 2: Comparison of the present method for M. tuberculosis detection with other reported 

works based on electrochemical biosensors. (AuNPs Gold nanoparticles; RGO reduced 

graphene oxide; MPs magnetic nanoparticles, PANi polyaniline; ALP Alkaline phosphatase, 

MB methylene blue) 

Biosensor Method of 

detection or 

amplification 

Detection 

limit 

Dynamic range Reference

s 

Dextrin/AuNPs  Amplification 

MPs/AuNPs 

0.01ng/µl 0.01-10 ng/µl [59]  

 

CNT/ZrO2 impedimetric 0.065 ng/µl 1-150ng/µl [60] 
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RGO/AuNP AuNPs/PANI 

assisted signal 

amplification 

1fM 1fM-1nM [61] 

 

ITO/AuNPs Dual 

amplification 

AuNPs and ALP 

1.25ng/ml 1.25-50ng/ml [62] 

polypyrrole–

polyvinylsulphonate

/ 

Redox signal of 

MB intercalator 

0.1ng/µl  0.1-1.2ng/µl  [63]  

PPy/Fe3O4 Redox signal  1fM 1fM-0.1pM [64] 

Nw-PPy- Amperometric 0.36aM 0.1aM to 100fM Present 

work 

 

4. Conclusion 

Nanowire polypyrrole formed by template free with simple electropolymerization could be 

used as sensitive E-DNA biosensors through amperometric measurement. We demonstrated 

that nw-PPy could be formed by template free and highlight the mechanism of their formation 

as well as high electrical properties. The obtained nw-PPy could be modified through EDA or 

PAMAM electrodeposition through carbon-nitrogen coupling reaction which leads to 

introduction of aminated surface. Covalent attachment of ferrocene as redox marker on the 

modified nw-PPy could be performed and the electrochemical properties exhibits lower redox 

potential and high rate of electron transfer (18s
-1

). This is obtained thanks to high hydrophilic 

chemical structure character, good conductivity and high surface area of nw-PPy. E-DNA 

biosensor based on nw-PPy modified with ferrocene as redox marker shows a detection limit 

of 0.36aM without any amplification procedure. Improvement of the sensitivity to DNA 

hybridization was demonstrated compared to compact PPy layer and others nanostructured 

materials. Their selectivity was proven by their ability to discriminate rpob gene of 

M.Tuberculosis from mutated with single polymorphism. The biosensors are able to measure 

DNA from complex sample such as PCR. These analytical performances properties were 
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obtained by dint of the chemical and electronic properties and their soft functionalization 

through amine oxidation. Thus, high surface area of nw-PPy allows loading a large amount of 

DNA probe, the conductivity of the nw-PPy layer enhances electron transfer ability, where 

hydrophilic character of nw-PPy prevents non-specific interaction. The developed 

electrochemical DNA based on nw-PPy could be used as platform for detection of various 

biomolecules in complex sample involving specific bioreceptor.  
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