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Introduction

Despite the recent medical advances, Tuberculosis i.e. a bacterial disease caused by Mycobacterium tuberculosis, remains a major health problem worldwide (Reed et al., 2003;Russel, 2001). Antibiotics have widely reduced the disease-related mortality, but antibioticresistant strains of the bacteria have now emerged with multi-resistant strains raising therapeutic challenges (Thanyani et al., 2008). Obtaining sequence-specific genetic information about infectious pathogens and their resistance are paramount for diagnostic purposes and to devise the most adequate therapeutic strategy (Good et al., 2004). Thus the detection of the specific genes of M. tuberculosis and the identification of the mutated strands remain the most appropriate approaches for efficient diagnosis and the following therapy.

Developing analytical systems for the detection and identification of pathogenic agents DNA are of great importance in medical diagnosis and others application such as food safety, environmental monitoring, control of military biological warfare agents, etc. Conventional detection tools for DNA are often bulky, expensive, and mostly require a long analysis time and are not adaptable to point-of-care analysis (Gerion et al., 2003;Rosi et al., 2005).

Several inorganic nanomaterials are involved in the design of many attractive platforms for DNA biosensing (Wang et al., 2013;Hu et al., 2012 ;Han et al., 2013). Particularly, several metal oxides have been successfully employed as platform for E-DNA sensing. For instance, Das et al. used ZnO/ITO for an electrochemical DNA biosensor to detect M. tuberculosis in the range of 1 × 10 -6 to 1 × 10 -12 M with a detection limit of 1 pM (Das et al., 2010). E-DNA sensor using on Cu 2 O hallow microspheres were reported by Zhu et al. (Zhu et al., 2009), where such nanomaterial helped tethering the DNA probes to the electrode. Magnetic nanoparticles have also proven to be useful in catalysis, biotechnology/biomedicine, magnetic resonance imaging, and environmental applications (Hyeon, 2003;Mornet et al., 2006;Li et al., 2005). Their magnetic properties as well as n-type semiconducting properties with an indirect band gap of 2.2 eV at ambient conditions offer interesting properties for their application in electrochemical sensing. Due to their electrical properties, magnetic nanoparticles have been used in enzymatic biosensors to improve the response of redox mediator in enzymatic reaction for glucose detection. The association of magnetic nanoparticles with organic materials allowed the improvement of the transducing platform for E-DNA biosensors. For example, associations of Fe 2 O 3 with chitosan (Xu et al., 2015), or chitosan-graphene (Tiwari et al., 2015), were employed as platforms for E-DNA sensing by measuring the DNA hybridization through the redox signal of external ferrocyanide markers.

Combining magnetic nanoparticles with conducting polymers such as polyaniline and polypyrrole presents interest because the resulting nanocomposite exhibits both magnetic and electronic conducting properties (Xiaotun et al., 2003).

In an attempt to detect and identify DNA, several studies have reported the use a DNA sensor with electroactive groups to monitor DNA hybridization. Different research groups used ferrocene derivatives (Zribi et al., 2016;Yao et al., 2013). Besides, the quinone/hydroquinone (Q/H 2 Q) couple and their derivatives attracted much attention as transducing systems in chemical sensing (Ge et al., 2000) and biosensing (Geng et al., 1996;Bucur et al., 2006). They can act as redox mediator in some catalytic reactions by transporting charges inside the film at the interface between the polymer and the solution (Wei et al., 2014). Furthermore, they offer great advantages over ferrocene, as they can exchange electrons at less anodic potentials, avoiding side oxidations. Zhang et al. reported a signal-on, label-free and reagentless E-DNA biosensor, based on a mixed self-assembled monolayer of thiolated hydroxynaphthoquinone and thiolated oligonucleotide (Zhang et al., 2012). The sensor can detect the DNA target with high sensitivity and excellent selectivity, as well as with PCR products related to different lineages of M. tuberculosis strains.

In this paper, we report the use of a nanocomposite formed by polypyrrole-magnetic nanoparticles modified with dendrimers PAMAM as a scaffold to covalently tether the naphtoquinone (spaNQ) as redox center and the DNA probe. The hybridization is followed through the electrochemical signal response of the attached naphtoquinone. The biosensor was constructed on SPE and fully characterized using AFM, SEM, XPS and electrochemical measurement through cyclic voltammetry (CV) and electrochemical impedance spectroscopy (ESI). We demonstrate that the association of magnetic nanoparticles and polypyrrole allows a high electrochemical response of the redox marker and thus a highly sensitive response to DNA hybridization. The biosensors were applied to detect and discriminate wild type DNA from mutated DNA strands of M. tuberculosis, which differ by a single mutation and that in both PCR amplified samples and samples without PCR amplification. Therefore, the amplification procedure could be avoided with this biosensor which also offers the possibility of measurements using drop size samples opening the possibility to their use as point-of-care system for M. Tuberculosis detection and drug resistance discrimination. The principle of the biosensor design and the procedure for E-DNA detection are outlined in Figure 1. 

Material and methods

The descriptions of materials and methods used are detailed in supplementary material.

Construction of the biosensors

Fe 3 O 4 nanoparticles were prepared according to literature (Kim et al., 2001). X-Ray diffractograms and TEM micrographs are given in Figure S1 and Figure S2. Firstly, Fe 3 O 4 NPs were dispersed under sonication in 0.5 M LiClO 4 aqueous solution then pyrrole was added. The final concentrations were 10 mg•mL -1 of Fe 3 O 4 and 0.1 M of pyrrole. To coat the gold screen-printed electrode (AuSPE) with the PPy/Fe 3 O 4 film, a permanent magnet was used to adsorb the magnetic particles to the electrode surface and the potential was swept from -0.4 to +0.8 V vs. Ag/AgCl with scan rate of 50 mV s -1 for 10 cycles (see, SM 3.2, Figure S3A). Then, the magnet was removed and the electrode was rinsed several times with deionized water.

Association of PAMAM Dendrimers, spaNQ and DNA

The poly(amido amine) 4 th generation dendrimers (PAMAM G4) were electrochemically deposited on the Fe 3 O 4 /PPy nanocomposite using CV. PAMAMs were dispersed in an aqueous 0.5 M LiClO 4 solution and the potential was scanned between 0.0 and +1.1 V for 3 cycles at a scan rate of 50 mV•s -1 to covalently immobilize the dendrimers on the polypyrrole layer (see SM 3.2, Figure S3B). The naphtoquinone-terminated thiopropanoic acid (spaNQ), (see the synthesis in SM1.2), was covalently linked to the terminal amines present on PAMAM/PPy/Fe 3 O 4 using EDC (10 mM) in PBS for 1h at RT. Thereafter, the electrode surface was thoroughly washed with deionized water to remove the un-adsorbed spaNQ molecules and incubated in 1% glutaraldehyde aqueous solution for 10 min. Finally, 1 µM sDNA (and later the wDNA and mDNA) in the PBS solution was added on the biosensor surface and incubated for 1h at RT. The electrode was rinsed several times with water and phosphate buffer solution to remove any unbounded DNA probe. The biosensor was finally stored over night at 4 °C for stabilization.

DNA Hybridization

To hybridize the DNA target with its probe, the bioelectrode was immersed into 10 mM PBS solution containing different concentrations of target (complementary or noncomplementary) for 30 min at 47 °C followed by rinsing with buffer solution to remove nonbounded DNA. The same conditions were also used for the detection of PCR-amplified DNA samples and non-amplified genomic DNA samples. Before hybridization, the DNA was denaturized by heating at 95 °C for 5 min and cooled down to RT to separate the double strands into single strands.

Results and discussion

Stepwise preparation of the E-DNA sensor

Biosensors formation and characterization

Pyrrole was electropolymerized on Fe 3 O 4 NPs magnetically adsorbed on the surface of a gold screen-printed electrode (AuSPE) by sweeping the potential between -0.4V and +0.8 V. A conducting polypyrrole film was formed on the surface as the current increase during polymerization process (see SM 2.2, Figure S3). The nanoparticles wrapped in polypyrrole formed a nanohybrid film. The stepwise modification was monitored by cyclic voltammetry (CV), square wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS) using [Fe(CN) 6 ] 3/4-as a redox probe (Figure 2). As displayed in Figure 2A, after the electrode surface modification by the PPy/Fe 3 O 4 nanocomposite, the CV curves showed an increase in the redox currents of the Fe(II)/Fe(III) redox signal due to larger specific surface area provided by conducting polypyrrole-coated Fe 3 O 4 nanoparticles. EIS data fitted by Randel circuit model showed a decrease in charge transfer resistance (Rct 1 ) from 800 Ω for bare gold SPE to 106 Ω after the deposit of the composite (see SM. 3.2, Table S2, Rct 1 ), which suggested that the composite helped increase the electron transfer ability. The capacitive properties calculated through CPE (see SM 3.2, Table S2, CPE 1 ) showed an increase in the case of composite due to the charge storage provided by the film of PPy and also a decrease of n factor related the polydispersity of the surface.

The introduction of functional groups on the surface were performed by modification with dendrimers PAMAM G4 following an electrochemical patterning approach through amine oxidation as demonstrated previously (Miodek et al., 2016). The PAMAM could be linked to polypyrrole by covalent bonding formed by the electro-oxidation of the terminal amines that yield radicals which reacted with the polypyrrole film. The PAMAM/PPy/Fe 3 O 4 film provided functional amine groups on the surface for further immobilization of the redox markers and DNA probe. Covalent attachment of NQ bearing acid in a terminal position was performed following amid linking in the presence of EDC as coupling agent. The covalent attachment of spaNQ was followed by CV in PBS solution free of redox probe. The CV underwent a one-electron reversible peak corresponding to the formation of radical anion followed by protonation to form hydroquinone (see SM 3.2, Figure S4A). The oxidation and reduction peaks were at potential of -0.38 and -0.43 V vs. Ag/AgCl, respectively. The difference between the potentials of the anodic and cathodic peaks was 58 mV, which demonstrated the different redox environments of the NQ/H 2 NQ redox couple. The calculated number of electrons exchange was 1 which corresponded to the reduction of NQ to its radical ion. To examine the electrochemical redox process, CVs were recorded at different scan rates (Figure S4B). The anodic current varied linearly as a function of scan rate suggesting an adsorption-controlled process (inset in Figure S4B).

The remaining steps of the electrode modification were monitored by square wave voltammetry (SWV) to follow the electron exchange from the immobilized spaNQ (Figure 2B). The introduction of the spaNQ exhibited a clear SWV signal located at -0.45 V vs.

Ag/AgCl related to the reduction of the naphthoquinone moiety. Furthermore, the reaction of dendrimers with glutaraldehyde induced ca. a 50%-drop of the current due to the formation of an insulating layer to the electron transfer. Finally, DNA immobilization produced a slight decrease in the NQ redox signal.

Figures 2C and2D display the stepwise modification of the electrode in the first steps of biosensor formation monitored by EIS using external redox probe[Fe(CN) 6 ] 3/4-in PBS(Figure 2C) and free of redox probe after the spaNQ attachment (Figure 2D). The EIS data where fitted using the equivalent circuit model shown in Table S2. Formation of the PPy/Fe 3 O 4 film induced a large drop of the charge-transfer resistance (R CT ) from 0.83 to 0.11 kΩ thus evidencing an ET enhancement by the nanohybrid film. The R CT increased steadily during the film modification by the PAMAM G4, reaching 2.78 kΩ due to the disruption of the electronic conductivity of the PPy layer resulting from the coupling reaction of such dendrimer on PPy/Fe 3 O 4 . The addition of glutaraldehyde and DNA led to an increase in the R CT due to blocking effects from 1.05 to 2.1 kΩ and from 1.05 to 3.1 kΩ, respectively and in agreement with literature (Ruan et al., 2002 ;Yang et al., 2004). 

Structural and morphological studies

The surface properties and morphologic characteristics of the PPy/Fe 3 O 4 nanohybrid film and its functionalization with the PAMAM were examined by AFM and SEM. AFM images showed a change in the surface morphology with an aggregation of globular cauliflower-shaped large nanoparticles (Figure S5A). The electrochemical grafting of PAMAM dendrimers decorated the film with a myriad of small bright nanometric dots (Figure S5B). Comparatively to the SEM images of PPy/Fe 3 O 4 -modified electrode, the PAMAM/PPy/Fe 3 O 4 -modified electrode showed several supplementary brighter small dots, which can be assigned to the PAMAM dendrimers (Figures S5C andS5D). Furthermore, EDX analysis confirms the presence of PPy/Fe 3 O 4 on the modified electrode surface (Figure S6). Essentially, it showed the presence of C, N, O, Fe and Cl atoms. The latter one was due the use of LiClO 4 for the pyrrole electropolymerization process.

X-Ray photoelectron spectroscopy

The survey spectrum of PPy-coated Fe 3 O 4 films is given in Figure S8. Mainly, it showed the bonding energy peaks of C 1s, N 1s, O 1s and Fe 2p located respectively at ca.

285, 400, 540 and 710-730 eV. Chlorine was also observed, as it originates from the use of lithium perchlorate as a supporting electrolyte for the pyrrole electropolymerization, as mentioned earlier. In 710-743 eV region, we noticed two peaks located at 715 and 725 eV that could be assigned respectively to Fe 2p3/2 and Fe 2p1/2 photoelectrons of the iron oxide species (see inset Figure S8).

High-resolution N 1s spectra for PPy/Fe 3 O 4 and PAMAM/PPy/Fe 3 O 4 are displayed in Figure 3. The two signals are similar despite the introduction of PAMAM. The contribution from the peak (c) at 402.2 eV increased due to the presence of positively charged nitrogen species and amide groups into the dendrimers (Figures 3A and3B). Furthermore, the functionalization of PAMAM/PPy/Fe 3 O 4 with the spaNQ and the DNA probe were examined with XPS. The spectrum after cross-linking of the spaNQ moiety showed a peak located at ca. 164 eV, which was assigned to the S 2p photoelectrons (Figure 3C). After DNA grafting, a new peak was observed at 134 eV, which was attributed to the P 2p photoelectrons (Figure 3D). These data are in favor of successful biomodification of the electrode. 

Analytical performances of the E-DNA sensor

Optimization of the DNA hybridization time

Time of hybridization of the DNA probe with its target can markedly influence the detection ability of the E-DNA sensor. In the case of biosensor for point of care system a time of biological reaction is should be optimized to obtain short time with sensitive response. For this, we studied the hybridization of DNA at different times from 5mn to 120mn with fixed target concentration of 100 fM (Figure S9). The histogram in Figure 4A shows the relationship between the hybridization time and the percentage of current variation. Longer times provided the best results. For the forthcoming experiments, we choose to work at 30 min (> 40% current drop), since it represented a good compromise between short time experiments assay and an appreciable level of hybridization.

Dynamic range

Incubation of the electrode in solutions at different concentrations of the DNA target sequence showed that the redox current decreased steadily with the increase of the target DNA concentration as shown in Figure 4B. The current variation was proportional to the DNA concentration. The response was linearly dependent on the target concentration over a large range (from 1 fM to 0.1 pM) with a linear regression equation of % ∆I/I 0 = 63.494 +17.74 log[target] /(pM) (R = 0.999). The current drop could be explained by the formation of the DNA duplex, which hindered the proton diffusion necessary to protonate the reduced form of naphthoquinone. Furthermore, the detection limit was calculated to be 4 fM by considering the criteria of 3.3 times of s/m ratio, where s stands for the standard deviation of five consecutive runs for the lowest concentration giving a measurable signal and m is the slope the linear part of the calibration curve. A good reproducibility was observed with a relative standard deviation (RSD) of 3.8%, which is less than what is conventional for SPEs (Figure 4C). 

Selectivity

The response of the sensor to 100 fM of complementary and non-complementary DNA sequences was examined to prove its selectivity. The latter one differs with only one base mismatch from the complementary sequence. Figure 4D shows the SWV curves obtained after the sensor incubation in solutions of the two DNA sequences for the same durations.

The probe sequence did not recognize the non-complementary sequence, while the incubation with target DNA caused a large current drop. The results suggested that the DNA/spaNQ/PAMAM/PPy/Fe 3 O 4 bio-platform was endowed with a high selectivity to its target analyte.

Detection of real DNA samples

To evaluate the practicality of the E-DNA sensor for ultrasensitive detection of nucleic acids in real samples, the device was used to detect rpoB gene DNA of M. tuberculosis in wild and mutated bacteria strains. One nucleotide polymorphism occurring in the codon 531 (TTG) of the gene gives resistance to rifampicin drugs, which are widely used to treat Tuberculosis. Since our sensor previously differentiates between two types of DNA with one base mismatch, we expect it to be able to do so with the genomic DNA. Two E-DNA sensors were prepared, the first one using a wild type DNA probe (E-wDNA) and the other one using the mutated DNA probe (E-mDNA). Before hybridization with the sensor, the PCR-amplified wild or mutated DNA samples were denaturized by heating at 95 °C for 5 min to obtain single stranded DNA.

PCR-amplified genomic DNA from wild and mutant bacteria strains

In the first case, in presence of 100 fM of the PCR-amplified wild target DNA (PCR wDNA), we observed a sharp decrease of the naphthoquinone redox current (ca. 40%) (Figure 5A). However, no variation occured with 100 fM of the mutated DNA target (PCR mDNA) (Figure 5B). The experience was repeated with an immobilization of mutated DNA probe; similarly, the E-mDNA sensor detected only the mutated DNA target and was insensitive to the wild DNA target. An average drop of the naphthoquinone signal of ca. 38%

was observed after the incubation with the mutated DNA (Figure 5E). A negligible variation was detected with the wDNA target (Figure 5F). These results show that our E-DNA sensor could detect selectively the DNA of rpoB gene in PCR-amplified genomic DNA samples.

Furthermore, it does not allow cross hybridization between the two targets even if, the complementary and non-complementary DNA targets differs only by single nucleotide polymorphism. To confirm this high discrimination, we added simultaneously to E-wDNA sensor 100 fM of PCR wDNA and 10-fold of PCR mDNA (1000 fM). The response of the sensor was very similar to its response with the target wDNA alone. Furthermore, the mDNA did not yield any current change (Figure S11). The E-wDNA sensor showed a great The identification of genomic DNA without amplification is paramount in DNA sensing technology for diagnosis and detection of pathogens. In this step, DNA was isolated by extraction using phenol/chloroform and precipitated with ethanol according to DNA standard purification methods (Wilson, 2001). Figures 5C,D, G, H display a series of SWV curves obtained with E-wDNA recorded in the presence of wDNA and mDNA targets.

Hybridization with the former target showed a strong decrease of redox current (Figure 5C) but no change was observed in presence of the mutated target (Figure 5D). However, if a mutated DNA probe was used, only the incubation of the electrode with mutated DNA target caused a significant decrease of the redox current (Figure 5G) and small variations were observed with non-mutated DNA (Figure 5H). Thus, confirming also that these two E-DNA sensors are sensitive enough to detect their complementary sequences in real samples even without PCR amplification and could distinguish a single nucleotide polymorphism occurring in the gene.

Conclusion

In this works, we described a novel platform for electrochemical DNA detection on The proposed biosensor was simple to design and could be used as a sensitive platform to detect various pathogenic DNA without amplification strategies. The strategy of the formation of biosensors through electrochemical deposition is well adapted for multiplexing array. It could be a powerful tool for point-of-care pathogen identification and drug screening.

Figure 1 .

 1 Figure 1. Design method of DNA/spaNQ/PAMAM/PPy/Fe 3 O 4 for ropB gene DNA sensing: (a) electrochemical magneto-polymerization of Fe 3 O 4 NPs/pyrrole, (b) electrochemical grafting of PAMAM, (c) spaNQ coupling and (d) functionalization by the DNA probe.

Figure 2 .

 2 Figure 2. (A) CVs in presence of 5mM [Fe(CN) 6 ] 3/4-after each step of E-DNA sensor formation: bare electrode (i), after modification with PPy/Fe 3 O 4 (ii), and PAMAM (iii); (B) SWVs in 0.1 M PBS solution (pH = 7.4) obtained after each step of E-DNA sensor formation: spaNQ/PAMAM/PPy/Fe 3 O 4 (i), GL/spaNQ/PAMAM/PPy/Fe 3 O 4 (ii), and ssDNA/GL/spaNQ/PAMAM/PPy/Fe 3 O 4 (iii); (C) EIS curves in presence of 5 mM [Fe(CN) 6 ] 3/4-after each step of E-DNA building: bare electrode (i), after modification with PPy/Fe 3 O 4 (ii), and PAMAM (iii) (E app = -150 mV) and (D) EIS curves in presence in 10 mM PBS (pH = 7.4) of spaNQ/PAMAM/PPy/Fe 3 O 4 (i), GL/spaNQ/PAMAM/PPy/Fe 3 O 4 (ii) and sDNA/GL/spaNQ/PAMAM/PPy/Fe 3 O 4 (iii). (E app = -450 mV).

Figure 3 .

 3 Figure 3. High-resolution spectra of N 1s regions of PPy/Fe 3 O 4 layer (A) after electrooxidation (B) G4 PAMAM dendrimers, (C) and (D) XPS spectra of the S 2p regions of spaNQ/PAMAM/PPy/Fe 3 O 4 and P 2p regions of sDNA/spaNQ/PAMAM/PPy/Fe 3 O 4 .

Figure 4 .

 4 Figure 4. (A) Histograms giving the current percentage as function of the incubation time of the bioelectrode into solution of 100 fM of the complementary DNA target, (B) SWV of E-DNA sensor after hybridization with complementary target at various concentrations (1 fM to 1 nM), (C) Calibration curve of biosensors displaying the relative changes of the current peak % ∆I/I 0 at various concentrations of complementary DNA, where I 0 and I are respectively the peak currents before incubation and after incubation of the biosensor formed with DNA/spaNQ/PAMAM/PPy/Fe 3 O 4 (red squares) and biosensor DNA/spaNQ/PAMAM/PPy (black triangles) and (D) SWV curves showing the E-DNA response before (i) and after incubation in a solution of 100 fM of non-complementary DNA target (ii) and after incubation in 100 fM complementary of DNA target (iii).

Figure 5 .

 5 Figure 5. SWVs responses of various E-DNA biosensors(E-wDNA, E-mDNA) for detection of wild type DNA (w-DNA) and mutated genomic matrix DNA (mDNA) after 35 cycles of PCR amplification (A, B, E, F) and non-amplified DNA samples (C; D, G, H); (A) E-wDNA biosensors before (i) after hybridization with PCR-wDNA (ii); (B) E-wDNA biosensor before (i) after hybridization with PCR-mDNA target (ii); (C) E-wDNA biosensors before (i), after hybridization with non-amplified wDNA (ii); (D) E-wDNA biosensor before (i) after hybridization with non-amplified mDNA (ii); (E) responses of E-mDNA biosensor, before (i) after hybridization with PCR-m DNA (ii); (F) responses of E-mDNA biosensor before (i) after hybridization with PCR-mDNA target (ii); (F) responses of E-mDNA biosensor, before (i) after hybridization with PCR-wDNA (ii); (G) responses of E-mDNA biosensor before (i) after hybridization with non-amplified mDNA (ii), (H) responses of E-mDNA biosensor, before (i), after hybridization with non-amplified wDNA samples

  SPE electrode and their successful application for sensing and discrimination of the rpob gene of genomic DNA of M. tuberculosis in its wild type and mutated forms with single nucleotide polymorphism in real sample without PCR amplification. This was achieved by using an electrochemical biosensor based on nanomaterials composed of polypyrrole-coated Fe 3 O 4 NPs functionalized with PAMAM dendrimers serving as scaffold for covalent bonding a naphthoquinone redox group and DNA probes. We demonstrated that the association of magnetic nanoparticles and polypyrrole allowed high electrochemical response of redox markers and sensitive response to DNA hybridization thanks to the properties of Fe 3 O 4 NPs which helped to shuttle electrons from the redox marker to the electrode through the polypyrrole film. The hybridization of the immobilized probe with its complementary sequence induced a large current drop of the redox marker allowing detection of 1 fM DNA in drop solution of 50µL corresponding to 3 × 10 4 copies. The biosensor detected and discriminated successfully the mixture of genomic DNA from rpob gene of M. tuberculosis in wild and rifampicin-resistant mutated strands in both PCR samples and without amplification.
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