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Direct DNA sensor based on new nanocomposite materials (Fc-ac-OMPA/MWCNTSs) has been investigated. This
nanocomposite was formed by combining the redox oligomer “oligo-methoxy-phenyl-acetonitrile” (Fc-ac-
OMPA) and the MWCNTs via a simple st-rt stacking interaction in the aim to ameliorate the biosensor perfor-
mance. The redox indicator and the functional groups of the redox oligomer have been used for monitoring the
electrochemical behavior and the flexibility for direct covalent attachment of Hepatitis C DNA probe. This na-
nocomposite shows high performance of DNA hybridization with a detection limit of 0.08 fmol L~ !. Moreover,

the biosensor was applied for the detection of pathogenic bacterium such as DNA from Mycobacterium tu-
berculosis strand. Developed biosensor has been able to detect a single nucleotide polymorphism (SNP)T (TCG/
TTG) which confers resistance of M. tuberculosis to rifampicin drug.

1. Introduction

Mycobacterium tuberculosis (M. tuberculosis) is a dangerous patho-
genic bacterium that is one of the major causes of pulmonary tu-
berculosis and remains the second leading cause of death from an in-
fectious disease worldwide [1,2]. The Rapid and sensitive detection
methods for M. tuberculosis represents a major challenge for scientists.
The common method used for diagnosing M. tuberculosis is sputum
smear microscopy, however, it's not a rapid and a sensitive method
[3,4] which limits its value in the case of a rapid diagnosis. Various
molecular diagnostic methods, such as real-time polymerase chain re-
action (PCR), DNA microarray assay and cycling probe technology,
have been developed to detect Mycobacteria nucleic acids in sputum or
culture samples [5-7]. Even though, these diagnostic methods have
high specificity and sensitivity, most of them are still limited by cost,
time and require specialized expensive fabrication protocols [8,9] that
are not able to provide low-cost, miniature, portable devices for real-
time genomic DNA detection. Thus, there is a need to develop specia-
lized DNA hybridization platforms able to perform highly sensitive and
specific direct analysis [10]. Indeed, the combination of PCR amplifi-
cation with electrochemical devices provides a sensitive method for
specific sequence detection [11]. Actually, electrochemical sensors
have shown great potential in providing viable solutions to this chal-
lenge. This analytical method is faster, low cost, simple to fabricate and
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can be miniaturized [12,13]. These advantages make electrochemical
sensors an appropriate application tool for DNA detection [14]. The
sensitivity and lifetime of DNA sensors depend on the immobilization of
DNA probes onto the electrochemical transducer. The immobilization of
DNA probes can be presented in different methods, including electro-
chemical polymerization [15], self-assembled methods [16] and cova-
lent binding [17]. One of the promising approaches is covalent bonding
between the nucleic acid system and electroactive polymers [18,19].
These electroactive polymers are taking researchers’ attention not only
because they have excellent electrical properties and high stability, but
also, and most important thing they do not require the addition of an
extra redox active compound [20]. This type of redox polymer can
directly report the hybridization event with improved sensitivity
[21,22]. In addition, a lot of nanomaterials, such as carbon nanoma-
terials, have been explored as a perfect transducer since they have the
ability to amplify the signal transduction [23]. They have been widely
recognized as an ideal support for fabricating electrochemical sensors
[24,25]. DNA biosensors based on a hybrid composite of CNTs and
electroactive polymers have received significant interest because the
combination of these composite materials, maintains the properties of
each component with a synergistic effect [26,27]. In fact, these nano-
materials (MWCNTs) and the redox polymer can be associated through
a simple m-m stacking interaction [28] that can promote electron
transfer reactions. Additionally, having a high surface area increases
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dramatically the amount of DNA probe attachment and the overall
hybridization sensitivity [29].

In this paper, we report the direct detection of DNA hybridization
using electrochemical biosensors based on (MWCNTs) and redox
polymer. The gold electrode surface was modified with the nano-
composite layer (Fc-ac-OMPA/MWCNTs) as a platform for the im-
mobilization of Hepatitis C DNA probe. The most striking point of this
work is the ease of construction of the biosensor through the direct
covalent bonding between the DNA and the nanocomposite rich in
carboxylic groups from the structure of the oligomer (Fc-ac-OMPA).
Further, the hybridization of complementary target (c DNA) at different
concentrations from 1 fmol L ™! to 1 nmol L™ ! has been investigated by
CV via ferrocene. The sensitivity of this biosensor is enhanced by
combining the high electrical conductivity of MWCNTSs with the elec-
trical properties of Fc-ac-OMPA. The present biosensor demonstrates
the ability for sensing DNA of the rpoB gene of Mycobacterium tu-
berculosis in real PCR samples.

2. Material and methods
2.1. Materials

The redox oligomer “oligo-methoxy-phenyl-acetonitrile” “Fc-acid-
OMPA” (Fc-ac-OMPA) has been synthesized and characterized ac-
cording to the previously reported procedure [22,30]. Multiwalled
carbon nanotubes (MWCNTs) obtained commercially from Baytubes
has a diameter that varies between 5 and 20 nm with a length of over
1 pm. The nanocomposite solvent used was Chloroform (CHCl3) and has
been purchased from Sigma-Aldrich. The electrolyte used for electro-
chemical analysis is an aqueous solution of lithium perchlorate
0.1 molL~! LiClO4 (pH = 7) at room temperature. Phosphate buffer
saline (PBS) (10mmolL ™Y, pH = 7.4) has been filtered through
0.22 um pore size membrane. All the prepared solution has been stored
at 4 °C until use.

Synthetic DNA sequences of Hepatitis C have been provided by
Eurogentec Company (Eurogentec, Liége, Belgium):

e The DNA probe: NH,-(CHy)¢ —5GAT-ACT-TCT-ATC-ACC-CAT3’
(18-bases sequences with six carbon chains (C6) as spacer and with
amine group on its 5" phosphoryl terminus).

e The complementary target (c DNA): 5'CTA-TGA-AGA-TAG-TGG-
GTA3".

e The non-complementary target (nc DNA): 5’ATG-TGG-TAG-AGA-
TGA-CTA3".

The PCR samples of Mycobacterium Tuberculosis genomic DNA has
been obtained from “laboratory I2BC” of Prof C. Sola team from the
University of Paris-Sud. The DNA probes, specific to the wild stand and
mutant of Mycobacterium tuberculosis PCR, are containing 18 bases with
5’ terminal amino group modification uses a twelve carbonyl chain
spacer (C12) with the sequences of the wild type are 5-CCGA
CTG(TCG)GCGCT-GGG-3’ and the mutated type are 5-CCGACTG(TTG)
GCGCTGGG-3’ [31]. A stage of 35 cycles PCR has been made on the
DNA crud to amplify the sequences which correspond to the rpob gene
using various cycles of temperatures and two primers: a forward primer
with TR1 (5-TACGGTCGGCGAGCTGATCC-3") and a reverse primer
with TR2 (5’-TACGGCGTTTCGATGAACC-3’) [32]. The obtained DNA
from PCR contains 411 bases. The concentration has been measured
following absorbance by Nanodrop 1000. All the solutions have been
stored at 20 °C until use [22].

2.2. Instrumentations
The UV-Visible Spectroscopy has been recorded with spectro-

photometer Cary Varian using a 100 pL quartz cell.
Scanning Electron Microscopy (SEM) technique was used to evaluate
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the surface morphology of the film deposited on gold substrate by spin-
coating. SEM images were performed with a Hitachi scanning electronic
microscope (SEM 4800).

The sessile drop method contact angle measurements using a GBX
Scientific Instrument has been used to observe hydrophobicity and
adhesion of the deposited membrane on gold surfaces. Van Oss theo-
retical model has been used with three solutions: diilodomethane, for-
mamide and deionised water as probes for the surface energy calcula-
tions.

X-Ray photoelectron spectrometry (XPS) measurements were per-
formed on a K Alpha spectrometer from Thermofisher, using a mono-
chromated X-ray Source (Al Ka, 1486.6 eV). The spectrums obtained
were treated by means of the “Avantage” software provided by
Thermofisher. Shirley type background subtractions were used.

Electrochemical Impedance Spectroscopy (EIS) and cyclic voltammetry
(CV) have been used via a Metrohm potensiostat Autolab (PGSTAT 20)
supported by Nova software. The electrochemical measurements were
carried out in a three-electrode system: a platinum mesh as a counter
electrode, an Ag/AgCl as a reference electrode and a gold disc (surface
2.01 x10~2 cm?) as a working electrode. Cyclic Voltammetry have
been realized with the scan rate of 50mV s~ by cycling the potential
from OV to 0.9V. Electrochemical Impedance Spectroscopy measure-
ments has been performed with a sinusoidal excitation signal of 10 mV
amplitude and a frequency range of 100 kHz to 100 mHz at 0.45V vs
Ag/AgCl

2.3. Biosensor construction

The proceeded method of the nanocomposite preparation (Fc-ac-
OMPA/MWCNTSs) is made by a direct mixing of the MWCNTs and the
redox oligomer in a suitable solvent. In this work, the nanocomposite
has been prepared by mixing 5 mg of Fc-ac-OMPA oligomer and 0.2 mg
of MWCNTSs (4%) in 1.5ml solution of chloroform (CHCl3). The dis-
persion has been conducted by sonication during one hour.

After the polishing steps of the gold surface, the first step of the
biolayer construction was the deposition of 5uL of the prepared na-
nocomposite solution (Fc-acid-OMPA/MWCNTSs) and then letting them
to dry at room temperature during one night. For the biolayer forma-
tion, the DNA covalent attachment has been carried out through the
acid functions available on the surface of the oligomer layer. The pre-
sence of carboxylic acid groups on the transducer is necessary for
covalent bonding of oligonucleotides when using standard carbodii-
mide chemistry. The electrode was then dipped during 45 min in the
solution formed by EDC/NHS (20mmolL.™Y) and DNA probe
(10 umol L™ 1) in PBS buffer pH = 7.4 at room temperature. EDC/NHS
forms a reactive intermediate during the formation of amide bonds
between the carboxylic acids of the oligomer and the amino-terminal
end of the oligonucleotides. To saturate the non-bonded activated
carboxylic acid groups, the electrode has been immersed in 1 pmol L ™!
of ethanolamine (EtOH) solution in a PBS buffer for 30 min at room
temperature. Then, this formed biosensor was carefully washed with
double-distilled water and stored in PBS buffer at 4 °C until use. A
various concentration of DNA target ranges from 1fmolL™' to
1nmol L™! prepared in PBS buffer solution was used for the hy-
bridization step at 40 °C for 1 h. After each incubation, the electrode has
been then washed with double-distilled water. The biosensor con-
struction was controlled by CV and EIS measurement in aqueous solu-
tion (0.1 mol L™ LiClOy, pH = 7). Scheme 1 summarizes the different
steps of the biolayer construction and DNA interactions on the nano-
composite film (Fc-acid-OMPA/MWCNTSs).

3. Results and discussion
3.1. Nanocomposite (Fc-acid-OMPA/MWCNTs) characterizations

Earlier studies suggested that polymer containing an aromatic ring,
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Scheme 1. The biolayer formation on the nanocomposite transducer, the first step is the covalent attachment of DNA through amide link in the presence of coupling agent (EDC)/(NHS).

The second step is hybridization reaction with DNA complementary target.

could have strong interaction with CNTs via st-;t stacking [33]. In fact,
the CNTs exhibit a special sidewall curvature and possessing a sw-con-
jugative structure with a highly hydrophobic surface. These exceptional
properties of the CNTs allow them to interact with many organic
compounds, aromatic compounds, in particular, through s-i electronic
and hydrophobic interactions [34]. Therefore, it concluded that the
delocalization of m conduction electrons between nanotubes and a
polymer containing an aromatic ring result in the adsorbtion of the
polymer onto the CNTs surface [33]. As a result, this strong interaction
between polymer and CNTs could form a new nanostructure, as de-
monstrated previously [34,35].

Since Fc-ac-OMPA is a typical aromatic polymer, the w-it stacking
interactions with the MWCNTSs could be observed by UV-Vis spectro-
scopy. Fig. 1 shows the UV spectra of Fc-ac-OMPA with a characteristic
absorption band around 325 nm attributed to the s-rt* transition of the
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Fig. 1. UV-Visible spectra of the nanocomposite Fc-ac-OMPA/MWCNTs and Fc-ac-OMPA
oligomer in chloroform solution dissolved at concentration of 1 mg /0.1 ml.

477

conjugated oligophenylene backbone and a second band at 491 nm
assigned to the ferrocene moiety [30]. Mixing the oligomer with the
MWCNTs conduct to an increase in this band intensity with a slight red
shift (~5nm), as observed in Fig. 1. This rise in absorption of the mw-rt*
transition bands indicate a strong st-;t stacking interactions between the
ni-electron of the Fc-ac-OMPA aromatic rings and the sm-conjugated of
the MWCNTSs surfaces [36,37].

This result was also confirmed by the surface characterization of the
nanocomposite film through SEM and wettability techniques. Fig. 2A
shows the SEM images of the unmodified MWCNTs. Fig. 2B and C show
SEM images of the redox oligomer alone and the nanocomposite
membrane deposited on the gold surfaces. Comparing Fig. 2A with
Fig. 2B and Fig. 2C reveals that the polymer has been dispersed with the
nanotubes and filled the empty voids between individual nanotubes.
The images reveal a difference of contrast with an inhomogeneous
surface with the presence of MWCNTs filament randomly distributed
across the membrane, as shown in Fig. 2C. Furthermore, the SEM image
(Fig. 2D) shows an increase in the diameter of the CNTs dispersed with
the Fc-OMPA polymer (~ 18 nm) with respect to the diameter value of
the CNTs alone (~5nm) [38]. This confirms the good adsorption of the
Fc-ac-OMPA onto MWCNTs interface by n-i stacking interactions. It is
also possible to notice in the 45° inclined image the presence of the
CNTs and the (Fc-acid-OMPA/MWCNTSs) dispersed in the volume of the
membrane surface (Fig. 2E).

In addition, we noticed that the hydrophobicity of the nano-
composite film increased slightly to a value of 6 = 87.2° compared to a
value of & = 82.6° for Fc-ac-OMPA. Also, we perceived a better surface
energy with the nanocomposite surface (ys = 55.4 mJ/m?) compared to
the pure oligomer (ys = 45.6 mJ/m?). These wettability characteristics
confirm the good hydrophobic interactions between the MWCNTs and
the Fc-ac-OMPA. Moreover, the increase of the surface energy between
the nanocomposite and the gold surface indicate the amelioration of the
physical adsorption. These results lead to conclude the formation of a
stable nanomaterial.
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Fig. 2. SEM image of (A) MWCNTs, (B) Fc-ac-OMPA, (C) Fc-ac-OMPA/MWCNTs deposited on gold surface, (D) Diameter of the CNTs dispersed with the oligomer Fc-ac-OMPA (E) Image

of Fc-ac-OMPA/MWCNTSs at 45°.

3.2. Nanocomposite (Fc-acid-OMPA/MWCNTs) electrochemical study

A cyclic voltammetry study has been carried out on the nano-
composite membrane to study the doping effect of the redox oligomer
Fc-ac-OMPA by the MWCNTSs on the electron charge transfer kinetics.
Fig. 3A shows the CVs superposition of the surface modified with Fc-ac-
OMPA and the Fc-ac-OMPA/MWCNTSs layer at a scan rate of 50 mVs ™~ *.
We can observe that Fc-ac-OMPA/MWCNTs layer exhibits a higher

current (Ta = 1.028 x 107> A) than the pure redox polymer Fc-ac-
OMPA (Ia = 2.780 x 10~ ° A). This result can be explained by the fact
that at the level of the nanocomposite membrane the insertion of the
CNTs with the oligomer accelerated the charge transfer kinetics [39].
This acceleration is attributed to the high conductivity of carbon na-
notubes, which act as a topological bridge for electrons [40].

The surface coverage (I) of the nanocomposite modified gold

electrode has been calculated as follows: T’ = %
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Fig. 3. (A) Curve (a) present CV of nanocomposite layer (Fc-ac-OMPA/MWCNTSs) com-
pared to curve (b) of pure polymer layer (Fc-ac-OMPA), recorded in solution LiClO4
(0.1 M, pH = 7) at scan rate of 50 mV's~'. (B) Nyquist plots of (ll) Fc-ac-OMPA and (A)
Fc-ac-OMPA/MWCNTs recorded at 0.45V vs. Ag/AgCl in LiClO4 (0.1 M, pH = 7) at ac
potential of 10 mV in the frequency range of 100 kHz to 100 mHz. Right is the zoom of
diagram at lower frequency range. Symbol represents the experimental data and solid line
represents the fitted data obtained with the equivalent circuit shown below. (C)
Equivalent circuit model.

Where n is the number of electrons involved in the redox reaction
(n = 1), Q is the charge under the oxidation peak, A is the gold elec-
trode area (2.01 x 10~ 2 cm?) and F is the Faraday constant (96485 C/
mol). The calculated surface coverage (I') ratio of nanocomposite
membrane equals to I' = (1.54 + 0.032 10~ %) mol cm ~2. This value is
higher than that of the polymeric membrane (I' = (4.55 = 0.12 1077)
mol cm ™ 2). This is due to the large surface area of the CNTs thus pro-
moting interaction with the oligomer.

These previous results have been confirmed by electrochemical
impedance spectroscopy analyses. Fig. 3B shows the Nyquist diagram of
the pure redox oligomer (Fc-ac-OMPA) and the nanocomposite (Fc-ac-
OMPA/MWCNTs). The experimental results have been fitted with
Randles equivalent circuit [41] presented in Fig. 3C. The equivalent
circuit formed by the electrolyte resistance (R,), the charge transfer
resistance at the membrane/electrode interface (R.), the constant
phase element (CPE;) represents the double layer capacity and the
constant phase element (CPE>) is related to the space charge capacity in
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Table 1
Fitting parameters circuit of Fc-acid-OMPA/MWCNTs membrane and biolayer construc-
tion.

Fc-ac-OMPA/ Fc-ac-OMPA/ +1nM cDNA + 1nM

MWCNTs MWCNTs +ADN ncDNA
Rs (Q) 333.3 321.3 425.1 3129
(RDS%) (0.63%) (0.40%) (0.24%) (0.36%)
CPEx(uF) Q = 4.483 Q = 2.046 Q =1.422 Q=12.619
(RDS%) (0.25%) (1.43%) (0.10%) (1.11%)

n = 0.54 n = 0.60 n=0.76 n = 0.59

(0.5%) (0.5%) (0.5%) (0.5%)
Ree (kQ)  3.54 23.56 309.18 46.32
(RDS%) (3.97%) (3.71%) (2.93%) (2.33%)
CPE;(pF) Q= 55.46 Q= 34.85 Q = 3.601 Q = 23.46
(RDS%) (0.24%) (2.05%) (1.59%) (4.81%)

n = 0.61 n = 0.60 n = 0.46 n = 0.56

(0.5%) (0.5%) (0.5%) (0.5%)
x? 0.078 0.060 0.26 0.035

the polymer membrane. The fit results have been summarized in
Table 1. From the result obtained by the fit, we have observed that the
value of the charge transfer resistance for the nanocomposite mem-
brane (Rct = 3.54kQ) is lower than that of the pure redox oligomer
(Rc = 6.05kQ). Thus, it can be concluded that the doping of the redox
oligomer by the carbon nanotubes has improved the transfer of elec-
tronic charge at the membrane/electrode interface.

Moreover, a kinetic study has been carried out by nanocomposite
membrane analysis at different scanning speeds from 10mVs~! to
500mV s~ ' with a potential range from 0V to 0.9 V. The variation of
the peaks versus the scan rate or the root of the scan rate gives the same
behavior observed with the pure redox oligomer Fc-ac-OMPA [22].
Where the peaks’ current at a lower speed varies linearly with the scan
rate and then at a higher speed the current varies linearly with the root
of scan rate. This behavior underlines that both electron transfer and
ionic transfer relate to the diffusion of ions through the nanocomposite
membrane and the control of the electrochemical process (See
Supplementary data). Through this analysis, the electron transfer rate
constant (ks) can be determined using the equation developed by La-
viron: ks = ﬂ;F

Where m is determined by the adjustment of the curve AEp = f
(m™1) [22,42] R is the universal gas constant (8.31 Jmol™! K™1), Tis
absolute temperature (298 K), n is the number of electrons involved in
the redox reaction (n = 1), F is the Faraday constant (96485 C mol™ 1),
and v is the scan rate.

Comparing the ks value of the pure redox oligomer ks = (6.43 *
0.19)s~ ! to the nanocomposite ks = (7.79 + 0.15)s~ !, we can ob-
serve that the constant ks has increased, indicating that the transfer of
charges takes place more rapidly through the nanocomposite mem-
brane.

3.3. Application of the nanocomposite membrane as a transducer for DNA
detection

The resulting nanocomposite material has been applied as a trans-
ducer in the construction of the DNA sensor. The preparation of the
biosensor, as described previously (Section 2.3), consisted of covalent
attachment of single-stranded DNA probe (ssDNA), constituted of 15
bases modified with the amine group on 5’ end, to the acid functions
available on the oligomer layer through an amide link. The formation of
the electrochemical biosensor was monitored by both cyclic voltam-
metry (CV) and impedance spectroscopy (EIS) in LiClO4 (0.1 mol LY
pH = 7). The grafting of the DNA probe has been carried out in a PBS
solution (pH = 7.4) for 45 min at room temperature and then analyzed
by CV with a scan rate of 50 mV s~ . The ferrocene groups will allow
seeing the follow-up of the electrochemical response during the con-
struction of the biosensor. We noted that the intensity of the redox



Talanta 184 (2018) 475-483

(E)

130 125

S. Bizid et al.
(A) —mu—Fc-ac-OMPA/MWCNTs (B)
10 - 40K _a— +DNA probe
Sr 30k
-
- S
< oL s
2 N 20k
o
SE
10k
-10 -
1 1 1 1 1 0F 1 1 1 |
0,0 0,2 0,4 0,6 0,8 1,0 0 10k 20k 30k 40k
E(V vs Ag/AgCl) 7'Q)
2,5x10° 1x10*
——Fc-ac-OMPA/MWCNTs+DNA © Nis D) P2p
Cls @ 1410
s
2,0x10° ot
1380 [
@ 1,5x10° s
2 Ols o w0'r -
£ 2 Z 1350 -
S 10x10° Fe2 NI s ]
P s S a0’ S
P2p 1320 [
5,0x10° |
s
l a0 1200 |
00| A
1 1 1 1 1 Gx103 1 1 1 1 1 1 Il 1260 1 1 1 1 1
800 600 400 200 0 406 404 402 400 398 396 394 392 145 140 135
binding energy (eV) binding energy (eV) binding energy (eV)

Fig. 4. (A) CV data obtained after biosensor formation: curve (a) Fc-ac-OMPA/MWCNTs, curve (b) Fc-ac-OMPA/MWCNTSs +DNA. The immobilization of DNA was performed in PBS
(pH = 7.4) during 45 min at room temperature. The CVs are recorded in 0.1 M LiClO4 (pH = 7) with scan rate of 50 mV s~ *. (B) Nyquist plots of the biolayer construction recorded at
0.45V vs Ag/AgCl at Dc potential of 10 mV in the frequency range of 100 kHz to 100 mHz. (M) Fc-ac-OMPA/MWCNTs, (A) Fc-ac-OMPA/MWCNTs +DNA. The points presenting the
experimental data and the line is the fit obtained with the equivalent circuit. (C) XPS spectra of Fc-ac-OMPA/MWCNTs + DNA, (D) N1s spectra, curve (a) Fc-ac-OMPA/MWCNTs, curve (b)

Fc-ac-OMPA/MWCNTs + DNA, (E) P2p spectra.

centers (ferrocene) decreased and a slight shift of the peaks towards the
positive potentials (from 0.62 V to 0.69 V) is noticed after the biosensor
construction (Fig. 4A). This is related to the immobilization of the DNA
molecule on the surface that affects the charge transfer of the redox
centers [20,43]. Also the rate of the surface coverage after the grafting
of the biolayer decreased with a value of T = (7.41 + 0.27) 107
mol cm ™~ 2. This coverage decrease proves the good attachment of the
biological molecule on the surface. These results have been also con-
firmed by EIS (Fig. 4B), where we observed an increase of the resistance
Rect = 23.56 kQ (Table 1). Which can confirm the interaction of the
DNA chain with the nanocomposite membrane, that leads to changes in
the electronic properties of the transducer [44].

To demonstrate the efficiency of the DNA probe attachment on the
Fc-ac-OMPA/MWCNTs layer, XPS analyses have been performed.
Firstly, a spectrum has been made over a wide range of energy to detect
chemical elements present in the Fc-ac-OMPA/MWCNTs layer (Fig. 4C).
This figure highlights the existence of five major peaks corresponding to
the following elements: Fe at 709 eV, C at 287 eV, O at 537 eV and N at
402 eV. After the DNA probe grafting, we noted the enlargement and
the shifting of the Nitrogen (N) peak's (Fig. 4D). This can be explained
by the fact that DNA is rich in amino groups in its chemical structure
with a high coverage of DNA on the nanocomposite layer [45]. More-
over, the appearance of a new peak at 136eV corresponds to the
phosphorus element (P) which is present only in the DNA chain
(Fig. 4E). These XPS analyses are in good agreement with the electro-
chemical measurements and confirm the good grafting of the DNA on
the nanocomposite membrane.

480

After the DNA probe grafting step, we have proceeded with the
hybridization of the complementary target (c DNA) by incubating the
modified electrode in a solution of 1fmolL™}, 10fmolL™?,
100 fmol ™!, 1 pmol L%, 10 pmol L™ %, 100 pmol L™ and 1 nmol L.7?,
respectively, for 1h at 40 °C. Fig. 5A shows the subsequent hybridiza-
tion of each concentration by cyclic voltammetry. It has been noted that
when the concentration of the complementary DNA increases, the redox
signal decreases with a shift of the potentials towards the positive po-
tentials. This decrease is proportional to the specific binding of the
amine group of the probe to its target immobilized on the surface. In
fact, attachment of large DNA molecules affects more the redox signal
of the ferrocene groups’ which lead to the slow diffusion of ions to the
surface during the redox process [43]. This behavior has also been
observed in our previous work based on another redox polymer Fc-PPP/
MWCNT's [26]. This decrease starts from 1 fmol L ™! with a variation of
28%, suggesting a high sensitivity of this biosensor. However, the in-
cubation of the biosensor with a highly concentrated solution
(1 nmol L™ 1) of non-complementary (nc DNA) target resulted in a weak
signal variation of 30% compared to the same concentration of ¢ DNA
with a greater variation of 90% (Fig. 5B). This large current decrease
with the DNA target concentration suggests that almost all carboxylic
groups immobilized were associated with the DNA [46]. The slight
variation of nc DNA may result from the non-specific adsorption on the
biosensor surface due to the hydrophobicity of the CNTs [47]. Never-
theless, a wide difference of 60% between the ¢ DNA and the nc DNA
response confirms the good selectivity of our biosensor. It is then con-
templated to improve it by associating it with some agent that prevents
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Fig. 5. (A) CV of biosensors obtained after DNA target hybridization at various concentrations from 1 fM to 1nM. (B) CV presents the results obtained for non-specific interactions
compared to specific one. Curve (a) Fc-ac-OMPA/MWCNTs+DNA, curve (b) Fc-ac-OMPA/MWCNTs+ 1 nM ncDNA, and curve (c) Fc-ac-OMPA/MWCNTs + 1nM cDNA. The hy-
bridization was performed in PBS (pH = 7.4) during 1 h at 40 °C. The CVs are recorded in 0.1 M LiClO4 (pH = 7) with scan rate of 50 mV s~ L. (C) Plot of the calibration curve presenting
the relative variation of the current peak versus concentration of DNA target at logarithm scale, where I, is the peak current corresponding to DNA probe response and Al is the response
of each incubation of DNA target concentration. (B) Nyquist plots recorded at 0.45 V vs Ag/AgCl in the frequency range of 100 kHz to 100 mHz. (l) Fc-ac-OMPA/MWCNTSs + DNA, (A)
Fc-ac-OMPA/MWCNTs + DNA + 1 nM ncDNA, (+) Fc-ac-OMPA/MWCNTs+DNA+1nM cDNA. The points presenting the experimental data and the line is the fit obtained with the

equivalent circuit. Right is the zoom of diagram at lower frequency range.

non-specific interaction, such as polyethylene glycol or anionic polymer
that will prevent this adsorption and improve the selectivity. EIS
measurements were also performed to study the selectivity of the bio-
sensor with the nc DNA target. The fitting of the experimental Nyquist
at high concentration of 1 nmolL~" for both ¢ DNA and nc DNA, de-
monstrates an important value of the charge transfer resistance with ¢
DNA (Rct = 309.18 kQ2). That may be due to an increase in the negative
charges of the biolayer [48]. On the other side, the charge transfer
resistance of the non-complementary (nc DNA) is lower
(Rect = 46.32kQ) (Fig. 5D). These results are consistent with cyclic
voltammetry results and confirm that our biosensor is specific.

Based on the changes of current corresponding to redox signal of
ferrocene, obtained after incubation of the biosensor with each ¢ DNA
concentration, the calibration curve was plotted (Fig. 5C). This curve is
represented in logarithmic scale in order to demonstrate the large dy-
namic range of detection from 1fmolL ™' to 10 pmolL~'. The broad-
ening of the dynamic range compared to that of the pure redox oli-
gomer Fc-ac-OMPA confirms the large surface area of our
nanocomposite layer thanks to the insertion of the CNTs with the redox
oligomer. The detection limit based on signal-to-noise ratio of 3 has
been calculated by using the formula 30/s, where o is the standard
deviation and s is the slope of the calibration curve. The detection limit
was found equal to 0.08 fmol L', These measurements were highly
reproducible; where the standard deviation of 1.25-3.74% for 3

independent measurements has been obtained. This LOD obtained is
highly better than that reported with our previous work Fc-PPP/
MWCNTs (detection range of 1fmol L' to 10pmolL~Y,
LOD =1.6 pmolL_l) [26] and Fc-ac-OMPA (detection range of
1fmol L ™! to 100 pmol L™, LOD = 0.2 fmol L™ 1) [22]. Also, this LOD
is better compared to the LOD value obtained for biosensors using
conducting polymer without redox mediator on its chain, we can site,
for example nanomaterials based on (MWCNTs/PPy/PAMAM) (detec-
tion range from 1 fmol L™ ' to 100 nmol L™, LOD = 0.3 fmol L") [43]
and the p-Aminobenzoicacid (PABA) / SWNTCs membrane (detection
range from 1pmolL™! to 0.1umolL™!, LOD = 35pmolL~") [48].
Comparing previous works with ours, we can highlight the good elec-
trochemical properties of our nanocomposite transducer Fc-ac-OMPA/
MWCNTs. We have gained in sensitivity and in the ease of fabrication
without any further steps as indicated in other redox polymer or con-
ducting polymer.

3.4. DNA detection from clinical samples of drug resistant Mycobacterium
Tuberculosis

We have tested the performance of our nanocomposite biosensor Fc-
ac-OMPA/MWCNTs with the genomic DNA of M. tuberculosis and we
proceeded in the same way presented for the synthetic Hepatitis C DNA.
The M. Tuberculosis probe (1 pmol L™ 1y has been denaturized by heating
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Fig. 6. (A) CV presents the results obtained for mutant and wild M.T attachment. Curve (a) Fc-ac-OMPA/MWCNTs +M.T probe, curve (b) Fc-ac-OMPA/MWCNTSs + probe + 10 fM ncM.T,
and curve (c) Fc-ac-OMPA/MWGCNTSs + probe + 10 fM ¢M.T. The CVs are recorded in 0.1 M LiClO4 (pH = 7) with scan rate of 50 mV s~ . (B) Nyquist plots recorded at 0.45 V vs Ag/AgCl in
the frequency range of 100 kHz to 100 mHz. (l) Fc-ac-OMPA/MWCNTs + M.Tprobe, (A) Fc-ac-OMPA/MWCNTs + probe + 10fM ncM.T, (+) Fc-ac-OMPA/MWCNTs + probe + 10fM
c¢M.T. The points presenting the experimental data and the line is the fit obtained with the equivalent circuit. Left is the zoom of diagram at lower frequency range.

at 95 °C for 4 min. Next the DNA was anchored on the modified nano-
composite electrode followed by a blocking step of the non-active sites
with ethanolamine. The biosensors were then analyzed using CV and
EIS techniques. The decrease of the ferrocene signal and the increase of
the charge transfer resistance after the attachment of the DNA probe on
the nanocomposite membrane with a value Rct = 37.89 kQ has been
observed. This indicates the successful grafting of the probe by a
covalent attachment to the Fc-ac-OMPA/MWCNTs membrane. The
hybridization reaction with either wild sequence (¢ M.T) or with the
mutant sequence (nc M.T) has been performed separately with the
concentration of 10 fmol L ™*. The voltammogram obtained showed a
decrease of the ferrocene signal of 26% for the wild and 11% for the
mutated (Fig. 6A). Moreover, on the basis of the EIS results, the charge
transfer resistance after hybridization of the wild (¢ M.T) is slightly
greater than that of the mutated DNA (nc M.T) with values of
Ret = 68.08 kQ and Rct = 57.52kQ respectively (Fig. 6B). These re-
sults, after the Mycobacterium tuberculosis strain hybridization, show
that our biosensor based on the new redox oligomer Fc-ac-OMPA doped
by MWCNTs is able to discriminate the hybridization of wild and mu-
tant samples which differ by only a single mutation (TCG/TTG). To
further verify the selectivity of this biosensor, other DNA sequences can
be used by varying the length or the number of mutations in the re-
sistant DNA and see if more sensitive variations can be obtained. These
results are comparable to those demonstrated in the literature with
other types of biosensors based on carbon nanotubes modified with
ferrocene where the biosensor is integrated into a microfluidic platform
[49]. Although, we have compared these results to our previous work
with only the redox polymer Fc-ac-OMPA [22]. We noticed a better
sensibility and selectivity. This confirms the effect of doping redox
oligomer with MWCNTs that offer a larger surface-to-volume ratio and
exhibits their electrochemical properties for the use of the biosensor
devices. These results prove that this kind of nanocomposite based on
redox oligomer allows the obtaining of a good performance regarding
DNA sensing from a PCR amplification with direct patterning and
without further treatment.

4. Conclusion

In this work, a new approach has been proposed for the electro-
chemical detection of DNA with a novel nanocomposite membrane
based on a novel redox oligomer (Fc-ac-OMPA). For this purpose, the
morphological and surface properties of this nanocomposite deposited
on the gold surface have been studied, where it has been confirmed that
this membrane is well suited for grafting the biolayer. The presence of
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the COOH groups grafted onto the redox oligomer chain allows the
direct anchoring of the biolayer, which was confirmed by XPS.
Comparing the electrochemical response of the two biosensors based on
the redox oligomer alone and the nanocomposite membrane, it has
been concluded that the nanocomposite membrane has improved the
anchoring of the DNA strands. This amelioration has further increased
the sensitivity of our biosensor as well as the dynamic range (1 fmol L ™!
tol nmol L™ 1). Moreover the biosensor based on Fc-ac-OMPA/MWCNTs
has shown appreciable sensitivity to real samples of the DNA from
Mycobacterium tuberculosis. This biosensor demonstrates a potential in
its application for DNA sensing and is able to discriminate SNP muta-
tion coming from strand with drug resistance. The easy construction of
this biosensor, besides its good reproducibility and very low time
consuming, make this nanocomposite Fc-ac-OMPA/MWCNTs very
highly competitive for further application in pathogens diagnostic and
therapeutic purpose.
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