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DNA impedance biosensor for detection of cancer, TP53 gene mutation, based on gold
nanoparticles/ aligned carbon nanotubes modified electrode
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% bioscience and biotechnology Research Center, Qom University of Medical Sciences, Qom,
Iran
®Materials Science and Engineering Department, Sharif University of Technology, Tehran,
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For the first time, a new platform based on electrochemical growth of Au nanoparticles on
aligned multi-walled carbon nanotubes (A-MWCNT) was developed for sensitive lable-free
DNA detection of the TP53 gene mutation, one of the most popular genes in cancer research.
Electrochemical impedance spectroscopy (EIS) was used to monitor the sequence-specific DNA
hybridization events related to TP53 gene. Compared to the bare Ta or MWCNT/Ta electrodes,
the synergistic interactions of vertically aligned MWCNT array and gold nanoparticles at
modified electrode could improve the density of the probe DNA attachment and resulting the
sensitivity of the DNA sensor greatly. Using EIS, over the extended DNA concentration range,
the change of charge transfer resistance was found to have a linear relationship in respect to the
logarithm of the complementary oligonucleotides sequence concentrations in the wide range of
1.0x10 -1.0x10" M, with a detection limit of 1.0x10*" M (S/N=3). The prepared sensor also
showed good stability (14 days), reproducibility (RSD=2.1%) and could be conveniently
regenerated via dehybridization in hot water. The significant improvement in sensitivity
illustrates that combining gold nanoparticles with the on-site fabricated aligned MWCNT array
represents a promising platform for achieving sensitive biosensor for fast mutation screening
related to most human cancer types.

Keywords: Gold nanoparticle, Hybridization, Electrochemical impedance sensor, Multi-walled
carbon nanotube, gene mutation
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49 1. Introduction

50  The tumour suppressor gene TP53 is mutated in most type of human cancers and is one of the
51  most popular genes in cancer research. Moreover, many studies have suggested that TP53
52  mutations have prognostic importance and sometimes are a significant factor in determining the
53 response of tumours to therapy [1]. For these reasons, TP53 is an important early diagnostic
54  cancer marker. The human TP53 is located on chromosome 17 (17p13.1) and has a wide
55  spectrum of mutations in human tumours [2]. Aggressive growth of several types of cancer has
56  been attributed to mutations in this gene. Sequence-specific analysis of the TP53 gene can thus
57  become extremely useful to assist monitoring of cancer progress and patient therapy. According
58 to the above items, it is of considerable interest to search a highly sensitive and selective
59  biosensor for early stage cancer diagnosis. In addition, human gene research shows that gene
60  mutations often cause genetic disease to happen. Therefore, it is important to develop rapid
61 DNA-detection methods for life science research and clinical diagnosis of pathogenic and
62  genetic diseases [3].

63 A variety of methods are currently used to assess the TP53 status of individual tumours, recently
64  reviewed by Jiang et al [4]. Many efforts have been made to develop fast and inexpensive
65 methods for TP53 mutations detection based on biosensors and gene chips. In particular,
66  different transduction principles, optical (surface plasmon resonance-SPR) and piezoelectric,
67 have been already applied to TP53 mutation detection [5-9]. All the systems are based on the
68  hybridization reaction between a probe immobilized on the sensing surface and the
69 complementary sequence or the mismatch one in solution. Among the existing approaches,
70  electrochemical DNA biosensors have displayed an exceptional development in recent years.
71  Today these devices allow a simple, fast, and sensitive detection of hybridization events without
72  using any expensive and time-consuming readout techniques. In the reported sensors for TP53 in
73 electrochemical sensing, the probe was immobilized on a carbon paste electrode [8,9] or a gold
74  electrode [10]. However, for the application of earlier diagnosis, where the analyte concentration
75 is very low, developing a simple, rapid, low-cost and highly sensitive and selective assay
76  platform remains a challenging and critical subject for TP53 mutation detection [11-14].

77  In addition, a key issue with any DNA hybridization biosensor is how to enhance the probe DNA
78 immobilization amount, and maintain the accessibility of probe DNA for hybridization detection.
79  Recent advances in nano materials science offered unforeseeable opportunity of making new
80  sensitive biosensors [15]. Earlier studies have explored using carbon nanotubes [16,17] and/or
81 gold nanoparticles (AuNPs) [18,19] to detect DNA and achieved favorable results. The Xu and
82 Fang group showed, for example, that CdS nanoparticles could be utilized for signal
83  amplification, which lowered the detection limit down to 1.43x107*° M [20]. The Li and Zhang
84  group utilized gold nanoparticles electrodeposited on the glassy carbon electrode for the
85  immobilization of the thiolated aptamer, and achieved the lowest detection limit of 0.03 nM [21].
86  Carbon nanotubes are ideal electrodes for constructing advanced biosensors. In this regard, both
87  protein and DNA chains have been chemically attached onto either nonaligned or aligned carbon
88  nanotubes [22-24]. The use of aligned carbon nanotubes provides additional advantages for a
89  maximized access of the nanotube electrode surface and an efficient device construction. On the
90 other hand, the fact that gold nanoparticles are able to provide a stable immobilization of
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91 biomolecules that retain their bioactivity is a major advantage for the preparation of biosensors

92 [25]. Also AuNPs are physically flexible and suitable for immobilization of DNA without losing

93 its conformation or biological activity. So nanocomposite electrochemical sensors with

94  nanostructured surfaces do not only offer significantly increased surface area for attaching probe

95 molecules, but also exhibit improved electrochemical properties and beneficial orientation

96 effects in probe immobilization so that they encouraged us to develop a highly sensitive TP53

97 sensor based on the synergistic effect of Au nanoparticles and aligned multi-walled carbon

98 nanotubes (A-MWCNTS) for the first time in this work.

99 A convenient electrochemical technique is electrochemical impedance spectroscopy (EIS),
100  widely applied in DNA detection. EIS [26-28] is known as a label-free and non-destructive
101  technique because of the characterization of the electrochemical properties of biological
102 interfaces and their ability to determine low levels of the analyte bound to the sensor surface.
103  Park and co-worker have recently reviewed progresses on EIS based DNA hybridization sensors
104  [29].

105 This research was attempted to construct a new highly sensitive label-free platform to detect
106  specific sequence of TP53 gene through electrochemically growing Au NPs on the vertically
107  aligned MWCNT array which, to best of our knowledge, have not been reported before. A probe
108 DNA (26-mer) modified with —SH was first adsorbed chemically on the aligned MWCNTSs and
109 gold nanoparticles through self-assembly. The target DNA, which contains complementary
110  sequence to the probe DNA, would be captured by the probe DNA through hybridization. In
111  order to evaluate the electrochemical characteristics of the modified electrode, [Fe(CN)s]* ™~
112 was used as a probe in cyclic voltammetry (CV) and electrochemical impedance spectroscopic
113  measurements. Remarkably, the obtained DNA biosensor exhibited excellent response to target
114  DNA related to TP53 mutation detection.

115

116  2.Experimental:

117  2.1. Electrochemical measurements

118 The electrochemical measurements were performed with a potentiostat—galvanostat AutoLab
119  electrochemical analysis system supplied with a FRA 2.0 module (Echo Chemie BV Model
120 PGSTAT-302N, Netherlands) with a three-electrode cell containing a saturated calomel
121  electrode (SCE) as a reference electrode and a platinum wire as an auxiliary electrode. Tantalum
122 electrodes (0.75 cm™), unmodified or modified with aligned MWCNT/AuNPs or DNA modified
123 A-MWCNT/AuNPs were applied as working electrodes. CV and EIS were performed in a
124 solution containing 5.0 mM Kj;[Fe(CN)g]/Ks[Fe(CN)g] and 0.10 M KCI . The EIS measurements
125  were recorded within the frequency range of 1 mHz to 10 kHz at a potential of 0.17 V and a
126  voltage amplitude of 5 mV. In the CV studies, the potential was cycled from -0.1 to 0.7 V with a
127  scan rate of 5 mV s *. Field emission scanning electron microscope (FESEM) (MIRA TESCAN
128  operating at 20 kV) was used to observe the morphology and nanostructures of the prepared A-
129 MWCNTSs electrodes (modified and unmodified). Transmission electron microscope (TEM)
130  measurements were performed with a Philips EM 208 FEG instrument operating at 90 kV.

131  2.2. Reagents

132  All used chemicals were of analytical grades, and doubly distilled water was used throughout.
133  Analytical grade HAuCIl4-4H,0, Ks4[Fe(CN)s] and trishydroxymethyl aminomethane were
134 purchased from Sigma. All oligonucleotide fragments used in this study were purchased from
135 FAZA Biotech (Iran). Thiolated oligonucleotides with a mercaptohexyl group at each 5°-
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136  phosphate end, abbreviated as HS—(CH;)s-ssSDNA, were used as received. Their sequences are
137  the following (probe DNA):

138  26-mer 5-SH-(CH,)s-TGG GCG GCA TGA ACC GGA GGC CCATC-3;

139  The complementary sequence DNA (target DNA): a 26-base fragment of TP53 gene sequence of
140 5- GAT GGG CCT CCG GTT CAT GCC GCC CA -3; 1-base mismatched DNA with the
141  sequence of 5'CIGAT GGG CCT CTG GTT CAT GCC GCC CA-3’; and 3-base mismatched

142 DNA with the sequence of 5° COGAT CGG CCT CIG GTT CTIT GCC GCC CA-3". 50 mM

143  Tris-HCI buffer solution with different pH levels was prepared by mixing different volumes of
144 0.1 M trishydroxymethyl-aminomethane and 0.1 M HCI with water.

145
146  2.3. Fabrication of A-MWCNT/AuNPs electrode
147 Well-aligned MWCNTSs were synthesized on Ni-deposited Ta plates by chemical vapor

148  deposition (CVD) with ethylenediamine as a precursor. Briefly, the 0.01-1 M ethanol solution of
149  metal salt NiCl,.6H,0, has been prepared in an argon (Ar)-filled glovebox. After that, Ta
150 substrate was coated (sprayed) with drops of metal chloride solution and was dried by Ar. The Ni
151  coated Ta plates were directly put into the middle of the quartz tube reactor that was preheated to
152 850 °C. The substrates were pretreated by N, with a flow rate of 500 sccm for 5 min, forming the
153  nano sized catalytic particles. After purging and preheating with N, the ethylenediamine was
154  introduced by bubbling N, at a flow rate of 500 sccm through liquid ethylenediamine contained
155 in aglass bottle, thus the formed feeding gas contained approximately 8% ethylenediamine. The
156  reaction times were varied from 5 to 45 min, after which the reactor was cooled down to room
157  temperature in N, ambient. By altering the growth time and catalyst thickness, well-aligned
158 MWCNTs with uniform size and good distribution were produced. To electrochemically purify
159  CNTs with keeping their alignment and introducing hydroxyl and carboxyl functional groups to
160 them, the MWCNTSs electrode was immersed in 0.2 M HNO; solution and the potential was
161  cycled between +1.00 and +2.00 V at a scan rate of 50 mV s™. An oven drying technique (80-
162 100 °C) retained the vertically aligned and laterally spaced geometry of these CNT arrays after
163  being subjected to the -electrochemical modification. Then electrodeposition of gold
164  nanoparticles (AuNPs) on CNT arrays was performed by the potential step technique
165  (chronoamperometry) from an acidic solution of 0.5 M H,SO, containing 5 mM HAuCl,. The
166  applied potential was stepped from +0.80 V where no Au is deposited on the electrode surface to
167  +0.20 V during 10 s. The obtained A-MWNTs/Au modified electrodes were washed carefully in
168  deionized water, then were dried at room temperature. The as-fabricated electrodes (A-
169 MWCNTS/Au NPs/TaE) were utilized for electrochemical measurement and further analysis.
170

171  2.4. Fabrication of ssDNA electrochemical biosensor and hybridization of ssSDNA modified

172  electrode.

173  The freshly obtained A-MWCNT/AuNPs/Ta electrode was incubated at 4 °C in a 50 mM Tris—
174  HCI buffer solution (pH 8.0) containing 1.0 uM probe DNA for 10 h. During this process the
175  single-stranded DNA (ssDNA) self-assembled on the MWCNT-Au electrode. Afterwards, the A-
176  MWCNT/AuNPs/ssDNA/Ta electrode was carefully washed with doubly distilled water to
177  remove any trace of unassembled probe ssSDNA. The thus-obtained electrode is denoted as A-
178 MWCNT/AUNPs/ssDNA/TaE in this study. DNA hybridization of the A-MWCNT/
179  AuNPs/ssDNA/Ta electrode was carried out by immersing it in a target DNA solution of various
180  concentrations at 42 °C for 2 h (A-MWCNT/AuNPs/dsDNA/TaE). After that, the hybridized

4
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181  electrode was thoroughly rinsed with a 0.2% sodium dodecylsulfate phosphate buffer (pH 7.3) to
182 remove nonhybridized target DNA, then washed with doubly distilled water to remove
183  phosphate buffer. Scheme 1 illustrates how the DNA-functionalized A-MWCNT/AuUNPs
184  platform was constructed in this research.

185  Electrodes with DNA self-assembly of different surfaces density were also interrogated in this
186  work. Low-density surfaces (1.2 x10'? molecule/cm? were obtained by incubation of electrodes
187 with 1.0 pM of capture probes in the immobilization buffer for 10 h. Respectively, medium-
188  density (6.0 x10* molecule/cm?) and high-density (1.2 x10%* molecule/cm?) surfaces were
189  prepared by incubation of electrodes with 2 and 5 uM of capture probes in the immobilization
190  buffer for 14 h.

191

192 Scheme 1.

193 3. Results and discussion

194  3.1. Characterization of the well aligned MWCNTSs on the Ta substrate

195 Four different methods including SEM, TEM, CV and EIS were used to investigate the
196  optimization of the nanosensor.

197 Fig. 1A and B shows SEM images of the grown well aligned CNTs on the polished Ta
198  substrate at 850 °C after 6 min. Regarding to investigation of different parameters on the CNTs
199  growth and alignment, it was observed that well aligned CNTs with diameter between 20 to 100
200 nm and length of several micrometers were produced on a conductive Ta substrate. Fig. 1C and
201 D also show TEM images of the vertically aligned CNTSs. In the Fig. 1C it can be observed that
202  tips of the CNTs are closed. No catalyst particle can be observed on the tip of the CNTs
203 indicating that root growth was dominant in which catalyst particles are kept stuck on to the
204  substrate surface. Also, in Fig. 1D it can be seen that CNTs have bamboo-like structures and
205  achieved CNTs are multi-layered.

206 Fig. 1
3.2. Deposition of the gold nanoparticles on well-aligned MWCNTSs by using an electroch2fiical
method 208
209 After electrochemical modification of the CNTs in HNO; (0.2 M), purification and adding

210 up functional groups; gold nanoparticles were deposited on CNTs using chronoamperometry
211  (potential-step method). Fig. 2 (A) shows chronoamperometric curve for electrochemical
212  deposition of AuNPs on the A-CNTs electrode in 0.5 M H,SO,4 solution containing 5 mM
213  HAUuUCI, at a constant potential of +0.2 V and time of 10 s in which the current density increases
214  at initial stages due to the nucleation and growth process and then drops by increasing the
215  concentration gradient of electroactive species on the surface (i.e. growing the diffusion layer
216 into the solution) [30].

217  The electrode potential was stepped from an initial potential of +0.8 V, where no reaction
218  occurred, to +0.20 V, at which AuCl,; was reduced to Au nanocrystals. Presumably, the
219  reduction of AuCls; to Au® begins at surface defect sites where oxygen-containing functional
220  groups, such as carboxylate, serve as axial ligands. Fig. 2 (B) shows SEM image of precipitated
221  AuNPs on the vertically aligned CNTs under these experimental conditions. As it can be seen
222  spherical nanoparticles with small diameters and high density (5.12 x 10™ particles/cm?) were
223  well dispersed on CNTs which is related to the nucleation of Au nanoparticles at the dense edge-
224 plane-like defects of MWCNT and also it displays a three-dimensional growth of these AuNPs
225 and clusters on the active sites. In some cases, AUNPs completely cover the CNTSs surfaces and
226  in some other points aggregate of nanoparticles can be observed considering that some particles
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227  grew more rapidly and over lapped with other particles. Also Fig. 2 (C) depicts the SEM images
228  of the deposited AuNPs on the A-CNTSs from the side view. As it can be seen nanoparticles with
229  appropriate density are uniformly precipitated on the A-CNTs without violating CNTSs
230 alignment. The average diameter of these AuNPs ranged from 20 to 100 nm. The energy
231  dispersive X-ray (EDX) spectrum and x-ray diffraction (XRD) furtherly confirm the successful
232 growth of Au NPs on aligned MWCNTSs (data not shown here).

233 Fig. 2

234

235  3.3. Voltammetric investigations at different Modified Electrodes

236

237 Cyclic voltammogram of a redox couple (Fe(CN)s “”*") was selected as a probe and redox

238 active indicator to investigate the characteristics of the modified electrode in each modification
239  step. Fig. 3 compares the cyclic voltammograms of 5.0 mM K4Fe(CN)s/KsFe(CN)g at different
240  modified electrodes at a scan rate of 5 mVs™. As it can be seen in Fig. 3(i) at bare Ta electrode
241  no redox probe reaction (Fe** +e<>Fe®") was occurred and the bare Ta electrode gave a very poor
242 current response in the range of pAcm™. By modification of the bare Ta electrode with vertically
243  aligned MWCNTSs (Fig. 3(iii)) a couple of redox peak appears which is attributed to the redox
244  probe reaction at the electrode surface with a peak-to-peak separation of 200 mV. When AuNPs
245  were electrodeposited on the surface of the A-MWCNT/Ta electrode (curve (iv)), the redox
246  probe reaction at the A-MWCNT/AuUNPs/TaE is significantly improved, reflected by the
247  enlarged peak current and the decreased peak-to-peak separation of 110 mV in contrast to the A-
248 MWCNT/Ta electrode (curve (iii)). The decrease of peak-to-peak potential separation in addition
249  to enhancement in peak current sharpness and amount at this modified electrode show a strong
250 catalytic function due to the synergistic effect of the A-MWCNTSs and AuNPs towards the redox
251  reaction of probe. The A-MWCNTSs and AuNPs can improve the electron transfer rate from Fe
252  ions to the electrode surface due to regular porous structure of CNTSs, high electroactive surface
253  areas of A-MWCNTs/AuNPs and the enhanced conductive paths. The large active surface area
254  created by the simultaneous presence of A-MWCNTs and AuNPs dispersed on the surface of
255  CNTs enhance the electrochemical reaction and increase the rate of the heterogeneous electron
256 transfer; thus it obviously increased current response towards the redox probe reaction.

257  Also Fig. 3(ii) shows the cyclic voltammograms of Fe(CN)s *’*~ at random-distributed
258 MWCNTSs powder electrode. It can be seen that a couple of redox peak appears but the peak
259  current of the redox couple surface decreased in comparison to vertically aligned MWCNTS
260  electrode with an increased peak-to-peak separation of 300 mV. So Well-aligned but mutually
261  separated MWCNTS, offer distinct advantages over loose and randomly oriented CNT powders
262  to effectively increase electrocatalytic activity because they have high surface area which can
263  promote electron transfer due to their regular porous structure and conductive paths.

264

265 Fig. 3

266

267  Cyclic voltammogram of a redox couple (Fe(CN)e ) was selected as a probe to investigate
268  the characteristics of the modified electrode in each assembly step of DNA on the electrode. The
269  redox couple [Fe(CN)s]* /[Fe(CN)s]* showed a reversible behavior at A-MWCNT/AuNPs/Ta
270  electrode with a peak-to-peak separation of 110 mV (Fig. 4(i)). The covalent assembly of probe
271  ssDNA on the electrode passivates the electrode and effectively decreased the electron transfer
272  Dbetween the redox couple in the solution and the surface of the modified electrode with a peak-

4—/3—
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273  to-peak separation of 330 mV (Fig. 4(ii)). The interaction of the complementary oligonucleotides
274  sequence (26-mer) with ssSDNA/A-MWCNT/AuNPs/Ta electrode caused the decrease of the
275  peak current of the redox couple surface (Fig. 4(iii)) with a peak-to-peak separation of 510 mV.
276 It is because hybridization of probe ssDNA with target DNA results in the formation of
277 increasing amounts of double-stranded DNA (ds-DNA). As a result, the charge transfer of
278  Fe(CN)s * /Fe(CN)s * redox reaction was further hindered.

279 Fig. 4

280

281  3.4.The effect of CNT density, gold nanoparticles density, and DNA probe density on sensing
282  performance

283  The density of A-CNTs may influence their inherent properties, such as electron transfer rate and
284  electrocatalytic activity and it may also influence the immobilization of biomolecule and the
285  diffusion of substrate, which will finally influence the detecting performance of the biosensor
286  modified with the ACNTSs. The site density of the aligned CNTSs can be controlled by tuning the
287  site density of Ni nanoparticles, which serve as catalysts [31]. In order to investigate the effect of
288  CNTs density on sensing performance, low-density aligned carbon nanotubes (LD-ACNTS) with
289  asite density of 1x10° cm™ and high—density aligned carbon nanotubes (HD-ACNTS) with a site
290  density of 1x10* cm™ were prepared by varying the thickness of Ni catalyst and were used to
291  form ACNTSs/Ta electrode.

292  The advantages of LD-ACNTs/TaE were demonstrated by comparing with HD-ACNTS/TaE in
293  reversibility and effective surface area. Fig. 5 is the cyclic voltammograms of the electrodes
294  modified by high (curve A) and low density (curve B) of ACNTS at scan rate of 20 mV s™ in 5
295 mM Fe(CN)s “™ .The peak potential difference of the LD-ACNTSs/TaE electrode is about 110
296  mV, which is much smaller than that of the HD-ACNTSs/TaE electrode (300 mV). The peak
297  potential difference between the anodic and cathodic peak can denote the reversibility of an
298 electrode. The smaller the peak potential difference is, the better the reversibility of the electrode
299 is. From the peak potential difference, it can be concluded that LD-ACNTSs/TaE electrode has
300  better reversibility than the HD-ACNTSs/TaE electrode. So, the electron transfer rate on LD-
301 ACNTS/TaE is larger than that on HD-ACNTs/TaE. Also, at LD-ACNTSs/TaE the redox probe
302  reaction is significantly improved (curve B), reflected by the enlarged peak current and the
303  decreased peak-to-peak potential separation in contrast with the HD-ACNTs/Ta electrode (curve
304  A). The decrease of peak-to-peak potential separation in addition to enhancement in peak current
305 sharpness and amount at this modified electrode show a strong catalytic function due to high
306 electroactive surface areas. On the other hand, the spacing in the LD-ACNTSs can make every
307 nanotube work as an individual nanoelectrode [32], which is also contributive to the high
308  sensitivity of the modified electrode.

309 Fig.5

310 As expected, and in agreement with earlier reports [33,34], probe density strongly affects the
311  target hybridization efficiency; that is, for high probe density films, we find that the efficiency of
312  hybridization is low (Fig. 6). We prepared a series of DNA electrodes with different surface
313  density, by varying probe concentration and self-assembly time, (see Materials and Methods). As
314 shown in Fig. 6, DNA hybridization efficiency decreased along with the increased surface
315  density, with highest efficiency (~80%) at low-density surfaces (1.2 x10* molecule/cm?) and
316  lowest efficiency (<5%) at high-density surfaces (1.2 x 10** molecule/cm2). This clearly showed
317 that control of DNA assembly was essential for sensitivity improvement, and that low-density
318  DNA monolayers (1.2 x10™ molecule/cm?) were optimal for high-sensitivity DNA detection.
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319 Fig. 6

320

321

322  3.5. EIS investigations at different Modified Electrodes

323

324 In this work, we used EIS as a suitable investigation technique to study the probe DNA
325 immobilization and hybridization with the target oligonucleotides. EIS measurements were
326  performed in presence of 5.0 mM Kj[Fe(CN)g])/Ks[Fe(CN)g] plus 0.1 M KCI as a redox probe.
327  Fig. 7 compares the nyquist plots of 5.0 mM KiFe(CN)s/KsFe(CN)g at the different modified
328 electrodes. In EIS, the semicircle part at higher frequencies corresponds to the electron transfer
329 limited process or the electron transfer resistance. The linear part at lower frequencies results
330 from the diffusion-limiting step of the electrochemical process (controlled-diffusion process). It
331 s interesting that pointing out a notable difference between the EIS achieved here and those
332  obtained with other DNA hybridization sensors is that here there are three semicircles in the EIS
333  obtained for A-MWCNT/AuNPs/Ta modified electrodes. The first and second semicircles in Fig.
334  7C are likely due to the resistance of the aligned MWCNT array and Au nanoparticles. The third
335 semicircle in EIS arises from the resistance to charge transfer from the redox probe
336 Fe(CN)s* /Fe(CN)s* to the ssDNA and dsDNA modified electrode surfaces and indicates the
337  blocking behavior of the electrode surface for the redox couple. This resistance, R (the
338  semicircle diameter) varies by the property of the DNA film and can thus be employed as a
339  signal to characterize the modification for each step and to determine DNA concentration in a

340 sample.
341  The difference of R was obtained based on the following equation:
342 ARt = Raspna — Rssona 1)

343  where Rgspna iS electron transfer resistance of dSDNA/A-MWCNT/AuUNPS/TaE and Rgpna 1S
344 electron transfer resistance of sSSDNA/ A-MWCNT/AuNPs/Ta electrodes.

345  All the experimental impedance spectra have been fitted to an equivalent circuit model (see the
346  inset in Fig. 10A). Rs denotes the solution resistance, i.e. a resistance between the reference and
347 MWCNT-Au-ssDNA working electrode. The combination of Ray, Qau and Rent, Qent accounts
348  for the behavior of MWCNT array and Au NPs. Based on the similarity with the semicircles
349  reported in MWCNT arrays and Au nanoparticles [35, 36], here the first semicircle (i.e. Rent) 1S
350  suggested to arise from vertically aligned MWCNT array and the second one (i.e. Ray) arises
351  from AuNPs resistance. Also, Qcnt and Qay account for the capacitance for MWCNT and gold
352  film. The constant phase element Qpna accounts for the capacitance of DNA film on the
353 electrode that acts as a nonlinear capacitor accounting for the inhomogeneity of the DNA films.
354  The semicircle related to DNA film on the electrode at higher frequencies has a higher resistance
355 in comparison to the first and second semicircles related to A-MWCNT/AuNPs film. A Warburg
356  impedance (W) was seen with the A-MWCNT/Au bare electrode or sSDNA/A-MWCNT/AuUNPs
357 electrode at low target DNA concentrations. The fitting also suggests that a warburg impedance
358 is needed to achieve a good agreement between simulated and experimental EIS.

359  As it can be seen in Fig. 7(i), the bare Ta electrode has an enlarged R¢ (334 kQ) which upon the
360 modification of Ta electrode with aligned MWCNTS, a significant decrease in Ry to 14 kQ can
361  be observed (Fig. 7(ii)). In fact binding of A-MWCNTSs on the electrode surface generated a
362  conducting porous layer on the electrode surface that functioned as a promoter to the interfacial
363 electron transfer. Noticeably, when the AuNPs were electrodeposited onto the aligned MWCNTSs
364  surface, R decreased dramatically to 4 kQ (Fig. 7(iii)).The lower Ry indicated that the A-
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365 MWCNTs/AuNPs/Ta modified electrode possessed an excellent conductive interface and the
366  results could be rationalized by improved electron transfer kinetics of redox probe on A-
367 MWCNTs/AuNPs modified electrode. All these data show that the stepwise modified material,
368  was successfully assembled on the Ta electrode surface and formed a tunable Kinetic promoter.
369  Immobilization of probe ssDNA onto the surface of A-MWCNT/AuNPs/Ta electrode leads to an
370 increase in the electron transfer resistance (8.5 kQ). It is because the self-assembled monolayer
371 of ssDNA acts as an insulating layer, which hinders the interfacial electron transfer of
372  Fe(CN)s* /Fe(CN)s * at the electrode surface due to electrostatic interactions. Indeed, the strong
373  electrostatic repulsion between the K4Fe(CN)s/KsFe(CN)s molecules and the negative-charged
374  phosphate skeletons of ssDNA results in an obvious increase in Ry (Fig. 7(iv)). After
375  hybridization of the probe DNA with 2.0 x10" M complementary DNA, Ry was obviously
376 increased to 11 kQ (Fig. 7(v)). This phenomenon is due to the generation of an insulating layer
377  on the modified electrode surface, which results in a higher electron transfer resistance and
378  significantly enlarges the diameter of the semicircle. Hybridization of probe sSDNA with target
379  DNA results in the formation of increasing amounts of double-stranded DNA (ds-DNA).ds-DNA
380  subsequently enhances the electrostatic interaction between the redox marker and the backbone
381  of the oligonucleotide. As a result, the charge transfer of Fe(CN)s > /Fe(CN)s ** redox reaction
382 was further hindered. The results obtained from EIS measurements (Fig. 7) are in good
383 agreement with the results extracted from cyclic voltammograms (Fig. 4) and confirm the
384  successful immobilization of ssDNA on the surface of A-MWCNT/AuNPs/Ta electrode.
385  Therefore, this impedance change indicated that modification and DNA hybridization
386  successfully occurred on the electrode surface.

387 Fig. 7

388

389

390  3.6. Optimization of DNA Assay Conditions

391  The influence of experimental variables including the time of hybridization, and hybridization
392  temperature were studied to find the optimum conditions. The effect of hybridization time on
393 AR signals was investigated. For achieving this, the sSDNA sensor was immersed into the target
394  solution containing 2.0x10 " M target DNA at room temperature for different times of 30, 60,
395 90, 120 and 150 min (Fig. 8). The results indicated that by increasing the contact time between
396  the ssSDNA sensor and the target DNA, the interaction between the probe and the complementary
397 DNA increased to 120 min, and then the signal (AR¢) was leveled off. Therefore, a hybridization
398 time of 120 min was selected for further study, in which the interaction between ssDNA and
399 target DNA was maximized.

400 Fig. 8

401  Fig. 9 shows the nyquist plot of the sSSDNA/A-MWCNT/AuNPs/Ta electrode (curve 1), whereas
402  curves (2-7) of Fig. 9 show nyquist plots after hybridization of the probe DNA with the
403  complementary oligonucleotides sequence (2.0x10 ' M) at different temperatures. As it could be
404  seen, when the hybridization occurred, the electron transfer resistance increased. This is because
405  the repulsive interaction increased between the negatively charged interface and anionic redox
406  probe (when dsDNA was formed on the electrode) similar to the literature [37,38]. It is obvious
407  that AR was the largest at 42 °C, indicating that 42 °C was the most suitable temperature for the
408 hybridization reaction. The results showed that the hybridization efficiency was maximized at
409  this temperature. Thus, an optimum temperature value of 42 °C was chosen.

410 Fig. 9
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411  3.7. Figures of merit and electrochemical DNA Analytical Performance

412  Under the optimal conditions, the analytical performance of the DNA biosensor was investigated
413 by using the immobilized probe DNA to be hybridized by the different concentrations of the
414  complementary sequence. When the ssSDNA/A-MWCNT/AuUNPs/Ta electrode was employed to
415 measure complimentary DNA solution, increasing R¢ was obtained in respect to the increase of
416  target DNA concentration (see EIS curves 2 to 9 in Fig. 10A). As it was mentioned, it is because
417  hybridization of probe ssDNA with target DNA results in the formation of increasing amounts of
418 double-stranded DNA (ds-DNA), which subsequently enhances the electrostatic interaction
419  between the redox marker and the backbone of the oligonucleotide. As a result, the charge
420  transfer of Fe(CN)s > /Fe(CN)s * redox reaction was further hindered. The difference between
421 the R¢ value of 5.0 mM  Kis[Fe(CN)s]/Ka[Fe(CN)s] at the surface of ssDNA/A-
422 MWCNT/AuNPs/Tae and the one at the hybridization-modified electrode (dsDNA/A-
423 MWCNT/AuUNPs/TaE) were used as the measurement signal to determine the sequence specific
424  DNA related to the TP53 gene fragment. The results are shown in Fig. 8. The plot of the
425  difference values of ARy versus the logarithm of the TP53 gene fragment concentration (Fig.
426  10B) showed a good straight line, with the regression equation AR (0hm) = 1417 log C + 21290
427  (R*=0.997, C: molL™) for 1.0x10 °-1.0x10" M of TP53 gene. In this regard, three replicate
428  measurements were done for each concentration of target DNA. The EIS measurements illustrate
429 that a detectable increase in the charge transfer resistance could be attained for the target DNA
430  concentration as low as 1.0x10™ M. In other words, the actual lowest experimentally detected
431  concentration (LOD) for the 26-mer complementary oligonucleotides was 1.0x 10" M (S/N=3).
432 The limit of detection has been defined as three times the standard deviation of the blank sample
433  measurements (signal/noise of 3 (S/N=3) between the detection signal of low concentration
434  samples and the noise of blank samples, n=11). This detection limit is much lower than
435  previously reported works [8-10,41,42] describing an excellent performance and enhanced
436  electrocatalytic effects of A-MWCNT/AuNPs/Ta modified electrode in detection of the TP53
437  gene mutation. These results are comparable with other’s works as Table 1 illustrated. As it can
438  be seen, the prepared biosensor had a large linear range and lower detection limit than other
439  current TP53 electrochemically based biosensors, indicating the feasibility and the superiority of
440 the DNA biosensor which was reliable for the detection of the TP53 gene mutation at low
441  concentrations. So these results indicated that the proposed electrode is sensitive, rapid, and
442  considerably simpler than traditional ones for TP53 gene mutation detection due to the
443  integration of Au nanoparticles and aligned MWCNTSs which represents a promising platform for
444  achieving sensitive biosensor for fast mutation screening related to most human cancer types.
445

446

447 Fig. 10

448

449 Tablel

450

451  3.8. Selectivity, reproducibility, reusability, and stability of the biosensor

452

453  The selectivity of this sSDNA/A-MWCNT/AuUNPs/Ta electrode was examined in Fig. 11 (A,B),
454  where responses to sSDNA/A-MWCNT/AuNPs bare electrode, 1-base mismatched, 3-base
455  mismatched and complimentary DNAs were depicted. Fig. 11 (A) shows nyquist plots for
456  ssSDNA/A-MWCNT/AuUNPs/TaE electrodes hybridized with 0 M (curve 1), 1 pM 3-base
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457  mismatched (curve 2) , 1 pM 1-base mismatched (curve 3), and 1 pM complimentary target
458 DNAs (curve 4). Fig. 11(B) also represents the AR measured at SSDNA/A-MWCNT/AuNPs/Ta
459  electrodes hybridized with the same DNAs as mentioned in Fig. 11 (A).

460  As it can be seen in Fig. 11 (A,B), a single nucleotide mismatch introduced disorder into the ds-
461 DNA film, weakening the interaction between the redox probe and ds-DNA. It consequently
462 allowed the redox probe to penetrate into the film to a larger extent. As a result, the R value
463  was reduced in comparison with sSSDNA/A-MWCNT/AuUNPs bare electrode (Fig. 11 (A,B) curve
464  3). For 3-base mismatched target DNAs, more disorders were introduced into the ds-DNA film,
465  and the R became nearly the same as that of SSDNA/A-MWCNT/AuUNPs bare electrode (Fig.
466  11(A,B) curve 2). The great Ry difference between complimentary and 1-base mismatched target
467  DNA illustrates that the functionalized MWCNT-Au platform is highly selective. The selectivity
468  remains even at the target DNA concentration as low as 1 pM (Fig. 11 (A,B) curve 4).

469 Fig. 11

470 Reusability of DNA biosensor is a key factor in their application and development. The
471  reusability of above ssDNA/A-MWCNT/AuNPs/Ta electrode was analyzed via measuring
472  against 1.0x 10> M complimentary DNAs. After each measurement, the electrode was
473  regenerated upon dehybridization in hot water (80 °C) for 5 min, which completely removed
474  hybridized DNA via thermal denaturation [39, 40]. After each cycle, R of the ssDNA/A-
475 MWCNT/AuNPs/Ta electrode was found to increase slightly. Also, the obtained Ry of 1.0x 10
476 M complimentary DNA increases slightly after every dehybridization (<1%) (Fig. 12). The
477  results showed that the 4th regenerated sensor had 93.4% EIS response of the initial electrode,
478  which indicated that the proposed DNA biosensor had a good reusability.

479 Fig.12

480 The stability of the biosensor was also examined. When the biosensor was stored in the
481  refrigerator at 4 °C and measured intermittently (every 7 days), it retained about 91.6% of its
482  original response after 2 weeks, indicating that the modified electrode was stable. The
483  reproducibility of biosensor is a very important factor for their application. Five DNA sensors
484  were fabricated independently under the same conditions and used to detect 2.0 x 10’ M
485 complementary DNA. Relative standard deviation (RSD) was 2.1% which indicated a suitable
486  reproducibility of the proposed biosensor.

487  Conclusion:

488  For the first time, this study prepared a new platform for lable-free DNA detection of the TP53
489 gene mutation, one of the most popular genes in cancer research, which is based on
490 electrochemical growth of Au NPs on vertically aligned MWCNT array. Using EIS, over the
491 extended DNA concentration range, the change of charge transfer resistance was found to have a
492  linear relationship in respect to the logarithm of the complementary oligonucleotides sequence
493  concentrations at the low concentration range of 1.0x10 *°~1.0x10” M, with a detection limit of
494  1.0x10Y M (with a signal-to-noise of 3), which is lower than any reported results so far. The
495  high selectivity of the sSDNA/A-MWCNT/AuNPs electrode was examined and results showed
496 that this nanosensor can effectively distinguish between the one-base mismatched
497  oligonucleotides sequence and the noncomplementary oligonucleotides sequence with
498 complementary oligonucleotides sequence, and it has a higher sensitivity to detect the
499  complementary oligonucleotides sequence at an ultra-trace level. The simple manipulation
500 procedure, low cost, fast response, high sensitivity and a broad linear range are the main features
501 of the proposed DNA sensor. In addition, by direct growth of A-MWCNTSs on Ta, individual
502  nanotubes are electrically connected to the conductive acid-resisting substrate which promotes
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further more electron transfer reaction. The significant improvement of this platform over those
utilizing alone MWCNT or Au NPs indicates synergistic interactions of aligned MWCNT array
and Au NPs. When those aligned MWCNT were replaced by random MWCNT matrix, changing
the Ry decreases, unveiling the unique advantages of vertically aligned MWCNT array
electrodes as a new platform in biosensing.
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Scheme 1. Schematic representations of the DNA electrochemical biosensor.

Fig. 1 (A,B) SEM images of well aligned CNTSs grown on the polished Ta substrate at 850 °C
after 6 minutes shown with different resolutions. (C,D) TEM images of bamboo-like structure of
multi-walled CNTs with different resolutions.

Fig. 2 (A) chronoamperometry curve of the deposited AuNPs on the CNTSs at potential of +0.2 V
after 10 s in 0.5 M H,SO, containing 5 mM HAuCI, (B) SEM image of the deposited AuNPs on
the CNTs using chronoamperometry at the mentioned condition, (C) SEM image of AuNPs on
A-CNTs at the same condition with keeping the alignment from the side view.

Fig. 3. Cyclic voltammograms of i) bare Ta electrode, ii) entangled-MWCNT/Ta electrode, iii)
aligned-MWCNT/Ta modified electrode and iv) A-MWCNT/AuNPs/Ta modified electrode;
conditions: 5.0 mM K4Fe(CN)g/ KsFe(CN)g, and 0.1 M KCI with scan rate of 5mV s %,

Fig. 4 cyclic voltammograms of i) A-MWCNT/AuUNPs/Ta electrode, ii) SSDNA/A-
MWCNT/AuNps/Ta electrode, iii) sSSDNA/A-MWCNT/AuNps/TaE after hybridized with 26-
mer target DNA (2x107M); Conditions: 5.0 mM K,Fe(CN)s/ KsFe(CN)s and 0.1 M KCl with
scan rate of 5mV s,

Fig. 5 Cyclic voltammograms of A) HD-ACNTs/Ta electrode, B) LDACNTSs/ Ta-modified
electrode in 5.0 mM K4Fe(CN)s/KsFe(CN)s, with scan rate of 20 mV s™

Fig. 6 Comparison of hybridization efficiency for A-MWCNTSs/AuNps/Ta electrodes with
different DNA surface density. Error bars show the standard deviations of measurements taken
from at least three independent experiments. L, M, and H stand for low-density (1.2 x10"
molecule/cm?), medium-density (6 x10* molecule/cm?), and high-density (1.2 x 10*
molecule/cm?) surfaces.

Fig. 7 Nyquist plot of different electrodes immersed into 2.0 x107 M 26-mer target DNA for 120
min at 42 °C: (i) bare Ta electrode ; (ii)) A-MWCNT/Ta electrode;

(iii) AAMWCNT/AuNPs/Ta electrode; (iv) sSDNA/A-MWCNT/AuNPs/Ta modified electrode;
(v) dsSDNA/A-MWCNT/AuUNPS/TaE.

Fig. 8 Nyquist plot of the sSDNA/A-MWCNT/AuNPs/Ta electrode immersed into 2.0x107 M
DNA target for in 42°C in different times; (a) hybridization at 30 min; (b) hybridization at 60
min; (c) hybridization at 90 min; (d) hybridization at 120 min; and (e) hybridization at 150 min.
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Fig. 9. Nyquist plot of the ssDNA/A-MWCNT/AuNPs/Ta electrode immersed into 2.0 x10™" M
26-mer DNA target for 120 min in different temperature; (a) the probe; (b) hybridization at
25°C; (c) hybridization at 32 °C; (d) hybridization at 35 °C; (e) hybridization at 42 °C; (f)
hybridization at 45 °C; and (g) hybridization at 50 °C.

Fig. 10 (A) Nyquist plots for ssSDNA/A-MWCNT/AuNPs/Ta electrodes hybridized with the
following amounts of complimentary DNA: (1) 0, (2)1.0x10™> M, (3) 5.0x10 > M, (4)
1.0x107* M, (5) 1.0x10** M, (6) 1.0x10 ** M, (7) 1.0x10°° M, (8) 1.0x10® M, and (9)
1.0x10". The inset shows the equivalent circuit of the EIS responses. (B) Plot of AR« vs the
concentration of target DNA. Conditions: treated time 90 min, hybridization temperature 42 °C
in 5.0 mM K4Fe(CN)e/ KsFe(CN)s and 0.1 M KCI solution.

Fig. 11 (A) Nyquist plots for ssSDNA/A-MWCNT/AuNPs/TaE electrodes hybridized with (1) 0
M, (2) 1 pM 3-base mismatched , (3) 1 pM 1-base mismatched, and (4) 1 pM complimentary
target DNAs; (B) AR measured at SSDNA/A-MWCNT/AuNPs/Ta electrodes hybridized with
the same DNAs as mentioned in part (A) .

Fig. 12. Ry achieved with a DNA functionalized A-MWCNT/AuUNPs electrode: (sSDNA)
nonhybridized and (dSDNA) hybridized with 1.0 x 102 M complimentary DNA.
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843

844
845  Table 1. Comparison between the proposed and other reported biosensors for the detection of
846  TP53 gene mutation.

847
. . Detection limit Linear range
Electrode materials Technique famol 1) (umol 1) Ref.
Gold electrode DPV: 0.1 - [10]
9
CPE Chronoamperometry 80 0.04-0.15 P
SPE DPV 0.03 5.0x10-2,0x10+ [41]
Gold electrode DPV 0.68 0.001-0.01 0]
A-MWCNT/AuNps/Ta EI§8 1.0x10° 1.0x10%0.1 This work
*differential pulse voltammetry, ® carbon paste electrode, tscreen printedelectrode, ¢ Electrochemical impedance
specttosc
848 P w
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