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A B S T R A C T

An electrochemical DNA biosensor was successfully fabricated by using (3-aminopropyl) triethoxysilane
(APTES) with zinc oxide (ZnO) nanorods synthesized using microwave-assisted chemical bath deposition method
on thermally oxidized SiO2 thin films. The structural quality and morphology of the ZnO nanorods were de-
termined by employing scanning electron microscopy (SEM) and X-ray diffraction (XRD), which show a hex-
agonal wurtzite structure with a preferred orientation along the (101) direction. The surface of the SiO2 thin
films was chemically modified with ZnO. Label-free detection DNA immobilization and hybridization were
performed using potassium hexacyanoferrate with cyclic voltammetry (CV) measurements. The capacitance,
permittivity, and conductivity profiles of the fabricated sensor clearly indicate DNA immobilization and hy-
bridization. Results show that the capacitance values of bare, ZnO- modified surface immobilization, and target
DNA hybridization were 46 × 10−12 F, 47 × 10−8 F, 27 μF, and 17 μF, respectively, at 1 Hz. The permittivity
measurement increased from 3.94 × 103 to 251 × 103 and 165 × 103 at the frequency range of approximately
200 to 1 Hz for bare and DNA immobilization and hybridization, respectively. The measured conductivity values
for the bare, ZnO, immobilized, and hybridization device were 2.4 × 10−9, 10 × 10−8, 1.6 × 10−7, and
1.3 × 10−7 S cm−1, respectively.

1. Introduction

The development of a new generation of DNA sensors recently
gained substantial recognition in the research on gene analysis, detec-
tion of genetic disorders, tissue matching, and forensic applications [1].

DNA sensors are label-free, highly sensitive, specific, simple, and
low-cost; hence, DNA sensors can be widely used in the determination
of genetic variations [2], forensic applications [3], and food analysis
[4,5].

Various techniques were developed to detect DNA, such as elec-
trochemical sensing [6], surface plasmon resonance (SPR) [7], fluor-
escence [8], and chromatography combined with mass spectrometry
[9].

The semiconductor zinc oxide (ZnO), a representative of groups II-
VI, gained particular interest because its novel properties and char-
acteristics. A direct band gap (3.4 eV) of ZnO crystallizes within a
hexagonal wurtzite-type structure with lattice parameters
a = 0.325 nm and c = 0.521 nm. ZnO is intensively studied because of
its unique properties and versatile applications in transparent electro-
nics, ultraviolet light sensors [10–12], piezoelectric devices, chemical

sensors and spintronics (ZnO doped with magnetic transition metals)
[13,14]. Low-dimensional ZnO nanostructures generated significant
interest because of their enhanced physiochemical properties [15–19]
and the convenience fabricating these nanostructures into various
morphologies, such as nanowires [15,20], nanoflakes [16], nanorods
[17], nanobelts [18], nanorings [19], nanocables [21], nanotubes
[22,23], nanocolumns [24], nanocombs [25], and nanoneedles [26].
Various methods were used for the deposition of ZnO thin films, such as
chemical vapor deposition (CVD) [27], electrodeposition [28], sol-gel
spin coating [16], physical vapor deposition (PVD) [29], spray pyrolysis
[30], radio frequency sputtering [31], and ink-jet printing [32].

The current study focuses on biosensor technology based on mul-
tifunctional ZnO nanorods for biological, biochemical and chemical
applications. The nanostructures were fabricated using chemical bath
deposition (CBD). Before probe DNA immobilization and target DNA
hybridization detection, the surface of SiO2 thin films was modified
with ZnO because of its chemical composition, superior conductivity,
and substantial attachment surfaces [33]. A novel, label-free, and sen-
sitive DNA sensor was developed using an interdigitated electrode (IDE)
with ZnO-modified SiO2 thin films. The current study explains the

http://dx.doi.org/10.1016/j.sbsr.2017.07.003
Received 25 January 2017; Accepted 19 July 2017

⁎ Corresponding author.
E-mail addresses: ahmed_s_alqasy@yahoo.com, ahmed.s.obaid.alqayssei@gmail.com (A.S. Obaid).

Sensing and Bio-Sensing Research 15 (2017) 46–52

2214-1804/ © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22141804
http://www.elsevier.com/locate/sbsr
http://dx.doi.org/10.1016/j.sbsr.2017.07.003
http://dx.doi.org/10.1016/j.sbsr.2017.07.003
mailto:ahmed_s_alqasy@yahoo.com
mailto:ahmed.s.obaid.alqayssei@gmail.com
https://doi.org/10.1016/j.sbsr.2017.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbsr.2017.07.003&domain=pdf


preparation of ZnO nanorods using microwave-assisted CBD to produce
nano-biosensors generate new compounds with high sensitivity.

2. Materials and methods

2.1. Chemical materials

All chemicals were used without further purification and were
purchased from commercial sources. The utilized chemicals are as fol-
lows: zinc chloride (ZnCl2), polyvinyl alcohol [CH2CH(OH)]n (PVA), Zn
nitrate hexahydrate Zn(NO3)2·6H2O, and hexamethyl enetetramine
(C6H12N4).

2.2. Preparation of ZnO solution

The ZnO nanorods were prepared using CBD method. Before al-
lowing the epitaxial growth of ZnO nanorods, the substrates were
cleaned (RCA cleaning processing to remove organic residues from si-
licon wafer). The experimental setup and the growth mechanism used
to deposit ZnO nanorods include 0.1 mol/L aqueous solution of (ZnCl2)
vigorously stirred at 70 °C for 10 min. 1.5 g aqueous solution of PVA
was stirred at 80 °C for 30 min. These solutions were mixed together via
high-speed stirring and placed on a hot plate at 70 °C for 2 h. The so-
lution was transferred to a microwave oven for 15 min at 80 °C to fa-
cilitate the complexation of Zn ions with PVA. Ammonia solution was
added to the mixture until a pH of 8 was reached, and the nano-
composite PVA–Zn(OH)2 solution was synthesized. The as-obtained
nanocomposite PVA–Zn(OH)2 solution was spin-coated over a SiO2

substrate, thereby serving as seed layer, and annealed at 210 °C for 1 h,
resulting in the decomposition of Zn (OH)2 to ZnO. The temperature
was increased to 380 °C for 2 h. After the annealing process, the sub-
strate was inserted vertically in a beaker containing 0.1 mol/L of Zn
(NO3)2·6H2O and an equal molar concentration of (C6H12N4) dissolved
in deionized water (DI) water. The beaker was placed on a hot plate for
2 h at 85 °C. The grown nanorods all over the substrate were washed
with hot ethanol to remove the remaining salt.

2.3. Modification of SiO2 thin films with ZnO

A p-type silicon (100) wafer was ultrasonically cleaned with acetone
and isopropanol and immersed in a buffered oxide etch (BOE) solution
to remove the native oxide. The p-type silicon was rinsed with DI water.
After oxidation, the silicon oxide (SiO2) layer with a thickness of
roughly 50 nm and high purity aluminum (99.99%) were deposited on
the backside of Si using a thermal evaporator.

The selectivity of the DNA biosensor was studied using a ZnO/
APTES/SiO2/Si/Al electrode. The SiO2 surface was functionalized with
APTES solution, which was prepared by mixing 2% APTES with 93% of
ethanol and 5% of DI water. To modify the surface of SiO2 with APTES,
10 μL of prepared APTES solution was deposited on the SiO2 surface
and incubated for 2 h. The surface was washed three times and dried,
10 μL of ZnO was dropped on the surface at 150 °C for 20 min using a
hot plate. This procedure was repeated three times to obtain a ZnO
layer on the SiO2 surface. After the procedure, the electrode is ready for
further characterization.

2.4. Probe DNA immobilization on modified ZnO

The utilization of ZnO nanostructures in the enzyme immobilization
in electrochemical biosensors gained interest. Various research on the
methods of ZnO synthesis and related features, such as biosensor per-
formance and biosensor construction, e.g., modified electrodes and
enzyme immobilization, were published [34]. Probe DNA was pur-
chased from BASE Pte Ltd. (Malaysia). The probe DNA sequences were
5′-CTG ATA GTA GAT TTG TGA CCG TAGAAA-C6. The probe DNA was
dropped to the ZnO-modified SiO2 electrode for immobilization and

was incubated for 2 h. After 2 h, the electrode was carefully rinsed
using DI water to remove any un-bonded DNA probe and dried at room
temperature. The probe-modified device, which is denoted as DNA/
ZnO/APTES/SiO2/Si/Al, was ready for electrochemical measurements.

2.5. DNA of hybridization

The transduction of the hybridization of DNA at a DNA-modified
recognition interface is commonly achieved electrochemically, opti-
cally, or by using mass-sensitive devices [10]. Electrochemical trans-
duction is highly sensitive, independent from solution turbidity, com-
patible with micro fabrication, low cost, requires low power, and has a
simple instrumentation, which is compatible with small portable de-
vices. Electrochemistry helps control DNA hybridization and dena-
turing processes [35,36] and offers novel approaches to transduction of
hybridization. The oligonucleotides used in the current study were
purchased from First BASE Pte Ltd. (Malaysia). Hybridization with
complementary DNA sequences was 5′-CTA CGG TCA TCA CAA ATC
TAC TAT CAG-3′. 5 μL of the target DNA (10 μmol/L) was dropped to
the ZnO electrode and incubated for 4 h to allow hybridization. The
ZnO electrode was washed successively with phosphate-buffered saline
(PBS) (pH 6.8, 50 mmol/L NaCl) solution and DI water. The ZnO elec-
trode was dried under air blow to remove any non-hybridized DNA and
dried at room temperature. 10 μL of 0.5 μM methylene blue was
dropped to the ZnO electrode and incubated for 3 min. The ZnO elec-
trode was washed with DI water to remove any excess methylene blue.
Finally, the ZnO electrode is ready for electrical measurements.

2.6. Electrochemical measurements

The changes in the capacitance of the interface are induced by the
DNA hybridization events with a single-stranded target DNA on a probe
platform. To improve the performance of the DNA sensor, the probe
layer must be fabricated using a well-defined surface chemistry, which
prevents non-specific binding, as well as other side reactions, to induce
high selectivity for a specific target DNA. As a result, various DNA
sensors were used on electrodes modified with various platforms, such
as self-assembled monolayers (SAMs), mixed SAMs, conducting
polymer films, various nanomaterials, such as gold nanoparticles
(AuNPs), and ZnO nanostructures. The design of the probe layer de-
pends on whether the sensor is faradaic or non-faradaic. The changes in
electrical properties at the DNA probe layer are usually extracted using
a best fitting model. Each circuit element obtained by fitting impedance
responses to an electrical circuit can be utilized to analyze the type and
amount of target DNA, as well as its conformational changes [37,38].
Electrochemical measurements were performed using a dielectric ana-
lyzer, as shown in Fig. 1. The tests were conducted by using Ag/AgCl as
a reference electrode and ZnO-modified electrode as a working elec-
trode. Al acts as a back gate. The responses of DNA immobilization and
hybridization were investigated in 10 μM potassium hexacyanoferrate
III, and K3Fe(CN)6 aqueous solution containing 0.1 M KCl as an elec-
trolyte.

2.7. Characterizations

The morphological surface of the ZnO thin films were investigated
by scanning electron microscopy (SEM) using Jeol JSM-6460 LV mi-
croscope operating at 10 kV. Energy dispersive X-ray spectrometer
(EDX) attached to SEM was used to determine the elemental chemical
composition. The structure evolution of the as-prepared ZnO nanorods
was examined by high-resolution X-ray diffraction (HR-XRD) using
PANnalytical X'Pert Pro MRD diffractometer equipped with Cu-Kα-ra-
diation (λ = 0.15418 nm) operating at 40 kV and 30 mA. DNA im-
mobilization and hybridization were tested using a nova control di-
electric analyzer (Germany).
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3. Results and discussion

3.1. Reaction mechanism

The CBD method is based on the formation of a solid phase from a
solution and involves two steps, namely, nucleation and particle
growth. During nucleation, clusters of molecules undergo rapid de-
composition and particles combine to form a film with a certain
thickness by heterogeneous reactions at the substrate surface.

a) Zinc-diacetae-dihydrate is converted to zinc-acetate ion (cation),
acetate ion, photon, and hydroxy anion.

b) The product of the above reaction is converted into acetic acid and
zinc hydroxide. When this solution was heated, the ionic product
exceeds the solubility product and precipitation occurs on the sub-
strate and in the solution to form ZnO nuclei

− − − + + → +
+ + −[CH C O Zn] 2 H 2 OH CH COOH Zn(OH)3 3 2

c) ZnO is produced by removing water molecules. This process is de-
scribed below.

→ +Zn(OH) ZnO H O2 2

3.2. Characterization of surface morphology

Fig. 2 shows the SEM images of as-deposited the ZnO film show that
the ZnO thin films completely covers the SiO2 substrate, and no pin-
holes or cracks can be observed. The formed ZnO exhibits a nanorod-
like morphology with a typical diameter of 40–50 nm.

3.3. Crystal quality of the ZnO nanorods

The XRD pattern of the ZnO thin films is illustrated in Fig. 3. All the
observed diffraction peaks completely match with the standard JCPDS
card No. 01-079-0205, and are consistent with the results in the lit-
erature [39]. The diffraction peak (101) shows the highest intensity,
indicating a preferred orientation along the (101) direction (ZnO na-
norods grow preferentially along the (101) crystallographic plane).

All the diffraction peaks are sharp and narrow, thus indicating high
crystallinity. Table 1 shows the XRD data of ZnO from the JCPDS card
compared with the measured XRD results.

3.4. Capacitance measurement

Fig. 4 shows the changes of dielectric properties (here capacitance)
before and after immobilization and target DNA hybridization at dif-
ferent frequencies. The measurements were investigated at a frequency
range of 1 Hz to 1 MHz. Before DNA target detection, the dielectric
properties of the ZnO-modified SiO2 thin films were measured, which
will serve as baseline (reference) for further measurements. The capa-
citance was measured when the DNA-probe was immobilized to the
ZnO-modified SiO2 thin films, and hybridization was tested on the same
sample. The results show that the capacitance values of bare, ZnO-
modified surface immobilization and target DNA hybridization were
46 × 10−12 F, 47 × 10−8 F, 27 μF, and 17 μF, respectively, at 1 Hz.
The capacitance value of the ZnO-modified surface is higher than that
of the bare device. Thus, the immobilization and hybridization of DNA
were successfully detected, as indicated by the highest capacitance
values of 27 μF and 17 μF, respectively, on the modified ZnO electrode.
The capacitance value between the ZnO-modified surface and DNA
immobilization and hybridization indicates a successful DNA detection
using the biosensor fabricated using the ZnO thin films. Reyes et al.
[40] reported a ZnO-nanostructure-based quartz crystal microbalance

Fig. 1. Scheme of the probe DNA-ZnO/APTES/Au
electrode.
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(nano-QCM) device for biosensing applications. ZnO nanotips are di-
rectly grown on the sensing area of a conventional QCM by metalor-
ganic chemical vapor deposition (MOCVD). The selective immobiliza-
tion and hybridization of DNA oligonucleotide molecules are confirmed
by the fluorescence microscopy of the nano-QCM sensing areas. Siddi-
quee et al. [41] studied the sensitivity of an electrochemical DNA
biosensor, which was examined using a ssDNA/ZnO/CHIT/AuE probe
to hybridize the different concentrations of the target DNA related to a
T. harzianum gene. Das et al. [42] synthesized hexagonal ZnO nano-
crystalline films that were electrochemically deposited onto ITO coated
glass substrates from an aqueous electrolyte containing ZnCl2 and KCl;

these nanocrystalline films were utilized to fabricate DNA bio elec-
trodes to detect M. tuberculosis. The DNA biosensor was successfully
fabricated using ZnO nanostructures modified with SiO2 thin films in an
electrolyte solution and exhibited a good performance in capacitance.

3.5. Permittivity measurement

The results of the permittivity measurements are shown in Fig. 5.
Similar outcomes were observed where the largest changes in permit-
tivity were observed with probe DNA immobilization and target DNA
hybridization. However, the permittivity measurement increased from
3.94 × 103 to 251 × 103 and 165 × 103 at a frequency range of ap-
proximately 200 to 1 Hz for bare and DNA immobilization and hy-
bridization, respectively. The capacitance profile was significantly high
in a frequency of roughly 1 Hz and decreased as frequency increased.
The obtained results indicated that permittivity measurement was
sensitive at a low frequency. The results obtained from both measure-
ments (capacitance and permittivity) showed that the capacitance and
permittivity values of the ZnO-modified electrode considerably changed
after probe DNA immobilization and hybridization detection. M. M.
Ahmed [43] reported the synthesis of a biosensor using silicon oxide for
biomedical applications and its effectiveness in detecting target DNA
hybridization. An electrochemical DNA biosensor was successfully

Fig. 2. SEM images of ZnO nanorods grown on ZnO-PVA seed layer.

Fig. 3. X-ray diffraction pattern of ZnO nanorods grown on ZnO-PVA
seed layer.

Table 1
Structural and microstructural parameters of ZnO
nanorods as obtained from XRD analysis.

hkl 2θ (degree)

Observed

100 31.737
002 34.379
101 36.215
102 47.484
110 56.536
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fabricated by using APTES as a linker molecule combined with gold
nanoparticles (GNPs) on a thermally oxidized SiO2 thin film. The GNP-
modified SiO2 thin films were electrically characterized by measuring
capacitance, permittivity, and conductivity using a low-cost dielectric
analyzer. The capacitance, permittivity, and conductivity profiles of the
fabricated sensor clearly differentiated DNA immobilization and hy-
bridization. P. E. Canavar [44] developed single-walled carbon nano-
tube (CNT) and chitosan composite (chitosan ∗ CNT)-based sensors as
DNA biosensors, which were applied for the electrochemical in-
vestigation of the interaction between anticancer drug mitomycin C
(MC) and DNA.

3.6. Conductivity measurement

Conductivity measurements were also carried out to further in-
vestigate the effect of probe DNA immobilization and target DNA hy-
bridization on the ZnO-modified SiO2 thin films. The measured con-
ductivity values for bare, ZnO, immobilized and hybridization device
were 2.4 × 10−9, 10 × 10−8, 1.6 × 10−7, and 1.3 × 10−7 S cm−1,

respectively. Fig. 6 shows that DNA probe was immobilized and hy-
bridized to ZnO-modified SiO2 thin films, and the values of conductivity
of the bare electrode increased; thus, the resistivity of the device de-
creased. This reduction may be attributed to the strong interaction
between potassium hexacyanoferrate III, K3Fe(CN)6 and the unpaired
guanine base in the probe DNA [45].

The differences in the conductivity values between ZnO-modified
surface and probe DNA immobilization and target DNA hybridization
indicate that electron transfer occurred during the immobilization and
hybridization of DNA. Therefore, the conductivity measurement en-
hanced the reaction of DNA immobilization and hybridization on the
ZnO-modified surface, which indicated the characteristic of the elec-
trolyte solution.

4. Conclusion

GNPs modified with ZnO nanorods, which were altered SiO2 thin
films in the electrolyte solution with IDE electrodes, was successfully
completed for DNA detection. The ZnO nanorods were synthesized

Fig. 4. The capacitance versus frequency of ZnO-modified SiO2 thin
films for DNA immobilization and hybridization detection.

Fig. 5. The permittivity versus frequency of ZnO-modified SiO2 thin
films for DNA immobilization and hybridization detection.

A.M. Mohammed et al. Sensing and Bio-Sensing Research 15 (2017) 46–52

50



through a low-cost and easily performable microwave-assisted CBD
technique. The characterization of ZnO using SEM, XRD and EDX in-
dicated the good quality of the nanostructured hexagonal wurzite ZnO,
as well as the doped GNPs. The doped GNPs on the surface of the thin
films provided an attachment surface for probe DNA and significantly
increased the sensitivity of the device. The fabricated sensor success-
fully differentiated the detection of complementary and non-com-
plementary targets based on the properties of dielectric and capaci-
tance, permittivity and conductivity measurements in a label-free
approach. The results indicate that the fabricated sensor can be applied
in low-cost biodiagnostics, forensic testing, food analysis, and en-
vironmental monitoring. DNA immobilization and hybridization was
detected in ZnO-modified SiO2 thin films by controlling the surface
chemistry with a K3Fe(CN)6 solution.

Conflict of interest

The authors have declared no conflict of interest.

Acknowledgements

The authors gratefully acknowledge the financial support from
University of Anbar.

References

[1] S. Liua, Y. Lib, J. Lia, L. Jiang, Enhancement of DNA immobilization and hy-
bridization on gold electrode modified by nano-gold aggregates, Biosens.
Bioelectron. 21 (2005) 789–795.

[2] L. Hood, D. Galas, The digital code of DNA, Nature 421 (2003) 444–448.
[3] M.J. Heller, DNA microarray technology: devices, systems, and applications, Annu.

Rev. Biomed. Eng. 4 (2002) 129–153.
[4] M.E. Ali, S. Mustafa, U. Hashim, Y.B. Che Man, K.L. Foo, Nanobioprobe for the

determination of pork adulteration in burger formulations, J. Nanomater. 2012
(2012).

[5] M.E. Ali, U. Hashima, S. Mustafab, Y.B. Che Manb, T. Adama, Q. Humayuna,
Nanobiosensor for the detection and quantification of pork adulteration in meatball
formulation, J. Exp. Nanosci. 9 (2014) 152–160.

[6] W. Zhang, T. Yang, D.M. Huang, K. Jiao, Electrochemical sensing of DNA im-
mobilization and hybridization based on carbon nanotubes/nano zinc oxide/chit-
osan composite film, Chin. Chem. Lett. 19 (2008) 589–591.

[7] K.M. Byuna, N. Kima, Y.H. Kob, J.S. Yu, Enhanced surface plasmon resonance de-
tection of DNA hybridization based on ZnO nanorod arrays, Sensors Actuators B
Chem. 155 (2011) 375–379.

[8] K.J. Cheung, R. Mei, E.M. Johansson, C.S. Richmond, F.R. Blattner, D.J. Lockhart,
G.M. Church, RNA expression analysis using a 30 base pair resolution escherichia
coli genome array, Nat. Biotechnol. 18 (2000) 1262–1268.

[9] P.B. Farmer, K. Brown, E. Tompkins, V.L. Emms, D.J.L. Jones, R. Singh,
D.H. Phillips, DNA adducts: mass spectrometry methods and future prospects,
Toxicol. Appl. Pharmacol. 207 (2005) 293–301.

[10] G. Chai, O. Lupan, L. Chow, H. Heinrich, Crossed zinc oxide nanorods for ultraviolet
radiation detection, Sensors Actuators A Phys. 150 (2009) 184–187.

[11] M. Mehrabian, R. Azimirad, K. Mirabbaszadeh, H. Afarideh, M. Davoudian, UV
detecting properties of hydrothermal synthesized ZnO nanorods, Phys. E. 43 (2011)
1141–1145.

[12] J.H. Jun, H. Seong, K. Cho, B. Moon, S. Kim, Ultraviolet photo detectors based on
ZnO nanoparticles, Ceram. Int. 35 (2009) 2797–2801.

[13] S.M. Usman Ali, O. Nur, M. Willander, B. Danielsson, A fast and sensitive po-
tentiometric glucose microsensor based on glucose oxidase coated ZnO nanowires
grown on a thin silver wire, Sensors Actuators B Chem. 145 (2010) 869–874.

[14] A. Fulati, S.M.U. Ali, M.H. Asif, N.H. Alvi, M. Willander, C. Brännmark, P. Strålfors,
S.I. Börjesson, F. Elinder, B. Danielssond, An intracellular glucose biosensor based
on nanoflake ZnO, Sensors Actuators B Chem. 150 (2010) 673–680.

[15] M.H. Huang, Y. Wu, H. Feick, N. Tran, E. Weber, P. Yang, Catalytic growth of zinc
oxide nanowires by vapor transport, Adv. Mater. 13 (2001) 113–116.

[16] M. Kashif, U. Ali, M.E. Ali, H.I. Abdulgafour, U. Hashim, M. Willander, Z. Hassan,
Morphological, optical, and Raman characteristics of ZnO nanoflakes prepared via a
sol–gel method, Phys. Status Solidi A 209 (2012) 143–147.

[17] M. Kashif, U. Hashim, M.E. Ali, A. Saif, U. Ali, M. Willander, Structural and im-
pedance spectroscopy study of Al-doped ZnO nanorods grown by sol-gel method,
Microelectron. Int. 29 (2012) 1–10.

[18] Y.B. Li, Y. Bando, T. Sato, K. Kurashima, ZnO nanobelts grown on Si substrate, Appl.
Phys. Lett. 81 (2002) 144–146.

[19] W.L. Hughes, Z.L. Wang, Controlled synthesis and manipulation of ZnO nanorings
and nanobows, Appl. Phys. Lett. 86 (2005) 431–439.

[20] A. Usman, O. Nur, M. Willander, B. Danielsson, A fast and sensitive potentiometric
glucose microsensor based on glucose oxidase coated ZnO nanowires grown on a
thin silver wire, Sensors Actuators B Chem. 145 (2010) 869–874.

[21] S. Kim, M. Jeong, B. Oh, W. Lee, J. Myoung, Fabrication of Zn/ZnO Nano cables
through thermal oxidation of Zn nanowires grown by RF magnetron sputtering, J.
Cryst. Growth 290 (2006) 485–489.

[22] U. Ali, M. Kashif, Z. Hussain, M. Fakhar, U. Hashim, M. Willande, Functionalized
zinc oxide nanotube arrays as electrochemical sensors for the selective determina-
tion of glucose, Micro Nano Lett. IET 6 (2011) 609–613.

[23] X. Ren, C. Jiang, D. Li, L. He, Fabrication of ZnO nanotubes with ultrathin wall by
electrode position method, Mater. Lett. 62 (2008) 3114–3116.

[24] J.Y. Park, Y.S. Yun, Y.S. Hong, H. Oh, S.S. Kim, Synthesis and electrical properties of
aligned ZnO nanocolumns, Compos. Part B 37 (2006) 408–412.

[25] Y. Yang, B.K. Tay, X.W. Sun, Z.J. Han, Z.X. Shen, C. Lincoln, T. Smith, In Effective
photoluminescence modification of ZnO nanocombs by plasma immersion ion im-
plantation, Nanoelectronics Conference, INEC 2008. 2nd IEEE International, 24-27
2008, pp. 20–24.

[26] J. Zhang, Y. Yang, F. Jiang, J. Li, Fabrication, structural characterization and the
photoluminescence properties of ZnO nanoneedle arrays, Phys. E. 27 (2005)
302–307.

[27] B.S. Li, Y.C. Liu, D.Z. Shen, D.Z. Shen, J.Y. Zhang, J.Y. Zhang, Y.M. Lu, Y.M. Lu,
X.W. Fan, X.W. Fan, Effects of RF power on properties of ZnO thin films grown on Si
substrate by plasma enhanced chemical vapor deposition, J. Cryst. Growth 249
(2003) 179–185.

[28] Z. Chen, Y. Tang, L. Zhang, L. Luo, Electrodeposited nanoporous ZnO films ex-
hibiting enhanced performance in dye-sensitized solar cells, Electrochim. Acta 51
(2006) 5870–5875.

[29] L. Wang, X. Zhan, S. Zhao, G. Zhou, Y. Zhou, J. Qi, Synthesis of well-aligned ZnO

Fig. 6. The conductivity versus frequency of ZnO-modified SiO2 thin
films for DNA immobilization and hybridization detection.

A.M. Mohammed et al. Sensing and Bio-Sensing Research 15 (2017) 46–52

51

http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0005
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0005
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0005
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0010
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0015
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0015
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0020
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0020
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0020
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0025
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0025
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0025
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0030
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0030
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0030
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0035
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0035
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0035
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0040
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0040
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0040
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0045
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0045
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0045
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0050
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0050
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0055
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0055
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0055
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0065
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0065
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0070
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0070
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0070
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0075
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0075
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0075
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0080
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0080
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0085
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0085
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0085
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0090
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0090
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0090
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0095
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0095
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0100
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0100
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0105
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0105
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0105
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0110
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0110
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0110
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0115
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0115
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0115
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0120
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0120
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0125
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0125
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0130
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0130
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0130
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0130
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0135
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0135
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0135
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0140
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0140
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0140
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0140
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0145
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0145
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0145
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0155


nanowires by simple physical vapor deposition on c-oriented ZnO thin films without
catalysts or additives, Appl. Phys. Lett. 86 (2005) 108–113.

[30] A. Ashour, M.A. Kaid, N.Z. El-Sayed, A.A. Ibrahim, Physical properties of ZnO thin
films deposited by spray pyrolysis technique, Appl. Surf. Sci. 252 (2006)
7844–7848.

[31] B. Deng, X. Yan, Q. Wei, W. Gao, AFM characterization of nonwoven material
functionalized by ZnO sputter coating, Mater. Charact. 58 (2007) 854–858.

[32] W. Shen, Y. Zhao, C. Zhang, The preparation of ZnO based gas-sensing thin films by
ink-jet printing method, Thin Solid Films 483 (2005) 382–387.

[33] M. Ali, S. Mustafa, U. Hashim, Y.B. Che Man, K.L. Foo, Nanobioprobe for the de-
termination of pork adulteration in burger formulations, J. Nanomater. 2012
(2012) 8–16.

[34] Z. Zhao, W. Lei, X. Zhang, B. Wang, H. Jiang, ZnO-based amperometric enzyme
biosensors, Sensors 10 (2010) 1216–1231.

[35] C.F. Edman, D.E. Raymond, D.J. Wu, E. Tu, R.G. Sosnowski, W.F. Butler,
M. Nerenberg, M.J. Heller, MJ, Electric field directed nucleic acid hybridization on
microchips, Nucleic Acids Res. 25 (1997) 4907–4914.

[36] R.G. Sosnowski, E. Tu, W.F. Butler, J.P. O'Connell, M.J. Heller, Rapid determination
of single base mismatch in DNA hybrids by direct electric field control, Proc. Natl.
Acad. Sci. U. S. A. 94 (1997) 1119–1123.

[37] L. Tang, G. Zeng, G. Shen, Y. Li, C. Liu, Z. Li, J. Luo, C. Fan, C. Yang, Sensitive
detection of lip genes by electrochemical DNA sensor and its application in poly-
merase chain reaction amplicons from phanerochaete chrysosporium, Biosens.

Bioelectron. 24 (2009) 1474–1479.
[38] M.K. Patel, P.R. Solanki, S. Seth, S. Gupta, S. Khare, A. Kumar, B.D. Malhotra, CtrA

gene based electrochemical DNA sensor for detection of meningitis, Electrochem.
Commun. 11 (2009) 969–973.

[39] S. Flickyngerova, K. Shtereva, V. Stenova, D. Hasko, I. Novotny, V. Tvarozek,
P. Sutta, E. Vavrinsky, Structural and optical properties of sputtered ZnO thin films,
Appl. Surf. Sci. 254 (2008) 3643–3647.

[40] P.I. Reyes, Z. Zhang, H. Chen, Z. Duan, J. Zhong, G. Saraf, Y. Lu, O. Taratula,
E. Galoppini, N.N. Boustany, A ZnO nanostructure-based quartz crystal micro-
balance device for biochemical sensing, IEEE Sensors J. 9 (2009) 1302–1306.

[41] S. Siddiquee, N.A. Yusof, A. Salleh, S.G. Tan, F. Abu Bakar, Enhancement of dna
immobilization and hybridization on gold electrode modified using ZnO nano-
particles/chitosan film, Curr. Anal. Chem. 7 (2011) 1–10.

[42] M. Das, G. Sumana, R. Nagarajan, B.D. Malhotra, Application of nanostructured
ZnO films for electrochemical DNA biosensor, Thin Solid Films 519 (2010)
1196–1201.

[43] M.M. Ahmed, Fabrication and characterization of gold nano particles for DNA
biosensor applications, Chin. Chem. Lett. 27 (2016) 801–806.

[44] P.E. Canavar, E. Eksin, A. Erdem, Electrochemical monitoring of the interaction
between mitomycin C and DNA at chitosan-carbon nanotube composite modified
electrodes, Turk. J. Chem. 39 (2015) 1–12.

[45] M. Das, G. Sumana, R. Nagarajan, B.D. Malhotra, Zirconia based nucleic acid sensor
for mycobacterium tuberculosis detection, Appl. Phys. Lett. 96 (2010) 133703.

A.M. Mohammed et al. Sensing and Bio-Sensing Research 15 (2017) 46–52

52

http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0155
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0155
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0160
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0160
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0160
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0165
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0165
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0170
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0170
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0175
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0175
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0175
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0180
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0180
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0185
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0185
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0185
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0190
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0190
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0190
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0195
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0195
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0195
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0195
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0200
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0200
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0200
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0205
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0205
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0205
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0210
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0210
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0210
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0215
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0215
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0215
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0220
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0220
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0220
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0225
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0225
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0230
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0230
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0230
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0235
http://refhub.elsevier.com/S2214-1804(17)30029-6/rf0235

	Nanostructured ZnO-based biosensor: DNA immobilization and hybridization
	Introduction
	Materials and methods
	Chemical materials
	Preparation of ZnO solution
	Modification of SiO2 thin films with ZnO
	Probe DNA immobilization on modified ZnO
	DNA of hybridization
	Electrochemical measurements
	Characterizations

	Results and discussion
	Reaction mechanism
	Characterization of surface morphology
	Crystal quality of the ZnO nanorods
	Capacitance measurement
	Permittivity measurement
	Conductivity measurement

	Conclusion
	Conflict of interest
	Acknowledgements
	References




