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In this study, a simple and cost-effective electrochemical DNA biosensor was developed for sensitive
detection of mycobacterium tuberculosis (TB). Nanocomposite of zinc oxide (ZnO) and gold nanoparticles
(AuNPs) was used as a platform for immobilizing thiolated TB DNA (probe DNA). ZnO was electrode-
posited on a glassy carbon electrode by potentiostat electrolysis of Zn (NO3)2 solution at �1.0 V
(vs. Ag/AgCl), then AuNPs were loaded as the second layer at �0.4 V from HAuCl4 solution. Thiolated
probe DNA was then covalently attached to AuNPs. Anodic peak current of Fe (CN)6

3�/4� was followed
in hybridization experiments and a linear calibration curve was obtained in concentration range of
2.5–250 pM and limit of detection (LOD) of 1.8 pM for target DNA. The label-free TB biosensor exhibited
high selectivity, suitable stability, and reproducibility.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mycobacterium tuberculosis (TB) causes tuberculosis, which
most commonly affects the lungs. TB is transmitted via droplets
from throat and lungs of infected individuals to healthy ones,
and it is one of the deadliest diseases worldwide. According to
The Centers for Disease Control and Prevention in 2014, 9.6 million
individuals around the world contracted TB, 1.2 million of whom
had HIV infection as well. People with HIV are 23 times more likely
to develop TB compared to those without an HIV infection [1,2].
Therefore, developing sensitive, fast, and cost-effective methods
of diagnosing Mycobacterium bacteria becomes crucial.

DNA detection methods for early diagnosis of diseases have
attracted considerable attention [3,4]. DNA of TB has been detected
by several techniques such as polymerase chain reaction [5,6], DNA
microarray assay [7,8] and cycling probe technology [9]. However,
the existing methods have various limitations such as complexity,
long analysis time and high cost [10]. In contrast, electrochemical
DNA biosensors are attractive alternatives, due to their simple
application and low cost [11–14]. The performance of DNA electro-
chemical biosensors greatly depends on physical and chemical
properties of the electrode surfaces [15–17]. Therefore a variety
of materials have been used for construction of electrochemical
biosensors to improve their characteristics [11,18–23]. Metal oxi-
des have attracted considerable interest for electrode modification
[24–27]. Among various metal oxides, zinc oxide (ZnO) has
received much attention in biosensors because of desirable proper-
ties such as high surface area, nontoxicity, good biocompatibility,
easy formation of stable nanostructures, and high electron commu-
nication ability. In the case of DNA biosensors, positively charged
ZnO (isoelectric point 9.5 [28]) helps to hold negatively charged
DNA on the electrode surface. It is also a good candidate for con-
structing future small integrated biosensor devices [29–35]. Differ-
ent techniques have been used for synthesis of ZnO nanostructures
including hydrothermal decomposition [36], thermal evaporation
[37], chemical synthesis [38], precipitation [39] and crystallization
[40] methods. Recently, electrochemical techniques have been
used for growing ZnO nanostructures with different kinds of
surface morphologies and shapes because these methods are very
simple, fast and easy to control [41–43].

In the case of electro-inactive target compounds, a proper elec-
trochemical indicator is required which produce a sensitive signal
in response to the presence of target species. The electrochemical
indicator has been used in two different ways; as one of the com-
ponents of the modified electrode [44–47] in labelled biosensors,
or as a part of the buffer solution in label-free biosensors. Due to
the difficulties in attaching electrochemical indicators to
electrodes, and possible effect on the biomolecule (DNA, enzyme,
etc.) activity, it is preferred to apply label-free biosensors by using
electrochemical indicators, such as Fe(CN)63�/4� [48,49], methylene
blue [50], and [Ru(NH3)6]3+ [51].

In this study, we report electrodeposition of ZnO-AuNPs on a
glassy carbon electrode (GCE) for immobilization of single strand
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probe DNA of TB (ssDNA). To the best of our knowledge, this is the
first application of metal oxides in voltammetric TB- biosensor.
Hybridization of the target DNA (in sample solution), with ssDNA
(on the electrode surface) occurred during the incubation
time. As a result, the peak current of electrochemical indicator
(Fe (CN)6 3�/4�) decreased proportional to target DNA concentra-
tion. The proposed label-free DNA biosensor displayed high
selectivity and sensitivity, wide linear range and picomolar LOD
for TB- DNA.

2. Experimental section

2.1. Material and reagents

All reagents in the present study were of analytical grade and
used without further purification. Double distilled water was used
as solvent in all experiments. Potassium dihydrogen phosphate
(KH2PO4), potassium nitrate (KNO3), potassium chloride (KCl), zinc
nitrate hexahydrate Zn(NO3)2�6H2O, potassium hexacyanoferrate
(III) (K3[Fe(CN)6]) and potassium hexacyanoferrate (II) (K4[Fe
(CN)6]) were purchased from Merck (Darmstadt, Germany). Gold
(III) chloride trihydrate (HAuCl4�3H2O � 49.0% Au basis) was
obtained from Sigma-Aldrich (USA). DNA oligonucleotides were
purchased from Fazabiotech Co. (Tehran, Iran). Their sequences
were as follows:

Probe DNA (ssDNA): 50- GGTGAGGTCTGCTACCCAC-30- SH [52]
Target DNA: 50-GTGGGTAGCAGACCTCACC-30

Double-basemismatchedDNA: 50- GAGGCTAGCAGACCTCACC-30

Three-base mismatched DNA: 50- GAGGCTAGAAGACCTCACC-30

Non-complementary DNA: 50- AATCTCATGGCCGATTCGT-30.

2.2. Apparatus and measurements

Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and differential pulse voltammetry (DPV) were car-
ried out using a m-Autolab electrochemical system (Eco Chemie B.
V., Utrecht, Netherlands). For data acquisition and processing,
NOVA 1.8 software was used. The working electrode was a glassy
carbon electrode, GCE (i.d. = 3.0 mm) modified with AuNPs, ZnO,
and ssDNA (ssDNA/ZnO-AuNPs /GCE), a Pt wire was applied as aux-
iliary, and Ag/AgCl (KCl, 3 M) as reference electrode.

The bias potential for EIS experiments was 0.28 V, the ampli-
tude of the alternate voltage was 10 mV and frequency range of
100 kHz to 0.1 Hz was applied. Scanning electron microscopy
(SEM) images were obtained by a Tescan instrument, Model MIRA3
(Czech Republic). Atomic force microscopy (AFM) images were
obtained using a DME Dual Scope Scanner DS 95–200 (Herlev, Den-
mark). Energy – dispersive X-ray spectroscopy (EDX Oxford Instru-
ments, UK) was used in secondary electron mode (SE) to obtain
elemental maps of the composites.

2.3. Preparation of ssDNA/ZnO-AuNPs /GCE and hybridization with
target DNA

To obtain a mirror finish, the surface of GCE was polished by
alumina (0.3, 0.1 and 0.05 mm mesh sizes) slurry and subsequently
cleaned under ultrasonication in water–ethanol solution (1:1).
Deposition of ZnO was carried out in a mixture of Zn (NO3)2�6H2O
(0.5 mM) and KNO3 (0.1 M) by potentiostat electrolysis at �1.0 V
(vs. Ag/AgCl, KCl 3 M) during 300 s [53]. Then the electrode was
washed with a plenty of double distilled water and dried in an
oven (85 �C for 15 min) to obtain ZnO/GCE. To deposit AuNPs,
ZnO/GCE was immersed in HAuCl4 solution (0.5 mM) containing
0.1 M KCl, and a constant potential at � 0.4 V (vs. Ag/AgCl, KCl
3 M) was applied for 600 s [54]. Next, the prepared electrode
(AuNPs/ZnO/GCE) was washed with phosphate buffer solution
(PBS) and immersed in probe DNA solution (1 mM in PBS 0.05 M,
pH 7.0) for 12 h to obtain ssDNA/AuNPs/ZnO/GCE. Finally, the elec-
trode was thoroughly washed with double distilled water, and
stored in PBS (0.1 M, pH 7.0) at 4 �C when not in use.

TB-DNA (target DNA) in sample solutions was determined by
DPV on ssDNA/AuNPs/ZnO/GCE, in [Fe(CN)6]3�/4� (5.0 mM). The
difference between peak currents in the two steps (absence and
presence of target DNA, DIp) was used as analytical signal. Sche-
matic representation of the electrode preparation steps (Scheme 1)
shows the procedure, clearly.

3. Results and discussion

3.1. Characterization of the modified electrodes

Electrodeposition of ZnO nanostructures from nitrate baths has
been reported to occur via the following reactions [53]:

ZnðNO3Þ2 ! Zn2þ þ 2NO�
3 ð1Þ

NO�
3 þH2Oþ 2e ! NO�

2 þ 2OH� ð2Þ

Zn2þ þ 2OH� $ ZnðOHÞ2 ð3Þ
Zinc hydroxide formed through Eq. (3) is transformed into ZnO

at elevated temperatures (in this study, 85 �C):

ZnðOHÞ2 ! ZnOþH2O ð4Þ
The surface of ZnO/GCE was observed by SEM (Fig. 1A) which

showed the uniform distribution of ZnO nanoparticles. This mod-
ified electrode served as a proper substrate for deposition of
AuNPs (Fig. 1B) but the presence of AuNPs is not distinguishable
in SEM images due to their small size. AFM image of AuNPs/ZnO/
GCE (Fig. S1, Supp.docx) was also recorded which showed 3D
structure of the modified electrode. The nano-size ZnO, could
dramatically enhance the active surface area of GCE and provide
a suitable environment for AuNPs’ deposition. Further morpho-
logical study of ZnO/GCE by BET analysis (Fig. S1, Supp. docx)
showed both micropores and mesopores (BJH-plot) with a wide
distribution which is consistent with the N2 adsorption/desorp-
tion isotherm [55]. The BET surface area, BJH adsorption average
pore width and pore volume of ZnO/GCE were 7.35 m2 g�1,
1.82 nm and 0.081 cm3g�1, respectively. Finally, EDX elemental
mapping clearly showed the presence of Zn, and Au in the pre-
pared nanocomposite (Fig. 1C).

The interface properties of modified electrodes were studied by
CV and EIS (Fig. 2). As is shown in Fig. 2A, largely decreased peak
currents and increased peak to peak separation for Fe(CN)63�/4�

was recorded on ZnO/GCE (curve b) compared to GCE (curve a).
This observation may be related to the semiconducting nature of
ZnO with decreased conductivity. After electrochemical deposition
of AuNPs, the redox peaks of Fe(CN)63�/4� were restored (curve c),
which indicates enhanced electron transfer rate brought about by
AuNPs. Nyquist plots were recorded for different modified elec-
trodes (Fig. 2B). In comparison with GCE (curve a), the radius of
semicircle (proportional to electron transfer resistance, Rct) for
ZnO/GCE (curve b) increased from 171 X to 10930 X (decreased
rate of electron transfer), which shows reduced conductivity. How-
ever, after electrochemical deposition of AuNPs (curve c), Rct

decreased to 145 X, which demonstrated effective facilitation of
electron transfer due to the presence of conducting bridges of
AuNPs.

The effective surface area of GCE, AuNPs /GCE and AuNPs/ZnO /
GCE were calculated in K3[Fe(CN)6] solution by applying CV at dif-
ferent scan rates. According to Randles–Sevcik equation:



Scheme 1. Representation of electrode modification steps.
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Fig. 1. SEM images of (A) ZnO/GCE and (B) AuNPs/ZnO/GCE; (C) EDX map recorded at AuNPs/ZnO/GCE.
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Fig. 2. (A) Cyclic voltammograms, and (B) Nyquist plots of (a) GCE, (b) ZnO/GCE and
(c) AuNPs/ZnO/GCE recorded in Fe (CN)63�/4� solution (5.0 mM in 0.1 M KCl); inset is
the equivalent circuit. Rs = solution resistance, Rct = electron transfer resistance,
Cdl = double layer capacitance, W = Warburg impedance.
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Fig. 3. (A) Cyclic voltammograms, and (B) Nyquist plots of (a) AuNPs/ZnO/GCE, (b)
ssDNA/AuNPs/ZnO/GCE, (c) dsDNA/AuNPs/ZnO/GCE recorded in Fe (CN)63�/4� solu-
tion (5.0 mM in 0.1 M KCl); inset is the equivalent circuit. Rs = solution resistance,
Rct = electron transfer resistance, Cdl = double layer capacitance, W = Warburg
impedance.
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Ip ¼ 2:69� 105
� �

n3=2AD1=2Ct1=2 ð5Þ

Ip is proportional to the square root of scan rate, ʋ for a
diffusion-controlled current. In this equation, Ip is the peak current,
n is the number of electrons transferred, A is the electrode surface
area, D is diffusion coefficient, and C is Fe(CN)63�/4� concentration.
From the slope of linear plot of Ip vs. ʋ 1/2, effective surface area was
calculated as 0.031 cm2 for GCE, 0.054 cm2 for AuNPs/GCE and
0.083 cm2 for AuNPs/ZnO/GCE, which indicates more AuNPs were
deposited on ZnO/GCE than GCE due to the large surface area pre-
sented by ZnO nanostructures. The cyclic voltammograms and
Randles-Sevcik plots are reported (Fig. S2, Supp.docx).

Similar CV experiments were carried out on ssDNA/AuNPs/ZnO/
GCE before and after hybridization with target DNA (Fig. 3). As can
be seen, when ssDNA was accumulated on AuNPs/ZnO/GCE, the
peak current decreased (curve b). Moreover, after hybridization
with target DNA, the peak current decreased, significantly (curve
c). It may be due to increased number of negative phosphate
groups after hybridization, which resulted in strong repulsion of
Fe (CN)63�/4� from electrode. As a result, the peak current decreased
while peak to peak separation increased (curve c). Another reason
for this observation could be the less accessible active sites for Fe
(CN)63�/4� on electrode surface after DNA hybridization [56,57].

The corresponding EIS spectra were recorded (Fig. 3B), which
showed increased Rct from 145 to 292 X when probe DNA was
immobilized on AuNPs/ZnO/GCE (curve b compared to a).
Hybridization with target DNA resulted in largely increased Rct to
1903 X (curve c), which is consistent with CV results.

These observations demonstrated that hybridization of DNA at
ssDNA/AuNPs/ZnO/GCE is accompanied by a large decrease in peak
current of Fe(CN)63�/4�(increased DIp), which can be utilized in
label-free voltammetric detection of target DNA.

To investigate the role of deposited ZnO on biosensor perfor-
mance, ZnO-modified (ssDNA/AuNPs/ZnO/GCE) and ZnO-free
(ssDNA/AuNPs/GCE) electrodes were compared. The former
showed much larger peak current for Fe(CN)63�/4� in comparison
with ZnO-free electrode (curves a and b in Fig. 4A). The improve-
ment may be due to the porous structure of ZnO which increased



0

10

20

30

40

50

60

I P
/µ

A

ssDNA/AuNPs/ZnO/GCE         ssDNA/AuNPs/GCE 

a

b

c

d

B 

A 

Fig. 4. (A) Comparison between DPVs of modified electrodes ssDNA/AuNPs/ZnO/
GCE and ssDNA/AuNPs/GCE in the absence (a, b) and presence (c, d) of comple-
mentary DNA. (B) Comparison of peak currents based on DPVs in (A).

Fig. 5. Effect of (A) incubation time, and (B) pH, on the response of ssDNA/AuNPs/
ZnO/GCE to target DNA (100 pM) recorded in Fe (CN)63�/4� solution (5.0 mM in
0.1 M KCl).
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amount of deposited AuNPs, and also good electrical mobility
brought about by ZnO nanoparticles [29]. On the other hand, ZnO
with a partially positive charge at pH 7.4 (isoelectric point 9.5),
absorbs negatively charged DNA, i.e., more probe DNA accumu-
lated at ZnO-modified electrode. The result is hybridization with
more target DNA, and larger DIp on ssDNA/AuNPs/ZnO/GCE com-
pared to ssDNA/AuNPs/GCE.

3.2. Determination of target DNA

As discussed above, the peak current of Fe (CN)6 3�/4� decreased
in the presence of target DNA due to hybridization, so the peak cur-
rent change (DIp) was used as the analytical signal for determina-
tion of target DNA. To use ssDNA/AuNPs/ZnO/GCE as a DNA
biosensor for tracking TB, the effect of incubation time, and pH
on DIp were investigated. During incubation time, hybridization
proceeded to a significant degree up to 45 min but remained nearly
unchanged at longer times (Fig. 5A), so the biosensor was incu-
bated with sample solution for 45 min before electrochemical anal-
ysis. Fig. 5B shows the response of DNA biosensor to different pH
values. By increasing pH from 5.4 to 7.4, DIp increased and then
decreased at alkaline solutions, due to optimized configuration
and function of biological compounds at physiological pH 7.4.

In the next step, a calibration curve was obtained in optimized
conditions from DPV curves by using different concentrations of
target DNA. As can be seen from Fig. 6 (A and B), DPV peak current
decreased linearly with increasing target DNA concentration (log-
arithmic scale) over the range of 2.5–250 pM with two linear seg-
ments: DIp (mA) = 30 log [DNA](pM) �1, and DIp (mA) = 10 log
[DNA](pM)�20. The limit of detection (LOD) of 1.18 pMwas calcu-
lated (3S/N).

The smaller slope of the calibration curve in higher concentra-
tions of target DNA is due to the limited number of available probe
DNA on electrode surface for hybridization. Therefore, smaller
changes in peak currents of Fe (CN)63�/4� were observed, and the
slope of the second linear segment of calibration curve decreased.

The high sensitivity obtained in DNA analysis is due to the syn-
ergistic effect of ZnO and AuNPs that led to increased surface area
of the modified electrode, and resulted in higher loadings of thio-
lated probe DNA on AuNPs/ZnO/GCE compared to GCE. In addition,
better electrical communication brought about by ZnO and AuNPs
increased the method sensitivity.

To investigate the method selectivity, double-base mismatched
(DMM), three-base mismatched (TMM) or non-complementary
(NCMM) strands (each 100 pM) were examined as sample solu-
tions (Fig. 7). The corresponding DIp values were 48.8% (DMM),
27.0% (TMM) and 4.93% (NCMM) compared to an equimolar con-
centration of completely matched DNA (target), which shows the
recognition ability of the peoposed biosensor towards the DNA of
TB.

Three freshly prepared modified electrodes were applied to
evaluate the method reproducibility. Relative standard deviation
(RSD %) for DPV determination of target DNA (100 pM) was
2.97%, which shows excellent reproducibility of the biosensor.

Long-term stability of DNA biosensor was investigated by stor-
ing the electrode at 4 �C (in PBS 0.1 M, pH7.0) for 10 days. The mea-
sured DIp decreased only 4.25% after 10 days, demonstrating high
stability of the electrode.

Analytical performance of the proposed TB-DNA biosensor was
compared with other similar TB biosensors in literature. As shown
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Fig. 6. (A) DPV results for ssDNA/AuNPs/ZnO/GCE incubated with various concen-
trations of target DNA; (B) calibration curve (DIp versus log [DNA]).

Fig. 7. Comparison of hybridization signal intensities for ssDNA/AuNPs/ZnO/GCE in
the presence of double-base mismatched (DMM), three-base mismatched (TMM)
and non-complementary sequences (NCMM) oligonucleotides. The concentration of
each compound was 100 pM.

Table 1
Comparison of the analytical performance of the different DNA biosensors.

Modified electrode Method Liner range Limit of
detection

References

GCE/rGO–AuNPs-DNA-
Au–PANI

DPV 1.0 fM-
1.0 nM

– [13]

AuNTsA/ss DNA DPV 0.01–100 nM 0.05 nM [12]
MWCNTs-PPy- SWV 0.001 fM-

100 nM
0.3 fM [58]

PAMAM-Fc-ssDNA
Reduced graphene DPV 10 pM–

100 nM
0.895 pM [59]

oxide/quantum dots
acpcPNA EIS 2–200 nM 1.24 nM [60]
GCE-ZnO-AuNPs-ssDNA DPV 2.5–250 pM 1.8 pM This work

rGO: reduced graphene oxide; PANI: polyaniline; AuNTsA: gold nanotubes array;
MWCNTs: multiwalled carbon nanotubes; PPy: polypyrrole; PAMAM: poly(ami-
doamine) dendrimers; Fc: ferrocene; acpcPNA: pyrrolidinyl peptide nucleic acid

Table 2
Measurements of TB-DNA in a mixture of target, DMM, TMM, and NCMM sequences
by using the proposed method.

Sample
no.

Added amount of target
DNA (M)

Found amount of target
DNA (M)a

Recovery
(%)

1 2.50 � 10�12 (2.51 ± 0.12) � 10�12 100.4
2 2.50 � 10�11 (2.42 ± 0.09) � 10�11 96.8

a Average of 3 replicate measurements for each sample.
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in Table 1, detection limit and linear range for the proposed DNA
biosensor were comparable or better than previous reports. In
comparison with MWCNTs-PPy-PAMAM-Fc-ssDNA [58] and GCE/
rGO–AuNPs-DNA-Au–PANI [13], the proposed DNA biosensor has
some advantages, such as reproducibility, facile operation and
cost-effectiveness.

3.3. Analytical application of the DNA biosensor

A great feature of the designed DNA biosensor was its selectiv-
ity towards the target DNA in a mixture with DMM, TMM, and
NCMM. A mixture containing oligonucleotides DMM, TMM, and
NCMM (each 100 pM) was prepared. The target DNA (100 pM)
was added and measured using the proposed method. As can be
seen in Table 2, high accuracy is observed in measuring TB-DNA.
These results showed that the proposed biosensor could be useful
in real clinical samples for detection of TB- DNA.
4. Conclusions

A simple, cost effective and sensitive label-free electrochemical
DNA biosensor (ssDNA/AuNPs/ZnO/GCE) was constructed for
Mycobacterium tuberculosis bacteria (TB). The study revealed the
usefulness of ZnO nanoparticles for electrode modification in
biosensor application. The synergistic effect between ZnO and
AuNPs in the nanocomposite led to distinct augmentation in
response (DIp) to target DNA. A sensitive calibration curve was
obtained for TB-DNA in the concentration range of 2.5–250 pM
with a limit of detection of 1.8 pM. After 10 days, the response drift
of the biosensor was about 4%, which indicates its long-term stabil-
ity. The construction procedure showed excellent reproducibility
(2.97% for 3 electrodes). Good selectivity towards target DNA was
observed in the mixture with non-complementary DNA strands.
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