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The study is aimed at investigating the stability of electrochemical and biosensing properties of ZnO nanorod-based platinum
screen-printed electrodes (SPEs) applied for detection of bacterial pathogens. The platinum SPEs were designed and patterned
according to standard photolithography and lift-off process on a silicon wafer. ZnO nanorods (NRs) were grown on the
platinum working electrode by the hydrothermal method, whereas Salmonella polyclonal antibodies were selected and
immobilized onto ZnO NR surface via a crosslinking process. Morphological and structural characteristics of ZnO NRs were
investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD).
The results showed that the ZnO NRs were grown vertically on platinum electrodes with a diameter around 20-200 nm and a
length of 5-7 μm. These modified electrodes were applied for detection of Salmonella enteritidis at a concentration of 103 cfu/mL
by electrochemical measurements including cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The
ZnO NR-modified platinum electrodes could detect Salmonella bacteria well with stable measurements, and the signal to noise
ratio was much higher than that of 3 : 1. This study indicated that ZnO NR-modified platinum SPEs could be potential for the
development of biochips for electrochemical detection of bacterial pathogens.

1. Introduction

Electrochemical biosensors have recently attracted much
attention because of their potential applications in food
safety, environmental pollution monitoring, pharmaceutical
chemistry, and clinical diagnostics [1–3]. The electrochemi-
cal biosensors have many advantages such as easy operation,
low cost, high sensitivity, a simple instrument, and suitability
for portable devices [4]. However, these platforms require a
stable surface over time for specific applications; it will help

the system to improve the electron transfer between
electrolytic solution and electrode and minimize the loss of
biological molecules during the electrochemical process.
Carbon screen-printed electrodes (SPEs) are normally used
for detection of biological molecules, but they seem more
preferable for enzyme-based biosensors with enzymatic
redox reactions than for deoxyribonucleic acid (DNA) or
immuno-based biosensors [5, 6]. Platinum SPEs are also
developed for various purposes. Thanks to their electronic
properties and a narrow area of the working electrode, the
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electron transfer would occur easily [7]. However, it also
leads to a limitation of the contact space with targets and
the existence of biological molecules on the surface of elec-
trodes during the electrochemical process. Some advanced
nanomaterials have been proposed to solve the problem
and also enhance the sensor performance [8, 9].

Nanostructured metal oxides are quite attractive for
biosensor applications thanks to their biocompatibility and
advanced physical and chemical properties [10]. The advan-
tages of nanostructured metal oxides involve the surface-
charged depletion and efficient charge-transfer catalytic
properties which enable them to become a useful solid
support for antibody immobilization in biosensors [11].
Among others, zinc oxide (ZnO), a nontoxicity n-type
semiconductor with wide band gap (3.37 eV), high chemical
stability, good electrical properties, high isoelectric point
(pH9–9.5), and high electron transfer capability, is one of
the most interesting metal oxides used for biosensors
[12–14]. Recently, ZnO nanorods (NRs) have also revealed
advantages in biosensors, such as good reproducibility, high
sensitivity, and cost-effective fabrication techniques as well
as portability [15]. There are several ways reported to deposit
ZnO nanorods on substrates such as dielectrophoresis [16],
focused-ion-beam [17], or chemical vapour deposition [18].
This material can be easily synthesized in the nanorod shape
by the fast, low temperature, and inexpensive hydrothermal
route [19, 20]. Besides, the hydrothermal route can be
performed at low temperature to grow ZnO NRs on-chip
[21]. However, most reports of ZnO NR electrochemical-
based biosensor rely on the traditional three-electrode system
involving separated platinum wire counter electrode, ZnO
NR working electrode, and a reference electrode. The use of
traditionally separated electrodes suffers from a complex
configuration of the sensor measurement system and
consumes a large number of bioreceptors [22].

In the strategy of developing a new type of electrochem-
ical biochips for quick and accurate detection of bacterial
pathogens, ZnO NR-modified platinum SPEs have been
developed, and Salmonella bacteria is selected for testing
the stability of electrochemical and biosensing properties
of single-modified electrodes. Recently, Salmonella species
infection has posed a serious threat to public health, espe-
cially in developing countries, where people use poultry
meats and food-producing animals without control measures
[14, 19, 20]. In Vietnam, it is reported that Salmonella, a
bacterial pathogen, is present in most animal-origin foods
including poultry, ovines, porcines, fish, and seafood and
their food products [23]. Furthermore, some Salmonella-
contaminated fruits and fresh vegetables are also reported
to be associated with the Salmonellosis [24–26]. However,
detecting Salmonella is time-consuming and labour-intensive,
because the conventional methods require isolation, preen-
richment, or genome amplification [27]. Development of a
rapid and reliable method, especially biochip for electro-
chemical detection of the presence of these pathogens at a
low concentration, is also a very important mission for
point-of-care applications.

In this study, we designed and fabricated the ZnO NR-
modified platinum (Pt) compact electrodes by integration

of counter, working, and pseudoreference electrodes on a
chip. In the design, Pt is used as both counter and pseudore-
ference electrodes, whereas vertically grown ZnO NRs act as
working electrode. We also investigated the stability of the
electrochemical signal of the ZnO NR-modified Pt SPEs
before and after antibody immobilization and the detection
of Salmonella bacteria. The success of the study will help
fabricate multimodified sensors on a biochip for further
direct detection of bacterial pathogens.

2. Experimental

2.1. Reagents and Materials. Rabbit anti-Salmonella IgG
polyclonal antibody, Salmonella enteritidis (ATCC 13076),
and Escherichia coli (ATCC 25923) (106 cfu/mL, each) were
provided by the Department of Bacteriology, National
Institute of Hygiene and Epidemiology, Vietnam. Phosphate-
buffered saline (PBS) buffer, bovine serum albumin (BSA),
(3-mercaptopropyl)trimethoxysilane (MTS), N-(γ-maleimi-
dobutyryloxy)-sulphosuccinimide ester (GMBS), zinc nitrate
hexahydrate (Zn(NO3)2·6H2O), and hexamethylenetetramine
(HMTA) were from Sigma-Aldrich. All chemicals were of
analytical grade and used without any further purification.
Deionized (DI) water (>18MΩ) obtained from the Milli-Q
purifying system was used in this study.

2.2. Fabrication of ZnO Nanorod Matrix/Electrode. The
platinum SPEs were designed and patterned according to
standard photolithography and lift-off process on a 4-inch
silicon wafer. The design of platinum SPE is shown in
Scheme 1, which includes Cr/Pt counter, working, and pseu-
doreference electrodes. The double layer of Cr/Pt (20/150 nm
thickness) was deposited on a Si wafer covered with 300nm
of SiO2 using a sputtering system. The thin Cr layer promotes
adhesion of the Pt layer. The circular working electrode has a
diameter of 4mm, and the area covered by the electrodes is
12.56mm2, as in our previous publication [28]. A 20nm of
Zn seed layer was deposited by direct current (DC) sputter-
ing on the Pt layer of the circular working electrode in order
to grow the ZnO NRs thanks to our experience published
previously [29, 30] (Figure 1(a)).

Counter
electrode

Reference
electrode

Working
electrode

Pt electrode

Scheme 1: Design of a platinum based on the SPE.
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Figure 1 describes the whole preparation of ZnO NR-
modified Pt SPEs for electrochemical detection of bacterial
pathogens. After the growth of ZnO NRs on the Pt working
electrode, they were functionalized by crosslinkers to provide
active sites for antibody immobilization. Then, nonspecific
binding sites were blocked by BSA. Finally, bacterial patho-
gens were added on the working electrode for testing by using
electrochemical measurements.

ZnO NRs were vertically grown by a hydrothermal
method, as reported elsewhere [15]. Briefly, an aqueous solu-
tion of 0.02M zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
and 0.02M hexamethylenetetramine (HMTA) was pre-
pared in deionized water (Mili-Q). After vigorously stirring
(700 rpm) the mixture solution for 2 h at 25°C, the microelec-
trodes were loaded upside down in the solution, and then, the
temperature was increased to 80°C. After 24h of deposition,
the ZnO-coated electrodes were washed in deionized water
and dried with an N2 jet (Figure 1(b)).

2.3. Functionalization. Rabbit anti-Salmonella IgG polyclonal
antibodies were immobilized onto the surface of ZnO NRs by
crosslinking with N-[gamma-maleimidobutyryloxy] succini-
mide (GMBS). This heterobifunctional crosslinker contains
N-hydroxysuccinimide (NHS) ester and maleimide groups
that allow covalent conjugation with amino acid side chains
presenting amine and sulfhydryl groups. The immobiliza-
tion process includes silanization and crosslinking, as shown
in Figure 2.

In the silanization step (Figure 2(a)), the ZnO NR
electrode was submerged in a 2% solution of (3-mercapto-
propyl)trimethoxysilane (MTS)/ethanol for 1 h. To remove
the unbounded MTS, the silanized ZnO NRs were then
washed in the solvent and finally dried with an N2 jet. Attach-
ment of the MTS molecules to the ZnO NR surface was
reported to be predominantly through the silane groups with
the sulfhydryl groups molecularly oriented away from the
surface [31]. As metal oxides have hydroxyl groups on their
surfaces, the interaction with silanes (MTS) leads to the for-
mation of covalent -O-Si- groups between the surface and
the crosslinking agent, as shown in Figure 2(a). MTS is a
feasible option for functionalizing ZnO-based biosensors
because it is a commercially available chemical and provides
high antibody surface coverage with good uniformity [32, 33].
Therefore, this stage makes sulfhydryl (-SH) groups available
at the surface of the ZnO NRs for further linking to the mal-
eimide region of the secondary crosslinker GMBS in an
organic solvent [34]. In the crosslinking step (Figure 2(b)),
5μL of the GMBS was spread over the silanized ZnO NRs
and left to incubate for 1 h at room temperature. During this
process, the maleimide region of the conjugate GMBS binds
to the sulphydryl groups present on the silanized surface of
the ZnO. Covalent conjugation is possible by the attach-
ment of the NHS ester groups of the GMBS to the amine
groups of the antibody (Figure 2(c)). At the end, the
prepared sensors were washed in PBS solution and dried
with N2 jet (Figure 1(c)).
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Figure 1: The schematic outline of the fabrication of on-chip electrochemical electrodes based on ZnONRs: (a) deposition of Zn/Pt electrode
on the silicon substrate, (b) growth of ZnO NRs, (c) functionalization of ZnO NRs with silane and GMBS, (d) antibody immobilization,
(e) blocking the unspecific ZnO NR sites by using BSA, and (f) binding of bacterial antigens on the surface of the working electrode via
specific antibodies immobilized in advance.
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2.4. Preparation of the Electrochemical Biosensor Based on
ZnO NR-Modified Pt SPEs. All reagents and vials were stored
at 4°C during preparation and were left at room temperature
just before analysis. In order to immobilize the antibody on
the ZnO NR matrix electrode, the antibody solution was
prepared by dilution in a 0.01M phosphate-buffered saline
(PBS) solution (pH7.4). In order to investigate electrochem-
ical and biosensing properties of ZnO NR-modified Pt SPEs,
a fixed concentration of 2μg/mL of anti-Salmonella IgG
polyclonal antibody has been selected for capturing the
working electrode [32, 33]. The antibody was dropped onto
the functionalized ZnO NR matrix working electrodes and
incubated for 60min at room temperature to maximize the
binding of antibody to ZnO NRs (Figure 1(d)). Following
the antibody immobilization, a 5μL 0.2% BSA/PBS (0.01M,
pH7.4) was dropped onto the surface of the working elec-
trodes in order to block the blank space (Figure 1(e)) and also

cover nonspecific binding sites, then left them in incubation
for further 60min [4]. The electrodes were washed twice in
PBS to remove loosely bound antibodies. Afterwards, 5μL
of Salmonella bacteria diluted in PBS (0.01M, pH7.4) at a
concentration of 103 cfu/mL was dropped onto the modified
working electrode and incubated for 30min at room tem-
perature, then washed in PBS (0.01M, pH7.4) to remove
unbound components (Figure 1(f)). Similarly, positive
and negative controls were performed with E. coli at a
concentration of 106 cfu/mL and 0.2% BSA/PBS (0.01M,
pH7.4), respectively. After drying the electrodes under gentle
N2 flow, they were analyzed by electrochemical measure-
ments. Expectedly, during incubation, antigens of Salmonella
would bind specifically to antibodies on the surface of
electrodes, forming an insulating immune complex between
Salmonella antibody and antigens, which inhibits electron
transfer from the electrolytic solution to the electrode and

OH

Zn
O

 n
an

or
od

Zn
O

 n
an

or
od

OH

OH
+

H3C

H3C
H3C O

O
O

Si SH
O
O
O

Si SH

(a)

O
O

Si SH +O
OZn

O
 n

an
or

od

Zn
O

 n
an

or
od

N
O

O

O

O

N

O

O
O

O
O

O

O

O

N

O
O

Si S

N

(b)

O
O
O

Si Si
O

O
O

S

O

O
O

H
N

S

O

O
O O

O

O

N

Zn
O

 n
an

or
od

Zn
O

 n
an

or
od

N N

(c)

Figure 2: Antibody immobilization on ZnO NRs via GMBS crosslinker: (a) silanization the surface of the ZnO NRs, (b) conjugation of the
crosslinker GMBS to the silanized ZnO NRs, and (c) conjugation of the antibody with the crosslinking moiety.
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further changes in the electron transfer resistance. All elec-
trochemical measurements and testing were repeated with
five sensors which have similar electrochemical properties.

2.5. Characterization and Electrochemical Measurements.
Morphology and structure of ZnO NRs were studied by
field effect scanning electron microscopy (FESEM, S4800;
Hitachi) and high-resolution transmission electron micros-
copy (HRTEM, JEM 2100, JEOL). The crystalline structure
was analyzed by XRD (Rigaku Smart Lab®System) with
Cu Kα radiation operating at 40 kV and 40mA. Electro-
chemical measurements were performed by a PalmSens3
(Netherlands). Cyclic voltammetry (CV) and electrochem-
ical impedance spectra (EIS) were recorded in a 5mMK3
[Fe(CN)6]/K4[Fe(CN)6] solution. For CV, the potential
was cycled between -0.6V and +0.6V at a scan rate of
100mV/s. The EIS measurements were performed in the
frequency range from 50mHz to 20 kHz around the open-
circuit potential using an alternating-current probe with
amplitude of 10mV.

3. Results and Discussion

3.1. Characterization of ZnO Nanorods. The morphology of
the ZnO NR matrix on the Pt SPEs was investigated by
FESEM, as shown in Figure 3. The inset of Figure 3(a) is a
picture of the sensor chip based on ZnO NR-modified Pt
SPEs, which involves the Pt counter electrode, the Pt pseu-
doreference electrode, and the ZnO NR working electrode.
Vertical ZnO NRs were successfully grown on the pat-
terned Pt working electrode. Figure 3(b) shows a higher
magnification top-view of the grown ZnO NR matrix.
The as-prepared ZnO NRs have a clear hexagonal cross sec-
tion with a diameter and a length of around 20-200 nm and
5-7μm, respectively. The NRs were firmly grown and
uniformly distributed over the entire circular working elec-
trode substrate. The growth mechanism of ZnO NRs has
been discussed in detail in references [35, 36].

The crystal structure of the ZnO NRs grown on Pt
electrode was analyzed by XRD, and the result is shown
in Figure 4.

The diffraction peaks of the ZnO NRs can be indexed to
the standard profile of the wurtzite ZnO (JCPDS 36-1451)

[13]. Two extra peaks at 2θ = 40° and 46.5° were indexed
to the Pt layer coated over the silicon substrate. No other
peaks are present, signifying the absence of any impurity
or intermediate formation during growth. Sharp and intense
diffraction peaks confirm a high degree of crystallization of
ZnO NRs.

Morphology and crystalline structure of the ZnO NRs
were confirmed by HRTEM analysis, as shown in Figure 5.
Figure 5(a) illustrates a low magnification TEM image of
ZnO NRs with diameters around 30nm. The lattice fringes
of about 2.38Å are visible in Figure 5(b), confirming the good
monocrystallinity of the NRs. The lattice fringes are consis-
tent with the [0001] direction of hexagonal ZnO [12].

3.2. Electrochemical Measurements. To study the influence of
the substrate modification on the performance of the sensing
device, two kinds of electrodes including bare platinum SPEs
and ZnO NR-modified platinum SPEs were investigated. The
antibody (anti-Salmonella Ab) was immobilized on a self-
assembled monolayer (SAM) on electrodes using the same
synthesis protocol as described in Section 2.4.

Cyclic voltammetry (CV) in a solution containing 5mM
[Fe(CN)6]

3−/4− at 100mV/s scan rate gives a typical sigmoid
curve with steady state diffusion limited currents, as shown in

(a) (b)

Figure 3: SEM images of ZnO NRs on the Pt working electrode at different magnifications: (a) low magnification; (b) high magnification.
Inset: a picture of a sensor chip.
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Figure 4: XRD pattern of hydrothermally grown ZnO NRs.
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Figure 6. The CV plot from the ZnO NR-modified working
electrode (Figure 6, the red curve) shows lower redox peaks
than those from the bare Pt electrode (Figure 6, the black
curve), indicating a larger resistance associated with the
ZnO NR modification. After the antibody immobilization
onto the surface of ZnO NR-modified Pt SPEs, the peak cur-
rents of [Fe(CN)6]

3−/4− decreased (Figure 6, the blue curve).
This can be explained by the formation of a monolayer of
antibodies on the surface of electrodes that could hinder the
charge transfer to a certain extent. After incubation with
the sample solution, this layer could be thicker based on the
specific reaction of antigen-antibody on the electrode surface;
indeed, the redox peak currents further decreased (Figure 6,
the dark-cyan curve). This might be attributed to the nega-
tively charged antibody, which obstructed the transfer of
charges. The redox peak currents of antibody-immobilized
ZnO NR-Pt SPEs were stable after 20 cycles of CV scanning.
This confirmed the significant bond strength between ZnO
NR-antibody via the crosslinkers. After the Salmonella bacte-
ria was incubated on the working electrode surface for
30min, the redox peak currents steeply decreased (Figure 6,
the dark-cyan curve). This might be attributed to the thick
layer of antibody-Salmonella bacteria binding which inhib-
ited the electron transfer from the electrolytic solution to
the electrode.

To explain more clearly the phenomenon on the surface
of electrodes, electrochemical impedance spectroscopy
(EIS) was investigated. Thus, the impedimetric measure-
ments of ZnO NR-modified Pt SPEs have been performed
before and after antibody immobilization and also after the
incubation of bacterial antigens, as shown in Figure 7.
Nyquist plots were used to investigate the change in the elec-
tron transfer resistance at the interface between working elec-
trodes and electrolytic solution after each modification step.

The semicircle diameter at higher frequencies was related
to the charge transfer resistance (Rct) that controls the charge
transfer kinetics of the redox probe at the electrode interface.
As can be seen from Figure 7, the bare Pt SPEs exhibited a
small semicircle due to the fast charge transfer process
(Figure 7, the black curve, which was presented in the inset).

It is the EIS of the bare platinum SPEs zoomed in; the
Nyquist plots did not come from the point of origin between
Z ′ and Z″ axes (real and imaginary parts). They started from
the values of around 200 ohm of the Z ′ axis because of the
solution resistance. In fact, Pt is a metal with a high electrical
conductivity. After the modification of the Pt electrode
surface with ZnO NRs, the charge transfer resistance Rct of
the device became higher (Figure 7, the red curve), indicating
that ZnO NRs could detain the charge transfer as a semicon-
ductor material. When the antibody was immobilized on the
working electrodes’ surface, the resistance value significantly
increased, implying that the antibody hindered the charge
transfer to the electrode as an additional barrier (Figure 7,
the blue curve). Subsequently, after the reaction of bacterial
antigen-antibody, the layer at the electrode surface becomes
thicker and the resistance steeply rose even after 5 cycles of
CV scanning (Figure 7, the dark-cyan curve). The Randles

(a) (b)

Figure 5: HRTEM images of ZnO NRs at (a) low and (b) high magnification.
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equivalent circuit of the modified SPEs is also provided
in Figure 7.

For ZnO NR-modified Pt SPEs, factors such as high anti-
body binding and electron transfer rate play a major role. In
this work, all the experiments were performed at pH of 7.4
to retain its bioactivity but also accelerate charge transfer
communication between antigen and the electrode to a
large extent [9].

The respective semicircle diameter corresponds to the
charge transfer resistance (Rct), the values of which are calcu-
lated using the fitting program IviumSoft (developed by
Ivium Technologies, Netherlands) (Table 1). After antibody
immobilization of the ZnO NR-modified Pt SPE surface,
the mean Rct value was calculated as about 2,536Ω after
5 cycles of CV scanning, which is 1.56-fold higher than
the 1,621Ω obtained with the ZnO NR-modified Pt SPEs.
This indicates a clear verification that antibodies have been
successfully immobilized onto the platinum surface and
remained during the electrochemical process. The higher
Rct value can best be explained by reduced efficiency of the
redox couple, [Fe(CN)6]

3−/4−, to reach the electrode surface
in the presence of antibody, presumably due to charge
repulsion between the negatively charged antibody and
[Fe(CN)6]

3−/4− [37]. After the Salmonella bacteria interacted
on the electrode surface, the mean Rct quickly increased,
reaching 9,158Ω after 5 cycles of CV scanning. This might
be attributed to the thicker layer of bacteria-antibody formed,
which obstructed the transfer of charges, as discussed above.
These results were consistent with the results obtained from
CV. After the same scan cycles of CV, the mean Rct values

of ZnO NR-modified Pt SPEs after antibody immobilization
and E. coli incubation were much lower, 2,791Ω and 3,016Ω,
respectively. It is reasonable to suppose that most unspecific
elements have been removed from the electrodes during
washing steps and CV scanning as well. However, there are
still some elements bounded on the electrodes due to the
space obstruction. It also confirms that ZnO NR-modified
Pt SPEs were successfully used for the detection of Salmonella
bacteria at the concentration of 103 cfu/mL and could be
optimized for the further development of biochips for
electrochemical detection of other pathogens.

4. Conclusions

This study revealed that potential biosensors which could be
developed from Pt SPEs modified with vertical ZnO NRs on

0 4 k 8 k 12 k 16 k 20 k
0

4 k

8 k

12 k

0 100 200 300 400
0

100

200

300

(1)
(2)

(3)

Z
″ 

(o
hm

)

Z′ (ohm)

(4)

Z
″ 

(o
hm

)

Z′ (ohm)

Bare Pt

Rs

Rct

Cdl

Zw

W

(1)
(2)

(3)
(4)

Bare Pt
ZnO NRs/Zn/Pt

Ab/ZnO NRs/Zn/Pt
Salmonella
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Table 1: The Rct values varied according to the changes on the
surface of modified SPEs.

Sample Rct (ohm)

Pt SPEs 76 66 ± 0 42
ZnO NR-modified Pt SPEs 1,621 00 ± 81 05
Ab/ZnO NR-modified Pt SPEs 2,536 00 ± 177 52
Salmonella-Ab/ZnO NR-modified Pt SPEs 9,158 00 ± 457 90
BSA-Ab/ZnO NR-modified Pt SPEs 2,791 00 ± 167 46
E. coli-Ab/ZnO NR-modified Pt SPEs 3,016 00 ± 211 12
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the working electrode for electrochemical detection of
bacterial pathogens. The morphological and structural inves-
tigation showed that the ZnO NR matrix was well-patterned
and firmly grown on the Pt working electrode without impu-
rities. CV and EIS measurements proved the stability in the
detection of Salmonella bacteria at the concentration of
103 cfu/mL. The study opens opportunities for further
development of electrochemical biochips based on ZnO
NR-modified Pt SPEs for the expansion of rapid and accurate
detection systems for highly pathogenic bacteria.
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