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g r a p h i c a l a b s t r a c t
� A FET biosensor based on Mo doped
ZnO NWs for HBV detection in label
free was reported.

� Complementary DNA target was
diagnosed in concentration ranges
from 1 pM to 10 mM.

� Sensitivity response of the HBV
biosensor showed a limit of detection
(LOD) of 1 pM.

� Biosensor could distinguish the clin-
ical samples TP, TN, FP and FN from
each other.

� Results showed that the FET
biosensor had better response in
comparison to PCR test.
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In this paper, a bio-sensing setup for investigating hepatitis B virus deoxyribonucleic acid (HBV DNA)
diagnosis including rapid testing and field effect transistor (FET) in label free assay is proposed. The FET
biosensor was fabricated by molybdenum doped ZnO nanowires (NWs) in easy method and cost-free
approach. The materialized NWs were synthesized by physical vapor deposition (PVD) growth mecha-
nism. The molybdenum dopant could bring about vacancy sites for DNA adsorption and electric charge
transfer. The capability of the fabricated biosensor was evaluated by investigating the PCR-verified
samples known as True Positive (TP), True Negative (TN), False Positive (FP) and False Negative (FN).
The FET biosensor could materialize the clinical tests on samples TP, TN, FP and FN and could distinguish
the clinical samples from each other. The designed biosensor showed more precision than the PCR-
outcomes by exhibiting more sensitivity on labeled samples known as FN. This research has analytical
and comparative study on fabricated biosensor performance. The achieved results show that the
biosensor had significant response to samples which have not been carefully detected by PCR test. The
fabricated biosensor showed high accuracy, precision, sensitivity, specificity and reproducibility for
differentiating (TP), (TN), (FP) and (FN) samples from healthy and normal sample. The response sensi-
tivity was calculated and biosensor showed a detection limit (LOD) of 1 pM. The biosensor demonstrated
high response and satisfied signal in the concentration ranges from 1 pM to 10 mM.
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1. Introduction

Hepatitis B virus (HBV) is a small DNA virus in the family Hep-
anaviridae [1]. The virus is a major cause of hepatitis, including
acute hepatitis, chronic hepatitis, cirrhosis and hepatocellular car-
cinoma (HCC) [1]. Although the vaccine is used to prevent the
spread of the hepatitis B virus, new patients become infected each
year [2]. In 2015, theWorld Health Organization (WHO) announced
that 900,000 people worldwide had died from the effects of hep-
atitis infection [2]. Therefore, if an effective and rapid method of
diagnosing hepatitis B is available, it will prevent the spread and
control the transmission of the disease, [3].

A large number of efforts for HBV detection have been materi-
alized [4]. A novel biosensor for detection of a single-nucleotide
polymorphism related to the HBV based on HRCA was fabricated.
The enhanced fluorescence intensity could detect the analyte [3].
Hepatitis B virus was detected through tin-doped WO3/In2O3 NWs
hetero-junction photo-electrode. The photo-electrode via the
electrochemical impedance responses (EIS) could detect the hy-
bridization of complementary HBV [5]. A HBV DNA biosensor based
on gold nanocrystals (AuNCs) was operated through EIS approach
under redox reactions process. The selectivity was investigated and
the results were coincided with distinguishability of 1-, 2- and 3-
mismatch targets [6]. A FET HBV DNA biosensor based on ITO NWs
was fabricated. The fabricated biosensor could detect single-
stranded hepatitis B virus DNA (SS-DNA) and diagnosed the
target after hybridization of SS-DNA with complementary oligo-
nucleotides [7].

Several methods and bio-sensing system were developed for
HBV detection [4]. Among detection system, the FET-based bio-
sensors have been used in wide fields especially in analyte detec-
tion [8,9]. These devices would allow the label-free detection of
bio-molecules by measuring their intrinsic charges [10]. The
detection limit of these sensors was determined by the Debye
screening of the charges from counter ions in solutions [8e13].

As the building blocks for FET-based biosensors, one-
dimensional ZnO nanostructures offer excellent surface-to-
volume ratio and are more suitable and sensitive for sensing ap-
plications [14]. During the past decade, ZnO nanostructures FET-
based biosensors are smartly designed and used due to their
great specificity, sensitivity, and high selectivity [14]. Additionally,
they have the advantage of low weight, low cost of mass produc-
tion, small size and compatible with commercial planar processes
for large-scale circuitry and biomolecule detection i.e. glucose,
cholesterol, uric acid, urea, hormone, proteins, nucleotide, bio-
markers [14]. The selective detection of multi-ions with ZnO
nanorods FETs array sensor for detecting wide linear ranges of
PO4

�3, NO3
�, and Kþ ions has been reported [15]. The fabrication of

vertically oriented ZnO nanosheets based solution-gated field-ef-
fect transistor (FET) sensor for the low concentration detection of
hydrazine has been reported [16]. The conductance of the solution-
gated FET hydrazine sensor showed substantial change upon
addition of different concentrations of hydrazine [16]. The fabri-
cation of a solution-gated FET sensor based on zinc oxide nanorods
modified iron oxide nanoparticles (a-Fe2O3 NPs) has been reported
[17]. The highly conductive solution-gated FET sensor employed the
calmodulin (CaM) immobilization on the surface of a-Fe2O3eZnO
NRs for selective detection of calcium ions (Ca2þ) in the water and
serum samples [17]. The fabrication of nozzle-jet printed flexible
ZnO nanorods FET glucose biosensor has been reported [18]. Utili-
zation of nozzle-jet printing methods resulted in highly repro-
ducible electrodes with well-defined vertical grown ZnO NRs for
high GOx loading and enhanced glucose sensing performance in a
wide glucose detection range [18]. A novel FET sensor for HBV DNA
diagnosis based on ZnO doped MoS2 NWs in label free approach
2

was fabricated. The biosensor could detect real samples in
sequencingmethod in high sensitivity. The biosensor could reach to
1 fM LOD at dynamic response time of 25 s the functionality was
96% after eight weeks maintenance [19]. A ZnO-FET, covalently
functionalized with single stranded DNA aptamers, provides a
highly selective platform for label-free small molecule sensing [20].
The response of the bio-functionalized ZnO-FET was tuned by
attaching a redox tag (ferrocene) to the 30 terminus of the aptamer,
resulting in positive current modulation upon exposure to ribo-
flavin down to pM levels [20].

In this paper, a field-effect transistor DNA biosensor based on
molybdenum doped ZnO NWs for detecting HBV compatible with
complementary metal oxide semiconductor technology in label-
free approach was described. In this work, we will show that the
fabricated biosensor is potentially suitable for detecting the HBV
DNA sequences. The capability of the fabricated biosensor was
evaluated by investigating the PCR-verified samples known as True
Positive (TP), True Negative (TN), False Positive (FP) and False
Negative (FN). The FET biosensor could materialize the clinical tests
on samples TP, TN, FP and FN and could distinguish the clinical
samples from each other. The designed biosensor showed more
precision than the PCR-outcomes by exhibiting more sensitivity on
labeled samples known as FN. The DNA target was measured in a
linear concentration range from 1 pM to 10 mM. In addition, the FET
biosensor showed highly the satisfied specificity for distinguishing
serum samples from normal and healthy samples.

2. Experimental details

2.1. Chemicals and materials

The precursors in high purity including molybdenum, zinc
metals and sulfur were purchased from Merck Co. (Germany). The
silicon wafers (Si; p-type [100]) as substrate were prepared from
CGS Co. (Iran). In order to conduct the back-gatemeasurements and
gate modulation and performance, the K3Fe(CN)6/K4Fe(CN)6 at
1 mM concentration in aqueous solution as ionic electrolyte was
used. In order to conduct bio-sensing investigations, several sam-
ples; 7 positive and 7 negative samples, were materialized. The
prepared samples were tested in concentrations ranges from 10 mM
to 1 pM. It should be noted that the best concentration in FET bio-
sensing performance in this assay was conducted at 1 nM (maybe
due to dynamic pressure and electrostatic geometrical rotation).
The oligonucleotides were washed by SD water and kept at �30 �C
temperature in the freezer.

2.2. Fabrication of the Mo doped ZnO NWs

In order to grow NWs, first a 150 nm thin layer in thickness was
manipulated on p-silicon substrate by magnetron sputtering depo-
sition and controlled by a quartz crystal monitor (thick aligner). The
sputtering frequencywas 13.56MHz. The thin films setup fabrication
wasmaterialized in two paces; first zinc and thenmolybdenumwere
sputtered. The sandwich layer for film materializing was followed:
the Mo þ Zn 1:9 filmwas 5 mm in thickness. The growth of the NWs
was conducted in the tubular furnace (horizontal and double clam-
ped) at 1600 �C temperature in gas presence (Ar:O2 ratio 20:1) for
100 min and the outcome was pasted on the FET device for bio-
sensing measurements. It is important to note, until 1000 �C; no
oxygen introduction was conducted.

2.3. Fabrication of NWs FET biosensor device

In order tomaterialize theMo doped zinc oxide NWs FET device,
initially the FET template was prepared. The highly doped p-silicon
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(100) type as a back-gate was used as substrate. The FET electrode
was comprised by a highly doped Si (p-type) with a SiO2 thin film
(100 nm). The SiO2 thin layer was served as back-gate terminal. The
back gate electrode was used to modulate the charged carriers and
their density. Then a 3 mm gold thin film in thickness as electrodes
was sputtered on substrate. The source and drain electrodes (Ti/Au
(20/60 nm)) were fabricated through electron beam lithography
(EBL) with spacing of 300 nm. Prior to the source and drain elec-
trodes defining, the Ti thin film was passivated by sputtering. The
FET device was cleansed in ethanol followed by lift-off process. In
final step, the Mo doped zinc oxide NWs were pasted on the Au
electrodes. In order to optimize Mo doped ZnO NWs FET biosensor,
the grownNWswere sonicated in ethanol bath for 1 h, and then the
suspensionwas drop-casted onto the FET electrode. The NWs paste
transfer on the FET device was performed under temperature,
pressure and wetness control.

In order to characterize the grown NWs morphology and illus-
trate of Mo doped Zinc Oxide NWs FET surface a field emission
scanning electronmicroscope (FESEM) (Hitachi model: S-4160) and
also, for phase determination and crystal investigation a trans-
mission electron microscope (TEM) (model; Philips, CM-30) was
applied. For semiconductor measurements, HP4155B SPA the
semiconductor parameter analyzer was used at room temperature.

2.4. Preparation of ssDNA probe modified electrode and
hybridization process

In order to conduct the FET measurements for NWs electrode;
first the NWs electrode surface was prepared in clean room for
hindering from bacterial contamination. Then the ss-DNA samples
(5 mL; in different concentration) which sonicated in Nafion solu-
tion (5 wt %, 10 mL) for 10 min were drop-casted on the electrode
surface. In order to remove the non-immobilized ssDNA oligonu-
cleotides; the probe ssDNA modified NWs electrode was dried
under argon gas presence at room temperature for 2 h and then
gently cleansed with BrittoneRobinson (BR) buffer. For performing
the hybridization process, the probe electrode was washed with
Milli-pore water and rinsed with buffer solution. A hybridized
buffer solution was used to hybridize the probe with target. The
hybridized buffer solution was 0.5 mM sodium chloride and
0.05 mM sodium citrate. The hybridization process was conducted
by drop-casting of the hybridized buffer solution (5 mL) containing
target DNA (different concentrations of complementary, non-
complementary and mismatches) on the probe modified elec-
trode at room temperature and preserved for 30 min. Then, the
NWs/ssDNA/target DNA electrode was washed with BR buffer so-
lution to remove the non-hybridized dsDNA and the FET mea-
surements were implemented. The prepared oligonucleotides
samples were prepared in concentrations ranges from 1 pM to
10 mM for ssDNA probe and dsDNA target. It should be noted that
the best concentration in FET bio-sensing performance in this assay
was conducted at 1 nM (maybe due to dynamic pressure and
electrostatic geometrical rotation).

3. Results and discussion

3.1. Biosensor setup and morphological crystal structure
characterizations

Fig. 1A and B shows schematically the pre-prepared FET elec-
trode and FET-setup biosensor, respectively (Fig. 1 A and B). Fig. 1A
shows the electrode setup in schematic illustration. The drain vs.
source spacing distance is around 300 nm. The schematic illustra-
tion of the fabricated FET molybdenum doped ZnO NWs biosensor
setup is pictured in Fig. 1B. The position of the reference electrode
3

which operates as gate electrode was located on top of bio-sensing
setup. The morphology and crystal phase structure characteriza-
tions of the fabricated molybdenum doped ZnO NWs were inves-
tigated by FESEM and HRTEM microscopic system. Fig. 1C shows
the materialized molybdenum doped ZnO NWsmorphology on the
biosensor electrodes. Fig. 1C shows the molybdenum doped ZnO
NWs. The nanoparticles (NPs) which are seen in FESEM image in
Fig. 1C were synthesized on the Si substrate. These NPs are Mo
doped zinc oxide particles that were not directed well in heat
treatment process for NWs fabrication. The geometry of the wire-
like (which is validated by TEM and HRTEM images, Fig. 1D) NWs
shows that their wide is 50 nm and are several hundred nanome-
ters in length. A large number of the molybdenum doped ZnO NWs
are uniformly surfaced on the supporting layer. The well-defined
stretched structure of the molybdenum doped ZnO NW was vali-
dated by the bright-field TEM image, Fig. 1D. The molybdenum
doped ZnO NW was grown by the self-assembly, surface layer by
layer and vapor liquid solid growth mechanism. Also they possess
perfect sharp edges which brings uniform size of 50 nmwith well-
defined facets. The HRTEM image (Fig. 1D, inset) shows the spacing
facets of the molybdenum doped ZnO NW correspond to (002)
plane with the lattice inter-plane spacing of 0.259 nm.

XPS was carried out to investigate the chemical valence states of
the different elements and surface elemental composition in Mo
doped ZnO. Fig. 2A presents the XPS survey spectrum and shows
the presence of Mo, Zn, O, N as well as P in the as-prepared Mo
doped ZnO NWs hybridized with DNA sequences sample and their
attachment. Fig. 2B presents the Zn 2p spectrum. The peak of
binding energy at 1022.3 eV was assigned to Zn 2p3/2 peak of the
Zn2þ and at 1044.7 eV was assigned to Zn 2P1/2 peak of the Zn2þ.
Metallic Zn with a binding energy of 1021.50 eV was not observed,
which confirmed that Zn exists only in the oxidized state. The Mo
3d XPS spectrum (Fig. 2C) showed two peaks at approximately
232.15 eV and 235.25 eV corresponding to Mo 3d5/2 and Mo 3d3/2,
respectively [19]. Fig. 2D shows the O 1s XPS spectrum, the binding
energy at 530.4 eV was assigned to O 1s. As can be seen in the XPS
measurements for the NWs sample, noticeable N 1s peak intensity
changes were observed at the N 1s peak (Fig. 2E), because of the
attachment/interaction of ssDNAwith the surface of Mo doped ZnO
NWs. In addition, N 1s (401.6 eV) belongs to the amino function-
alities in the ssDNA which obviously validates the attachment of
ssDNA on the NWs surface. The P 2p XPS spectrum (Fig. 2F) shows
the phosphorus attachment on the NWs-ssDNA sample crystal
lattice surface.

Fig. 3(A) and (B) shows the transfer and output characteristics of
the transistor hepatitis B DNA bio-sensing system at a concentra-
tion of 1 nM, respectively. The curve in Fig. 3 (A) shows the transfer
characteristics of FP against TN samples. As a comparison view, the
overall concept and behavior of the illustrated curves show that
these samples have the same bio-sensing electronic behavior. The
measured threshold voltage (VTH) for both samples was �4.4 V
which calculated by using the square current output slope at
VDS ¼þ1 V. In the cut-off zonewhere the value of VGS was less than
VTH, no passing current was allowed to exit. When the VGS value
was switched from �3 to þ1 V, the biosensor graph could have
separate linear and saturated areas. The calculated resistance from
the linear region at VDS ¼ þ 0.5 V were 404.5 and 98.6 U/mm and
the bias current in the saturation zone at VDS ¼ �5 V was 2.1 and
23.7 mA in applied VGS magnitude of �3 and 0 V, respectively. The
fabricated biosensor had low differential current and high resis-
tance in the saturation zone.

Fig. 4 shows the measured output characteristics of the
biosensor device for measuring FP samples at different concentra-
tions. In order to evaluate the biosensor response, the single-strand
probe was hybridized at low concentrations. It was not expected



Fig. 1. The morphological and crystal structure characterizations of the fabricated doped ZnO NWs and biosensor setup. (A) The electrode setup in schematic image. The electrode
(drain vs. source) spacing distances 300 nm. (B) The schematic picture of the fabricated HBV biosensor setup based on the NWs-FET device. (C) The FESEM image of NWs FET device,
scale: 400 nm. (D) The TEM and HRTEM images of the doped ZnO NW with wire like morphological structure.
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that the drastic measurement changes during the assay would
occur due to the change in threshold voltage (DVTH). This process
could be materialized, because the HBV DNA biosensor was not
operated in open-circuit (from the gate) situation [21]. However,
even if the open-gate mode was beneficial for DVTH, the severe
instability could occur with a biosensor designed in open-circuit
mode during the analytical measurements. Therefore, a gate elec-
trode such as the Au layer in this study could be a suitable sensing
strategy as backing layer. In addition, the Au surface has been
widely developed as a suitable surface for the composition of bio-
molecules or biomarkers [22]. In order to demonstrate a distinct
diagnosis, the measurement strategy was continued from the
lowest concentration at 1 pM to the highest concentration at 10 mM.
Several functionalized standard analyte solution of FP sample for
response measurements with different concentrations of 1 pM, 10
pM, 100 pM, 100 nM, 1 mM and 10 mM were materialized. The
chemical stabilization and pairing performance of a single-
stranded probe with a complementary target and measuring the
hybridization of a single-stranded probe with complementary
strand were able to change the forward bias. The biosensor system
increased the current output from 2.04 to 3.98 mA for 10 pM and
10 mM before reaching to saturation point, respectively at
VDS ¼ þ5 V reading voltage. In a word, the device was able to
achieve the highest surface current as shown in Fig. 3 after modi-
fying the chemical stabilization at the Au gate surface. However, the
hybridization of a single-stranded probe with a complementary
strand in a FP sample resulted in a regular current decrease. The
Huq team also reported that modifying the sensor surface as well as
adjusting the Au gate surface enhanced the output current [23].
4

This bio-sensing mechanism could be explained by the gate surface
charge and the concentration of the carrier. The current in the
source was regulated by a Schottky gate at the top of the channel.
The gating material could change the accumulated charge load,
which eventually created bias and changed the biosensor resis-
tance. Finally, the tracking signal from the gate surface was able to
enhance the IDS [24]. Therefore, surface charge was the main point
in the detection performance, which was the source of current
change, was followed by the carrier concentration. To detect con-
centrations of 1 pM and 10 pM, it could be suggested that therewas
not enough difference in surface charge or carrier concentration. It
was known that an electronic double layer was formed on the
metallic gate of the biosensor device [25]. When a single-stranded
oligonucleotide was attached to a self-adhesive component of the
biosensor, the effective gate dielectric capacity was changed
because of the voltage change at the gate electrode. This process
could change the corresponding IDS. Typically, no reports of high
sensitivity have been reported with a nanowire-based field effect
transistor biosensor designed to detect a very small analyte such as
DNA [26]. In other words, the identification of large target mole-
cules such as proteins or cells that could easily induce effective
capacity changes has been done in the past. In this study, there is no
effective difference in the formation of electronic double layers for
both of 1 pM and 10 pM. As a point of view on inorganic electron
transfer, the thiol group on the nanowire surface in bio-sensing
system, which consists of a lethal electron group, could be
another source for changing the carrier concentration. According to
the group of electrons removed from the oligonucleotide surface,
the Au surface has a relatively positive charge. Therefore, a



Fig. 2. The XPS survey spectrum (A) and core level spectra of Zn 2p (B), Mo 3d (C), O 1s (D), N 1s (E) and P 2p (F) for DNA hybridized Mo:ZnO NWs.
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Fig. 3. (A) and (B), the transfer and output characteristics for FET biosensor for hepatitis B DNA, at concentration of 1 nM, respectively.

Fig. 4. The calculated output measurements for evaluation of the HBV DNA biosensor
response for FP sample at different concentrations of 1 pM, 10 pM, 100 pM, 10 nM, 1 mM
and 10 mM.

M. Shariati, M. Sadeghi and S.H.R. Shojaei Analytica Chimica Acta 1195 (2022) 339442
positively charged surface can induce more two-dimensional
electronic gas and increase the drain-source current and forward
biased current. In this context, the delay-gate phenomenon is also
presented in Fig. 4, and its treatment could be due to the gate
surface trap effect. The surface charge of nanowires has been dis-
cussed in various studies, which can be easily confirmed with three
phenomena: namely, gate leakage current, VTH instability in the
transfer curve, and delay-gate in the output curve [27,28]. The
system tendency for measuring the analyte sensing can vary ac-
cording to the structure of the device and effective surface charge. A
report on the relationship between the surface charge of a tran-
sistor gate and the tendency to single and double-stranded analytes
measurement with two different structures has been validly
exemplified. In this study, one type shows a tendency to increase
the current, while another type shows a tendency to decrease the
current, although there is a target modifier for single and double-
stranded analytes [25]. Finally, after single-stranded oligonucleo-
tide probe immobilization on the nanowire surface and stabilizing
on the surface, the output current was reduced [29]. However, after
the single-strand oligonucleotide probe immobilization on the
nanowire surface, there was an increase in current, and after hy-
bridizing the complementary target bond and modifying on the
6

surface, the current was decreased [30].
Fig. 5 (A) shows the transfer curve plot for the FP, TN and the

healthy samples at a concentration of 1 nM. The designed system
could influence the current discharge in the saturation zone under
analyte introduction, and increase the output current from
0.4659 mA to 0.4817 mA, which is about 3.39% at the gate voltage
with a value of �3 V, see Fig. 5 (A). The current enhancement
beyond to saturation situation could be explained by electron
erosion in the trap inside the device. The electron trapped inside
the (NW þ oligonucleotide) systemwas activated by the excitation
voltage and hybridized to the carrier of complementary target
which followed by current enhancement. Various studies could
investigate the mechanism of trapping in which electron recycling
energy has been calculated by Arrhenius equation for electron
activation energy [31,32]. Some studies have shown that when the
gate voltage was exceeded above the threshold voltage, a photo-
electron current would be emitted in the channel region. This
photonic energy from the EL emission could have energy band-
widths of 1.9 eV and �3.4 eV which ionizes the DX-DX-ionized DX
centers. Although the electron current decrease was turned off due
to the electron emission factor, ionized DXþ could have been
sometimes survived due to the high energy barrier in electron re-
covery. Finally, this result in stable electron conductivity of the
(NWþ gateþ substrate) buffer layer, led to increase of gate leakage
and ultimately loss of environmental status. As shown in Fig. 5B, the
threshold voltages (VTH) in the FET biosensor were not affected by
the FN and TP samples, while the off-current was about 19.5% and
that was increased by the presence of HBV sample compared to
healthy conditions in the transfer curve.

Fig. 6 (A) shows the calculated surface current ratios from Figs. 4
and 5 for a TP sample at the lowest concentration and illustrates the
current output by detecting different concentrated solutions of the
FP sample at different levels. The biosensor current ratio (IFP/ITP) at
the reading voltage of þ5 V was calculated by measuring of the
different concentrated values (1 nM- 1 pM) of the FP and TP sam-
ples. The On state in Fig. 6 (A) indicates the state in which the an-
alyte enters and immobilize on the nanowire surface. The off state
in Fig. 6 (A) indicates the state that is achieved after washing the
electrode surface after the test. The level of the minimum blank
value was measured and the LOD parameter of the biosensor was
reached at 1 pM. The biosensor device was also able to measure
other concentrations of FP sample such as 10 pM,100 pM and 1 nM.
Also, there was no diagnosis based on the current level between 1
pM 1 and 10 pM without On-state. In summary, the biosensor
reduced the sensitivity as much as the low concentration of the FP
sample to 1 pM and covers the detection range at three orders. As



Fig. 5. Characteristics (A) of biosensor output under VG ¼ - 3V for 3 healthy, false positive and true negative samples. The progressive discharge current in the saturation zone
increased from 2.017 mA/mm to 2.164 mA/mm at VDS ¼ þ 5V and VGS ¼ - 3V, and characteristics (B) the biosensor transfer under VG ¼ þ 1V for 5 real positive and false negative
samples. The leakage current also increased from 0.0174 mA/mm to 0.0208 mA/mm at VGS ¼ - 5V and VDS ¼ þ1 V.

Fig. 6. (A) The calculated surface current ratios from Figs. 4 and 5 for a TN and FT sample at the lowest concentration. (B) The calculated resistance ratios of the samples; (TP), (TN),
(FP) and (FN). For a more detailed discussion, (the input diagram in Fig. 6 (B)), Fig. 6 B as a logarithmic concentration scale.
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mentioned above, the conduction-activated electron trap increased
the carrier concentration, and improves the sensing performance of
the nanowire transistor biosensor. Based on present measurements
at gate voltage (�3 V), a resistance calibration diagram was calcu-
lated. As shown in Fig. 6 (B), the resistance of the samples, (TP),
(TN), (FP) and (FN), it has been found [22] that the linearity of
normal resistance calibration could minimize changes in biosensor
performance depending on fabrication processes or detection
protocols, and in addition, normal calibration could be a parameter
of accurate design for the measurement membrane which was
applied for Real-time measurement [22]. As shown in Fig. 6 (B),
even if there was a linear relationship with the least squares
method at the low concentration range, the detection ratio after 10
pM was a significant deviation from the linear shape. For more
detailed discussion, the input diagram of Fig. 6 (B) was added as the
logarithmic concentration scale. As shown in Fig. 6 (B), a reasonable
and effective detection of the limited number of probe molecules in
the fixed region was available. This means that a high degree of
oligonucleotide saturates the molecular sites of the probe at the
functional gate, which should result in a nonlinear result or mea-
surement of high concentrations of oligonucleotides. In this case, it
is better to dilute the sample further for accurate diagnosis.

Following the commercialization approach, the bio-sensing key
was to use the real human sample as well as the standard sample.
7

There were a variety of methods for extracting real samples for
human hepatitis B virus DNA from blood. A blood sample from a
sick and healthy person was a good option for achieving a non-
invasive and rapid method of DNA extraction. In addition, real
samples for hepatitis B virus DNA were commonly used as bio-
markers of stress and related mental or physical illnesses. Most
studies have considered the level of the real sample for hepatitis B
virus DNA as a reliable measurement marker for axial adaptation to
stress [33]. The initial volume of the samples for clinical trials was
the same as volume of a non-clinical samples required for detection
and was 5 ml based on PDMS micro-fluidic membrane. Therefore, it
could be used immediately for the Care Test System (POCT). Finally,
experiments with real sample were performed for 7 cases of true
negative, true positive, false positive and false negative human
samples after diluting the sample. Fig. 7(A) and (B) and (C) show the
calculated ratios of the surface current of the FN sample vs. TN
sample at the lowest concentration, the output curve and the
transfer curve for 7 TP and FN samples of diluted serum samples,
respectively. In Fig. 7 (C) the eighth sample was distilled water. Also
the concentration of samples were 1 pM, 10 pM, 100 pM, 10 nM, 1 m
M,10 mM and 100 mM and named as S1 to S7 respectively. It should
be noted that the FN sample has been selected as a sample of the
designed system performance scale in relation to the gold standard.
In Fig. 7 (A) the measured current ratio was calculated at



Fig. 7. (A) shows the calculated ratios of the FN sample current rate at concentrations of 1 pM, 10 pM, 100 pM and 1 nM vs. the TN sample. At the lowest concentration, (B) output
curve and (C) the transfer curve were diluted for 7 TP and FN samples of serum samples. The samples concentration were 1 p.m., 10 pM, 100 pM, 10 nM, 1 mM,10 mM and 100 mM, for
the sample S1 to S7 respectively.
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concentrations of 10 pM, 100 pM and 1 nM as well as the detection
limit concentration of 1 pM. The info-diagram clearly shows a high
sensitivity of the Mo doped Zinc Oxide NWs electrode. In this case,
the detection limit of 1 pM can be evaluated for NWs electrode
under electric potential, [19]. The LOD (limit of detection) was
estimated via Eq. (1):

Y¼Sbþ3sb (1)

Where Sb is the signal of blank and sb is the standard deviation of
blank. As shown in Fig. 7 (A), the ratios calculated from the surface
current level of the FN sample vs. TN sample at the lowest con-
centrationwere illustrated. As shown in Fig. 7 (B), the off-current of
the transfer plot, when compared with the margin of the output
curve among similar specimens, could show a relatively large
margin between different serum samples. In this case, a UV lamp
was used to deactivate the vacancy sites, which were created by
altering the DTSP without binding the oligonucleotide on the
nanowire surface. The strategy and method of virus DNA detection
was the same as the standard solution test procedure. In Fig. 7 (C),
the biosensor could detect virus DNA at very low dilution for the
first time, regardless of the sample type. The transfer curve, which
was controlled at a drain voltage VDS ¼þ1V, evaluates the behavior
of the FN sample in two ways. The first stage is a relatively linear
region in which, due to the low DNA of the virus, a relatively small
increase in current occurs with increasing voltage. But after the
oligonucleotides were aligned, an increase in current occurs after a
certain amount of voltage. In addition, the difference between
these samples compared to an undiluted sample with a 10 order-
8

diluted serum sample can be discerned (Figs. 6 (A) and 7 (A)).
The biosensor has been able to reach a high specifity level for all FN
samples. Of the 20 patient samples tested, 7 samples were identi-
fied as FN and 7 samples as TP. The designed biosensor was able to
detect all of these samples in a different pattern. Since the size of
the tested human oligonucleotide was known to be about 1e16 nm
[34], it was found that the dilution process was ideal for stable
measurement.

In order to evaluate reproducibility of the fabricated FET
biosensor, the results for several concentrations were conducted
and the relative standard deviation (RSD) values were 2.2%, 3.2%,
2.7% and 2.8% for TN samples at 1 pM, 10 pM, 100 pM and 1 nM
concentrations respectively. The resulted RSDs show high accuracy.
If the RSD was higher than 9%, the biosensor accuracy would have
been lost.

Table .1 shows the comparative study for fabricated biosensor
against previous reports on bio-sensing investigations. The fabri-
cated biosensor could prove itself as a significant candidate both in
sensitivity and accuracy at bio-sensing technology and science.

4. Conclusion

In this paper, a highly sensitive and easily reproducible FET
biosensor based on molybdenum doped ZnO NWs has been
materialized. The fabricated biosensor could detect the HBV sam-
ples in label-free approach. The FET biosensor conducted the clin-
ical tests on TP, TN, FP and FN and could distinguish the clinical
samples from each other. The comparative biosensor showed high
sensitivity to samples that the PCR measurements demonstrated



Table 1
The comparison among the reported biosensors.

Sensing technique Concentration range LOD REF.

Fluorometric 100 pM e 0.040 mM 0.05 nM [3]
EIS 0.1 pM to 10 mM 1 fM [5]
EIS 0.1 pM to 0.1 mM 0.1 fM. [6]
ITO-FET 0.001 pM to 10 mM 1 fM [7]
MoS2-FET 0.5 pM to 50 mM 1 fM [19]
G-FET 0.5 pMe50 mM 0.5 pM [35]
LSPR 1£10þ4 pM e100 mM 10 nM [36]
Fluorometric 3£10þ6 pMe320 mM 0.45 nM [37]
Fluorometric 1£10þ5 pMe1£10þ3 mM 24 mM [38]
Fluorometric 1£10þ7 pMe0.004 mM 4.8 pM [39]
G-FET 4£10þ5 pMe50 mM 400 nM [40]
Mo doped ZnO-FET 1 pM to 10 mM 1 pM This work
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low responsitivity. The FET biosensor showed high accuracy and
satisfied specificity by differentiating TP, TN, FP and FN samples
from healthy and normal sample in very low LOD and wide con-
centrations ranges.
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