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g r a p h i c a l a b s t r a c t
� HBV DNA FET biosensor in label free
and easily reproducible setup was
fabricated.

� Biosensor was materialized by novel
ZnO (NPs) doped MoS2 NWs through
VLS technique.

� Device showed sensitivity at 1 fM
LOD with response time of 25 s with
96% stability.

� Device diagnosed DNA targets in a
linear concentration range from 0.5
pM to 50 mM.

� FET device showed the high speci-
ficity by discriminating two different
human samples.
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An ultrasensitive field-effect transistor (FET) for hepatitis B virus deoxyribonucleic acid (HBV DNA)
detection in label free approach and easily reproducible setup was reported. The fabricated FET biosensor
was materialized by ZnO doped MoS2 nanowires (NWs). This report introduced a novel structure of the
MoS2 in bio-sensing approach. Because of unique electrical and structural properties of MoS2, HBV
biosensor could demonstrate the high sensitivity and showed the detection limit of 1 fM. The MoS2 NWs
fabrication was materialized through ZnO based vapor-liquid-solid (VLS) technique. The fabricated de-
vice could measure the DNA targets in a linear concentration range from 0.5 pM to 50 mM. The dynamic
response time of FET biosensor was 25 s. The functionality of the NWs biosensor for label-free mea-
surements could be repeated for several times without any significant malfunction and biosensor could
retain 96% of its initial response after eight weeks maintenance. The HBV biosensor showed high
selectivity by discrimination the complementary DNA oligonucleotides from non-complementary and
the mismatch (1, 2 and 3 bases) oligonucleotides. The materialized platformwas desirably reproduced for
HBV concentrations in human serum. The specificity of the biosensor was evaluated against several
different types of DNAs and the fabricated device showed the outstanding performance. In order to
optimize the device functionality, the biosensor was checked for two different human samples and
device could distinguish the samples from each other in the same manner.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction electron transfer on the electrode interface [21]. Furthermore, the
Hepatitis B virus is the main cause of hepatocellular carcinoma,
liver cirrhosis and finally the death of more than a million people a
year [1e5]. The range of clinical symptoms of this infection varies
and leads to acute, chronic infection, without clinical symptoms
and even rapid infection [6]. Acute infection is relatively self-
limiting and is associated with inflammation and necrosis of he-
patocytes. Mortality from acute infection is about 0.5e1% [7]. The
presence of HbsAg in the blood or serum for more than six months
indicates a chronic infection [8]. Age is a key factor in determining
the risk of a chronic infection development, so that the risk of
chronic infection in infants born to HBeAg-positive mothers is
about 90% positive and for children under five is 20e60%, and the
probability of chronic infection development in adults is about less
than 5%. In people with chronic infections, the range of disease
varies from person to person [9]. In some people, the infection is
inactive and does not lead to severe liver disease, but in others it
leads to fibrosis, cirrhosis, and enhancement of the hepatocellular
carcinoma risk, which can occur years after the initial infection [10].
Long-term studies in untreated people with chronic infections have
shown that the risk of spreading the infection to cirrhosis five years
after the onset of the infection is about eight to 20%. Consequently,
the accurate detection of this specific virus is tremendously
important in the diagnosis of pathogenic and genetic diseases [11].

Recently, nanomaterial-based bio-sensing strategies have
enabled substantial developments in the HBV detection [12].
Among the functional and advanced materials, MoS2-based mate-
rials in nano and micro scale have been used specifically for bio-
sensors and DNA aptamer [13e18]. A new nanoenzyme was
introduced to a label-free electrochemical immunosensor for
HBsAg detection [19]. The PtPd NCs@MoS2 was used for sensitive
detection of HBsAg, which was ascribed to their superior peroxi-
dase activity, good conductivity and high specific surface area and
synergistic amplification for current signals [19]. Compared with
the detection limit of colorimetric method; 3.3 pg/mL, the elec-
trochemical technique shows a lower detection limit; 10.2 fg/mL,
and a wider linear range from 32 fg/mL to 100 ng/mL [19]. A highly
selective and sensitive aptamer-based “capture-release” fluores-
cence detection of a malarial biomarker, i.e., Plasmodium lactose
dehydrogenase (pLDH) protein, using single-layer two-dimensional
MoS2 nanosheets was demonstrated [20]. The detection of the
target pLDH protein utilizing the aptamer-nanosheet sensing
platform was rapid and could be easily completed within 10 min
[20]. An ultrasensitive sandwich-type electrochemical immuno-
sensor was proposed for quantitative detection of hepatitis B sur-
face antigen [21]. First, the porous graphene oxide/Au composites
with good conductive ability were employed to accelerate the
Sequence name Sequence of oligonuc

Probe 50-AAT GTG CTC CCC
Target 50-GAG GAG TTG GGG
One-point
Mismatch

50-GAG GAG TTG GGG

Two-point
Mismatch

50-GAC GAG TTG GGG

Three-point
Mismatch

50-GAC GAG TTG CGG

Non-complementary 50-AAA AGG TGT AAG

2

amino functionalized molybdenum disulfide @ cuprous oxide
hybrid with coral morphology was prepared to combine platinum
nanoparticles for achieving signal amplification strategy [21]. Un-
der optimal conditions, a linear relationship between current signal
and hepatitis B surface antigen concentration in the broad range
from 0.5 pg/mL to 200 ng/mL, with detection limit of 0.15 pg/mL
(signal-to-noise ratio of 3) was obtained [21]. MoS2 nanosheets
were applied to detect the HBV analyte. The fluorescence of
polymer-capped Ag nanoclusters was quenched by MoS2 nano-
sheets [22]. Addition of ssDNA to the MoS2 nanosheets, prevent the
MoS2 nanosheets from aggregation and blocked the fluorescence
from being restored [22]. If complementary sequences was added, a
dsDNAwill be formed that does no longer prevent aggregation and
fluorescence is restored [22].

In this regard, a new platform for detecting HBV DNA based on
ZnO doped MoS2 NWs FET electrode was materialized. The bio-
sensing measurements were performed by FET (voltage-current
under gating control) mechanism. The HBV DNA probe was
immobilized on the ZnO doped MoS2 NWs and hybridization of the
complementary DNA target was detected. The ZnO doped MoS2
NWs biosensor could excellently distinguish the complementary
DNA target from other targets. The ZnO dopedMoS2 NWs biosensor
showed the detection of the HBV DNA in blood serum samples and
indicated the interesting results in the practical applications. The
stability and specificity of the fabricated biosensor were investi-
gated and device showed interesting result. The easily reproducible
capability of this approach would open windows for materializa-
tion of the pilot diagnosis in HBV detection.
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). The K3Fe(CN)6/K4Fe(CN)6 (1 mM) aqueous solution
as electrolyte was use to EIS measurements for evaluating gate
performance. The selected oligonucleotides were prepared under
dictated protocol by Bioneer Co. (South Korea). The 25-mer se-
quences including; probe (ssDNA), complementary, non-
complimentary and mismatch targets were evaluated with basic
local alignment search tool. The oligonucleotides were washed by
SD water and kept at �30 �C temperature in the freezer. The DNA
materials are defined as followed:

The sequences of DNA oligonucleotides.
leotides Company (Country)

CAA CTC CTC-30 Bioneer Co.
GAG CAC ATT-30 Bioneer Co.
GAG CTC ATT-30 Bioneer Co.

GAG CTC ATT-30 Bioneer Co.

GAG CTC ATT-30 Bioneer Co.

CGT TTG CCG-30 Bioneer Co.
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2.2. Fabrication of the doped MoS2 NWs

For fabrication of the ZnO doped MoS2 NWs, the silicon (Si P-
type) substrates were used to grow NWs. The substrates were
cleansed in ethanol bath and ultrasonically washed in acetone. The
preparation steps were conducted in 20 min. The substrates were
eventually immersed in de-ionized water for 1 h and dried in argon
gas. The ZnO doped MoS2 NWs were fabricated in physical vapor
deposition (PVD) mechanism. The ZnO doped MoS2 NWs were
synthesized by magnetron RF sputtering in 13.56 MHz frequency
followed by annealing and thermal evaporation. The sputtering
process was conducted in 7 � 10�7 mbar pressure and temperature
at 100 �C. The sputtering target was ZnO disc in 99.999% purity. The
deposition conditions after argon gas introduction were kept at
flow rate in 35 sccm, power in 100 W and temperature at 100 �C.
The chamber working pressure was 8 � 10�2 mbar in 25 sccm rate.
The ZnO thin film thickness was monitored with a crystal thickness
monitor up to 900 nm. Then the ZnO films were heat treated in
annealing process. After growth of short ZnO nanoparticles (NPs),
the process for MoS2 NWs fabrication was gotten started. After the
ZnO NPs materialization, they were put in tubular furnace as sup-
port layer. The molybdenum and sulfur source were put in boat at
99.999% purity (20:1). The heat treatment process was conducted
at 1600 �C temperature with argon and oxygen (Ar:O2 ratio 20:1)
presence for 90 min it is important to note, until 1000 �C; no ox-
ygen introduction was conducted. The oxidation step was per-
formed under vacuum condition. Finally the dopedMoS2 NWs films
were positioned in argon gas for NWs materialization. The final
outcome was the white thin film with a large number of the doped
MoS2 NWs.

2.3. Fabrication of NWs FET biosensor device

To materialize ZnO based MoS2 NWs FET biosensor, the fabri-
cated NWs on Si substrates were sonicated in ethanol bath for 1 h,
and then the suspension was drop-casted onto the FET electrode.
The FETelectrodewas 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. The source and drain electrodes
(Ti/Au (20/60 nm) were fabricated through electron beam lithog-
raphy (EBL) with spacing of 2 mm. Prior to the source and drain
electrodes defining, the Ti thin film was passivated by sputtering.
The FET device was cleansed in ethanol followed by lift-off process.

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
3

electrode 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.

2.5. Instrumental characterizations and electronic measurements

The morphology measurements and characterization in-
vestigations were conducted by a scanning electron microscopy
(Hitachi S-4160, Japan) and a transmission electron microscopy
(Philips, CM-30). The crystallographic measurements were con-
ducted by a Rigaku D/max RB X-ray diffractometer, XRD-6000,
Japan, with CuKa line (40 kV, 100 mA). The electrical transport
parameters were conducted and measured by a semiconductor
parameter analyzer (HPe4155C).

3. Results and discussion

3.1. Morphological and crystal structure characterizations

The morphological and crystal structure characterizations of the
fabricated doped MoS2 NWs were investigated by FESEM and
HRTEM microscopic measurements. Fig. 1 (A) shows the process
before MoS2 NWs growth. The ZnO NPs shape and their accom-
modations for MoS2 growth were clear. The ZnO NPs could bring
the key parameters for NWs growth. As it is seen in Fig.1A, the NWs
could germinate from ZnO NPs. Fig. 1B shows the materialized
MoS2 NWs morphology. Fig. 1B shows the MoS2 NWs in wire-like
shape and they are around 50 nm in wide and several microns in
length. The surface of the supporting layer is uniformed with a
large number of the MoS2 NWs. Fig. 1C shows the TEM and HRTEM
images of a doped MoS2 NW with wire like morphological struc-
ture. The bright-field TEM image of doped MoS2 NW shows the
well-defined stretched structure. The TEM image shows that the
MoS2 NW is grown by the self-assembly (surface layer by layer) VLS
approach and possesses perfect sharp edges and well-defined fac-
ets with the uniform size of 50 nm. The HRTEM image (Fig. 1C,
inset) shows the spacing facets of the MoS2 NW correspond to
(002) plane with the lattice inter-plane spacing of 0.72 nm. The
HRTEM image validates the MoS2 phase structure [20]. Fig. S1
shows the XRD pattern of the doped MoS2 NWs phase structure.
Fig. S1 shows the compatibility and accordance between HRTEM
and XRD pattern results.

Fig.1D shows the electrode setup in schematic image. The A sign
is related to the electrode (drain vs. source) spacing distance. Fig. 1E
shows FESEM image of NWs FET device. Fig. 1E shows the random
distribution of MoS2 NWs on the FET device surface. Fig. 1F shows
the schematic picture of the fabricated HBV biosensor setup based
on the NWs-FET device. The reference electrode as gate electrode
was positioned on top of the sensing system.

3.2. NWs-FET device characteristics and sensing mechanism

The device electronic transfer measurements were curved in
Fig. 2A. Fig. 2A shows the Ids vs. VG for bare electrode, probe,
mismatch and complementary targets at 1 mM concentration.
Fig. 2A exhibits ambipolar field effect properties of the bio-sensing
device. The FET biosensor was biased via VG in different values
varying from �1.25 to 1.75 V in fixed Vds at 0.1 V. The charge
neutrality point voltage (Vcnp) was measured at the minimum
conductance point of the transfer curve also known as the Dirac
point. The transfer curve of the biosensor was shifted to the positive
values after modifying with probe oligonucleotides. The positively
shift by addition of mismatches and complementary HBV DNA
sequence (aptamer) was consistently repeated in Fig. 2A. The



Fig. 1. The morphological and crystal structure characterizations of the fabricated doped MoS2 NWs and biosensor setup. (A) The germination from ZnO NPs for NWs growth, Scale:
2 mm, (inset Scale: 500 nm). (B) The materialized MoS2 NWs. The MoS2 NWs in wire-like shape and around 50 nm in wide, Scale: 2 mm, (inset Scale: 500 nm). (C) The TEM and
HRTEM images of the doped MoS2 NW with wire like morphological structure. (D) The electrode setup in schematic image. The A sign is related to the electrode (drain vs. source)
spacing distance 2 mm. (E) The FESEM image of NWs FET device, scale: 2 mm. (F) The schematic picture of the fabricated HBV biosensor setup based on the NWs-FET device.
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negative electrostatic gating and the electrostatic and steric
repulsion associated with charge exchange between sulfur and
negative charges of DNA sequences induced the positive direction
shift of Vcnp in The transfer curve [23]. The negative electrostatic
gating effect was intensively induced to introduce the excess hole-
based carriers to the surface and conduct the positive shift of the
Vcnp. The X-ray photoelectron spectroscopy (XPS) was conducted to
further investigate the oligonucleotides attachment on the NWs
surface. The immobilization bond and interaction between the
4

virus DNA and MoS2 nanowires was mainly due to coordinate co-
valent bonds. The chemical coordinate bond was formed due to the
donation of a lone electron pair by active and non-binding sulfur
atom to oxygen atom. Fig. S2 shows the XPS spectra of NWs sam-
ples for ds-complementary, mismatch, non-complementary targets
and ss-probe. As it can be seen in the XPS measurements for the
NWs sample, noticeable N 1s peak intensity changes were observed
at the N 1s peak, because of the attachment/interaction of ssDNA
with the surface of NWs [23e26]. In addition, N 1s (400.1 eV)



Fig. 2. (a) Transfer characteristics of the doped MoS2 NWs-FET for the bare FET and after immobilization of 1 mM probe oligonucletides, mismatches sequence and complementary
target. (b) Transfer characteristics of the doped MoS2 NWs-FET with forward VG (blue) and backward VG (dark brown). (C) The stability measurements of the biosensor for probe and
target investigation after 8 weeks maintenance (yellow line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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belongs to the amino functionalities in the ssDNA which obviously
validates the attachment of ssDNA on the NWs surface (part A). The
core-level C 1s XPS spectra of the NWs-ssDNA sample showed four
main peaks; the main peak at 282.9 eV in the C 1s spectrum cor-
responds to carbon species in the ssDNA bonded to NWs crystal
lattice, whereas other peaks located at 289.5, 288.1 and 286.7 eV
can be ascribed to the adsorbed oxygen species which tangled on
the NWs-ssDNA surface (part B) [23e26]. The core-level O 1s XPS
spectra of the NWs-ssDNA sample showed two peaks; the main
peak at 531.1 eV in the O 1s spectrum corresponds to oxygen agents
in the NWs-ssDNA sample crystal lattice, whereas the peak located
at 532.7 eV can be ascribed to the adsorbed oxygen species on the
NWs-ssDNA sample (part C) [23e26]. The P 2p XPS spectrum
shows the phosphorus attachment on the NWs-ssDNA sample
crystal lattice surface (part D). The core-level S 2p XPS spectra of the
NWs-ssDNA sample showed two peaks; the main peak with the S
2p3/2 binding energy at 162.2 eV in the S 2p spectrum corresponds
to sulfur agents swapped with non-bridging oxygen atom in the
NWs-ssDNA sample crystal lattice, whereas the peak located at
163.4 eV can be ascribed to the sulfur-coordination site electro-
statically adsorbed on the neighboring DNA phosphate linkage in
the NWs-ssDNA sample (part E) [23e26].

In order to evaluate the stability and reproducibility of doped
MoS2 NWs FET, the transfer curve was tested in forward and
backward gate-source voltage in successive sweeps (Fig. 2B). The
5

fabricated doped MoS2 NWs FET device showed the stability by
exhibiting the forward (blue) and backward (dark brown) gate-
source voltage sweeps overlap (Fig. 2B).

The oligonucleotides bond to the surface and their immobili-
zation to the NWs surface mainly were due to thiol-based bond. By
injection of the HBV DNA solution to the NWs surface, the nega-
tively charged phosphate-backbone made the thiol-based bond
materialization. The thiol-based bond was originated from sulfur
agents that swapped with non-bridging oxygen atom in the NWs-
ssDNA sample crystal lattice, and bond ascribed to the sulfur-
coordination site electrostatically adsorbed on the neighboring
DNA phosphate linkage in the NWs-ssDNA sample (see Fig. S2).
Fig. 2C shows the stability measurements of the biosensor for probe
and target investigation after 8 weeks maintenance. Fig. 2C shows
the after 8 weeks (yellow line) preservation in freezer and the
biosensor could retain 96% of its initial response after eight weeks
maintenance.

3.3. Real-time responses of doped MoS2 NWs-FET biosensor

In order to investigate the dynamic response of the doped MoS2
NWs-FET biosensor, the titrations of HBV DNA were measured by
observing the Ids as a function of time. Fig. 3 shows the dynamic
properties of the doped MoS2 NWs-FET biosensor as a function of
time at different analyte (complementary target) concentrations.



Fig. 3. The real-time response of the doped MoS2 NWs-FET at different concentrations
injected progressively from 0.5 pM to 50 mM.
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Fig. 3 showed that the dynamic response time of the DNA biosensor
was 25 s. As the analyte (complementary target) concentrationwas
enhanced, the Ids values were decreased. The DNA biosensor
responded instantaneously to the concentration enhancement for
several minutes, Fig. 3. In order to calculate the kinetic constant, the
Langmuir formulation was applied. It has been known that the
biosensor response to current changes due to immobilization of the
oligonucleotides on the doped MoS2 NWs-FET and device surface
coverage was linear.

The channel current thus is described as absorption Eq. (1) and
desorption Eq. (2) [23]:

DIds ¼DImax

�
1� e�ðkon½A�þkoffÞt� (1)

and

DIds ¼DImax

�
e�koff t

�
þ Ir (2)

Where, DIds indicates drain-source current change at oligonucleo-
tides immobilization time, t is the equilibrium setting time of the
applied concentration and DImax indicates the maximum response
signal at HBV DNA concentration [23]. The association and disso-
ciation rate constant are indicated by kon and koff, respectively. The
Ir indicates the amount of immobilized oligonucleotides which
deposed after HBV DNA desorption. In order to calculate the kon, the
binding constants were measured independently for each of the
HBV DNA concentrations. The dissociation rate constant was
calculated by fitting the dissociation phase. The KD (binding equi-
librium constant) in range from 4.23 � 10�5 to 4.98 � 10�5 M was
calculated by the ratio of the association (binding) constant and
dissociation (nonbinding) rate constant. The biosensor showed the
limit of detection (LOD) of 1 fM. This very low LOD shows the
outstanding capability of the fabricated biosensor. The measure-
ment of LOD parameter was calculated by Y¼ Sb þ 3sb, which sb
and Sb are the standard deviation and the signal of the blank,
respectively. The 3sb was the standard deviation value from the 20
blank tests.
6

3.4. Selectivity, sensitivity, and regeneration of the HBV DNA sensor

The sensitivity properties of the doped MoS2 NWs-FET
biosensor by successively injecting different oligonucleotides con-
centrations into the device surface have been investigated (Fig. 4A).
The sensitivity measurements were conducted in concentration
range from 0.5 pM to 50 mM. The repeatability of the biosensor in 3
samples for each concentration was performed in five tests.

The drain-current parameter by HBV DNA concentration
enhancementwas decreased. At n-type region, in fact at Vgs¼ 1.25 V,
the transfer curve shows linear treatment. Fig. 4B shows the cali-
bration curve for drain-current changes vs. HBV DNA concentration.
The calibration curve shows a good linear relationship between
drain-current changes and oligonucleotides concentration (in loga-
rithm scale) for concentration range from 1 pM to 10 mM. Fig. 4B
shows the high sensitivity for proposed biosensor in comparison
previous works, see Table 1. Table 1 compares this work quantita-
tively with conducted researches that have been reported for
detecting HBV DNA [9,23e36]. As shown in Table 1, the LOD of the
doped MoS2 NWs-FET biosensor is one or several orders lower than
most of the reported results. The high sensitivity of the sensor can be
attributed to the high surface to volume ratio and large specific
surface area ofMoS2 NWs (Fig. 2C). Due to the high surface to volume
ratio of the doped MoS2 NWs, the bond sites were comprehensively
enhanced. This made the adsorption sites very attractive for HBV
DNA oligonucleotides immobilization. The selectivity of the fabri-
cated HBV DNA biosensor was evaluated by exposing the doped
MoS2 NWs-FET to four types of target sequences, including single
base-mismatch, two base-mismatch, three base-mismatch DNA,
complementary DNA. Fig. 4C shows the selectivity of the probe, one
base-mismatch, two base-mismatch and three base-mismatch DNA
and complementary targets. Compared to the complementary DNA
sequence (Fig. 4C), the drain-source changes of two and three base-
mismatch DNA oligonucleotides were gradually decreased due to
low or non-specific hybridization on ssDNA probe on doped MoS2
NWs. Thematerialized HBVDNA biosensor could highly discriminate
the complementary DNA from mismatched DNA targets and show
the significant selectivity. In order to regenerate the doped MoS2
NWs-FET biosensor for reusing in the successive bio-sensing mea-
surements, 2 M NaCl applied to the bio-sensing system. The regen-
eration process was conducted by oligonucleotides decomposition.
In other means, the HBV DNA should be split from probe aptamer.
Fig. 4D shows the reuse of biosensor after regeneration process. The
high salt concentrations usage helped HBV DNA release from the
HBV DNA probe aptamer. The investigation was performed after
several times without any failure and malfunction.

3.5. HBV DNA analysis in real sample

In order to investigate the capabilities of the fabricated
biosensor to sense the complex biological matrix, the doped MoS2-
FET biosensor was used to test the human serum samples.

Fig. 5A shows the transfer curves of the doped MoS2-FET
biosensor in different concentrations, ranging from 0.5 pM, 50 pM,
5 nM, 50 nM and 0.5 mM. For human samples sensing, the solutions
were loaded with 10% diluted human serum. The proposed
biosensor exhibited the sensing treatment for human samples
similar to those prepared in buffer. The drain-source current was
decreased as the concentration was enhanced see Fig. 5A. The
calibration curve shows a linear treat for relationship between
drain-source current changes and concentration (logarithmic
scale), Fig. 5B. In order to evaluate the specificity of the fabricated
biosensor, the HBV DNA assay was investigated in different human
sample. Fig. 5C shows the results of the transfer curves for several
concentrations for second human sample. The second sample was



Fig. 4. (A) The sensitivity responses of the HBV doped MoS2 NWs-FET biosensor. (A) The calibration plot for doped MoS2 NWs-FET biosensor. The drain-source current changes
against concentration (logarithmic scale, 1 pM to 10 mM, R2 ¼ 0.994. (C) The specificity measurements for mismatches (1, 2 and 3-bases) oligonucleotides samples in comparison to
complementary target. (D) The regeneration measurements for testing the repeatability of the biosensor.
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conducted after applying the Laser and X-ray radiation associated
with putting in shrimp alkaline phosphatase (SAP) and washing the
device in the much purified DIW. The transfer plots of the second
sample also showed a similar behavior to the first sample, Fig. 5C.
Fig. 5D shows the device behavior by studying the drain-source
changes for second sample in different samples. Finally the de-
vice was cleansed in Laser and X-ray radiation followed onwashing
by DIW. The obtained results demonstrate that the materialized
device based on the dopedMoS2 NWs-FET biosensor is available for
HBV DNA diagnosis in real biological samples.
Table 1
The comparison among the reported biosensors.

Sensing Technique Concentration range LOD REF.

EIS-Laser 0.1 pM to 10 mM 1 fM [9]
EIS-(In þ Au) NCs 0.1 pM to 0.1 mM 0.1 fM [23]
G-FET 0.5 pMe50 mM 0.5 pM [27]
EIS 0.1e20 nM 34 pM [28]
EIS 13.6 nMe10mM 13.6 nM [29]
LSPR 10 pMe10 mM 10 pM [30]
LSPR 0.01e100 mM 10 nM [31]
Fluorometric 3e320 mM 0.45 nM [32]
Fluorometric 140 nMe17.5 mM 140 nM [33]
Fluorometric 0.1e1 mM 24 mM [34]
Fluorometric 10e4000 pM 4.8 pM [35]
G-FET 400 nMe50mM 400 nM [36]
This work 0.5 pM to 50 mM 1 fM This Work
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4. Conclusions

In this report, an ultrasensitive and easily reproducible
biosensor based on dopedMoS2 NWs FET in label-free approach for
detection of HBV DNA in blood serum has been fabricated. The
novel doped MoS2 NWs were materialized through ZnO based VLS
technique. The HBV biosensor could detect the small molecules at
LOD of 1 fM in a linear concentration range from 0.5 pM to 50 mM.
The fabricated biosensor showed good repeatability and stability
and the materialized biosensor could retain 96% of its initial
response after eight weeks maintenance. The proposed device
showed high selectivity by discrimination the complementary se-
quences from the mismatch (1, 2 and 3 bases) sequences. The
specificity of the biosensor was evaluated against several different
types DNAs and it showed the outstanding performance. The pro-
posed biosensor was fabricated in cost-free and reproducible pro-
cess and could distinguish the human samples from each other.
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Fig. 5. (A) The sensitivity responses of the HBV doped MoS2 NWs-FET biosensor for human serum, sample 1. (A) The calibration plot of the doped MoS2 NWs-FET biosensor
measurements for human serum, sample 1. The drain-source current changes against concentration (logarithmic scale, 0.1 pM to 0.1 mM, R2 ¼ 0.992. (C) The sensitivity responses of
the HBV doped MoS2 NWs-FET biosensor for human serum, sample 2. (D) The current responses of the doped MoS2 NWs-FET for detecting HBV DNA in human serum, sample 2.
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