
 
 

Application and prospect of semiconductor biosensors in
detection of viral zoonoses

Jiahao Zheng1, Chunyan Feng1, 2, Songyin Qiu1, Ke Xu3, Caixia Wang1, Xiaofei Liu1, Jizhou Lv2,
Haoyang Yu1, and Shaoqiang Wu1, †

1Institute of Animal Quarantine, Chinese Academy of Inspection and Quarantine, Beijing100176, China
2Chinese Academy of Inspection and Quarantine Center for Biosafety, Sanya 572024, China
3National Institute for Viral Disease Control and Prevention, Chinese Center for Disease Control and Prevention, Beijing 102206, China

 

Abstract: The rapid spread of viral zoonoses can cause severe consequences, including huge economic loss, public health prob-
lems or even global crisis  of  society.  Clinical  detection technology plays a very important role in the prevention and control  of
such  zoonoses.  The  rapid  and  accurate  detection  of  the  pathogens  of  the  diseases  can  directly  lead  to  the  early  report  and
early  successful  control  of  the  diseases.  With  the  advantages  of  being easy  to  use,  fast,  portable,  multiplexing and cost-effect-
ive,  semiconductor  biosensors  are  kinds  of  detection  devices  that  play  an  important  role  in  preventing  epidemics,  and  thus
have become one of  the research hotspots.  Here,  we summarized the advances of  semiconductor biosensors in viral  zoonoses
detection.  By  discussing  the  major  principles  and  applications  of  each  method  for  different  pathogens,  this  review  proposed
the directions of  designing semiconductor biosensors for clinical  application and put forward perspectives in diagnostic of  vir-
al zoonoses.
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 1.  Introduction

Zoonoses  are  kinds  of  infectious  diseases  caused  by  the
pathogens  which  are  transmitted  to  humans  from  animals.
These  pathogens  include  viruses,  bacteria,  parasites  and
fungi.  Among  these  pathogenic  microorganisms,  viral  patho-
gens  such  as  coronavirus,  influenza  virus,  hepatitis  B  virus,
Zika  virus,  human  immunodeficiency  virus  (HIV),  etc.  have
caused  severe  health  problems  and  even  death[1−5],  making
them  more  and  more  concerned  (Fig.  1).  Fast  spreading  and
fatalities of these viruses cause serious impact to modern soci-
ety.  According  to  the China  Health  Statistical  Yearbook  2019
published by National Health Commission of the PRC[6],  there
were 1709 pathogens that cause human illness,  of  which 832
(49%) were zoonotic pathogens.

To prevent the spread of epidemic diseases, biological de-
tection is  one of  the most important technologies for  control
measures especially in the early stage of the epidemic[1, 3, 5, 7].
Traditional detection methods such as virus isolation, serologic-
al  methods  and  molecular  biological  techniques  show  many
disadvantages[7−11]. For example, virus isolation is time consum-
ing,  and  required  a  high  level  of  conditions  from  supporting
laboratory,  which is  unable  to  perform on-site  detection.  The
transport  of  the  samples  faces  with  the  risk  of  further  diffu-
sion of potential positive samples. The failure to detect the dis-
ease on site may cause spread of the epidemic and unpredict-

able  economic  losses.  In  addition,  the  sensitivity  and  spe-
cificity  of  traditional  methods  still  need  to  be  further  im-
proved[12−14]. These problems may further extend the diagnos-
is time of positive cases, and increase the difficulty of epidem-
ic prevention and control.

Biosensors  can  be  defined  as  miniaturized  devices  incor-
porating recognition elements for identifying and/or quantify-
ing  either  a  synthetic  or  biochemical  analyte.  Semiconductor
is  a  kind  of  material  with  conductivity  between  conductors
and  insulators  at  room  temperature,  which  is  widely  used  in
fabricating  diodes.  For  example,  using  semiconductors  that
are  very  sensitive  to  changes  in  external  electric  fields,  re-
searchers have constructed semiconductor field-effect transist-
ors  which  could  respond  to  different  biological  signals  with
high sensitivity and fast response. Besides, semiconductor bio-
sensors have been demonstrated to have enormous recogniz-
able  fixation  extends,  high  affectability,  high  consistency  for
solid detecting, and the ability to coordinate with other micro-
fluidic gatherings. With these advantages, it can combine bio-
technology with electronic technology or optical biology to de-
velop detection methods, which began to emerge in the detec-
tion  field  as  a  newly  developed  subject[15−17].  Semiconductor
biosensors have become one of the best choices for epidem-
ic diseases testing and prevention with no doubt.

The  typical  semiconductor  biosensors  are  majorly  com-
posed of  the following parts:  signal  recognition element,  sig-
nal  conversion  element  and  auxiliary  element[18].  Among
them,  signal  recognition  element  (especially  the  probes)  and
signal  conversion element are  the core elements  of  semicon-
ductor  biosensors  (Fig.  2).  A  semiconductor  has  a  few  qualit-
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ies  such  as  warm  affectability,  photosensitivity,  negative  res-
istivity  temperature,  rectifiable,  etc.  Semiconductor  materials
can be utilized for signal conversion elements like control gad-
gets,  optoelectronic  gadgets,  pressure  sensors,  thermoelec-
tric refrigeration, and different applications other than assem-
bling enormous scale coordinated circuits.

For the detection of  viral  zoonoses,  the detection targets
of semiconductor biosensors include nucleic acid, protein, vir-

us  particles  and  sometimes  specific  cytokines  (Fig.  1).  The
design  of  the  probes  is  very  important,  which  closely  influ-
ences  the  sensitivity  and  specificity  of  semiconductor  bio-
sensors.  The  process  in  which  the  probes  interact  specifically
with the sample to generate biological signals (in the form of
light,  heat,  pH  change,  etc.)  is  called  biometric  recognition.
Then  the  biological  signals  are  captured  by  signal  recogni-
tion  element  and  produce  light  or  electric  potential  that  fur-

 

Fig. 1. (Color online) Schematic process of the detection of biosensor. Samples are collected from animals, human, and environment, then the vir-
us particles, antibodies, RNA or DNA are targeted and detected by semiconductor biosensors. The signals are finally displayed by visible image.

 

Fig. 2. (Color online) Schematic representation of the major principles of semiconductor biosensors. (a) Schematic representation of the identifica-
tion  process,  the  key  point  is  the  recognition  and  conversion  element.  (b)  Schematic  representation  of  the  major  principles  for  optical  bio-
sensors. (c) Schematic representation of the major principles for electrochemical biosensors.
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ther  transmit  the  signal  to  conversion  element[18].  The  auxili-
ary  elements  then  accept  the  signals  and  output  the  signals
with a display screen (Fig. 1).

In this paper, the advances of semiconductor biosensor ap-
plied  in  detection  of  viral  zoonoses  were  reviewed.  Among
the  various  nanomaterials  used  in  semiconductor  bio-
sensors，graphene,  carbon  nanotube  and  silicon  nanowire
were  most  important  and  would  be  discussed  in  this  article.
Through  the  summary  of  the  advance  of  the  semiconductor
biosensors  applied  in  detection  of  viral  zoonoses,  the  future
development  and  prospects  of  semiconductor  biosensors
were proposed.

 2.  Semiconductor biosensors for detection of
zoonoses

The main problem to  be solved during the development
of semiconductor biosensors is how to convert the weak biolo-
gical signals into optical or electrochemical signals and ampli-
fy  them  (Fig.  2).  For  photoelectric  semiconductor  biosensors
(Fig.  2(b)),  the  target  molecule  generates  light  energy  during
recognition and the light energy will be converted into electric-
al energy by photoelectric materials.  Two electron flow direc-
tions  are  inside  the  semiconductor,  namely  electron–hole  re-
combination and electron transfer. When using an n-type semi-
conductor as photoelectric material,  the electrons in the con-
duction  band  will  migrate  to  the  electrode,  and  the  electron
donors  in  the  electrolyte  solution  will  provide  a  continuous
supply  of  valence  band.  When  using  a  p-type  semiconductor
as  photoelectric  material,  the  conduction  band  of  electrons
will be transferred to the electrolyte solution (Fig. 2(b)).

For  electrochemical  semiconductor  biosensors,  chemical
reactions  (like  redox  reactions)  caused  by  the  interaction  of
the  bio-molecules  would  generate  changes.  In  a  threshold/
source–drain  voltage,  it  further  causes  the  conductivity
change  of  semiconductor,  allowing  for  a  higher  sensitivity  of
the signals to be recorded and displayed (Fig. 2, Fig. 2(c)).

The  semiconductor  biosensors  aimed  at  the  detection  of
nucleic acid molecules of the pathogens are based on the prin-
ciples of specific complementary pairing of nucleic acid, specif-
ic interaction between protein-nucleic acid, and specific inter-
action  between  chemical  molecular-nucleic  acid[19].  Besides
nucleic  acid,  detection  of  the  virus  particles,  antigens  or  spe-
cial  antibodies  of  virus  are  also  necessary  for  the  require-
ments of epidemiological investigation. Unlike diagnosis of hu-
man diseases,  the proportion of  pathogens is  very  low in  the
clinic samples. It is worth mentioning that the signal amplifica-
tion methods are also frequently used by the researchers as a
pretreatment  method  before  being  applied  to  the  recogni-
tion  element  (Table  1).  Auxiliary  elements  which  can  amplify
the target molecules are often designed.  Amplification meth-
ods included target  recycling reaction,  DNAzyme-based reac-
tion,  magnetosome  amplification  method[20].  Although  the

amplification of nucleic acid can effectively improve the sensit-
ivity of the detection, the disadvantages of this operation are
also very obvious, such as time-consuming, non-specific ampli-
fication  of  nucleic  acid,  also  sometimes  requirement  of  more
experimental conditions.

Like  semiconductor  biosensors  for  detecting  nucleic
acids,  semiconductor  biosensors  for  detecting  proteins  are
also  composed  of  similar  elements.  The  recognition  element
of detecting proteins is  mainly based on the principle of  pro-
tein  interaction.  According  to  different  detection  targets,  the
interaction  can  be  divided  into  antigen-antibody,  antibody-
polypeptide, antigen ligand, etc. To a large extent, the sensitiv-
ity and specificity of the sensor are determined by the interac-
tion  force  between  the  molecules.  In  addition,  due  to  the  in-
stability of the protein, we must also consider whether the an-
choring conditions affect the activity of the anchored protein.

 2.1.  Development of the capture probes

Normally,  the  biological  signal  generated  in  the  interac-
tion of nucleic acids or proteins is very low, and difficult to de-
tect.  As  mentioned  above,  the  principles  of  nucleic  acid  se-
quence  pairing,  not  only  DNA-DNA  pairs,  the  DNA  to  DNA,
RNA  to  DNA,  DNA  to  peptide  nucleic  acid  (PNA)[25–27],  and
RNA to PNA, etc.,  are the basic fundamental for design of the
capture  probes.  Genetic  sequences  of  primers  and  comple-
mentary capture probes are designed based on analysis of tar-
get  virus  genome.  Then,  immobilized  DNA  probes  as  a  cap-
ture  element,  allowing  specific  hybridization  reactions  to  tar-
get DNA or target RNA molecule. In order to improve the spe-
cificity and sensitivity of semiconductor biosensors, probe mo-
lecules are often modified, such as fluorescence modification,
chemical  molecular  modification,  or  nano-material  modifica-
tion, so that more obvious signals can be released during the
detection process[28, 29].

For consideration of high selectivity, stability and cost-ef-
fectiveness,  new  recognition  elements,  such  as  nucleic  acid
aptamers  or  peptides  were  considered.  Nucleic  acid  aptamer
is  a  kind  of  oligonucleotide  sequence  synthesized  and
screened in vitro,  which is  rolled and folded to form a specif-
ic tertiary structure with certain functions, and can form com-
plexes  with  corresponding  nucleic  acids  through  complexa-
tion.

 2.2.  Advances of nanomaterials applied in

semiconductor biosensors

For  the  advantages  of  large  specific  surface  area,  strong
adsorption  capacity  and  good  directional  ability,  nano-
particles  have  become  a  research  and  development  hot-spot
in recent years. Common nanomaterials include carbon nano-
material  (carbon  nanotubes,  grapheme  and  carbon  black)[30],
silicon  nanomaterial  and  metallic  oxide  nanomaterial,  etc.
These nanomaterials could be also classified as formally zero-
(0D), one- (1D) and two- (2D) dimensional nanomaterials. The

Table 1.   Amplification strategies used to amplify the aimed nucleotides of the pathogens of viral zoonoses.

Strategies to amplify the aimed nucleotides Constant/variable temperature Typical detection zoonoses Ref.

Rolling circle amplification (RCA) Constant temperature Ebola [21]
Polymerase chain reaction (PCR) Variable temperature HBV [24]
Hybridization chainreaction (HCR) Constant temperature Influenza (H1N1) [23]
Loop-mediated isothermal amplification (LAMP) Constant temperature Dengue [22]
Recombinase polymerase amplification (RPA) Constant temperature COVID-19 [25]
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semiconductor  biosensors  based  on  graphene,  carbon  nan-
otube, and silicon nanowire are further discussed below.

 2.2.1.    Advance in graphene-based biosensors
Graphene is an atomically thin layer of sp2 carbon atoms

covalently connected into a honeycomb lattice with a unique
electronic structure, making it a semimetal/zero-gap semicon-
ductor. Graphene shows the characteristics of extremely elec-
tronically and thermally conductive, chemically stable, strong,
flexible,  highly  optically  transparent  but  impenetrable  to  any
molecule. It has various forms such as graphene oxide (GO), re-
duced  graphene  oxide  (rGO),  graphene  nanoribbons  (GNRs)
and  so  on,  which  have  received  worldwide  attention  for  the
development of biosensors.

Four  principles  are  utilized  when  graphene  is  used  to
sense  biomolecules  in  biosensors:  electron  transfer  materials,
electrochemical  impedance  materials,  as  field  effect  transist-
ors  (FETs)  and  as  photon/phonon  transfer  materials.  The  es-
sence during the detection of the signals is the change of the
conductivity of graphene which is caused by charge under dif-
ferent  electric  field  or  light  excitation  conditions.  For  ex-
ample,  in  back  gate  FETs,  the  change  in  a  threshold/source-
drain voltage causes the conductivity of graphene to change,
allowing  for  a  higher  sensitivity  to  be  recorded  (Fig.  3).  In  li-
quid  gates  FETs,  graphene  is  very  susceptible  to  a  change  in
the surrounding liquid environment, whether it is by ion dens-
ity  or  a  surface  charge,  which  produces  a  higher  detection

sensitivity compared to other non-graphene liquid gate FET bi-
osensors.  Based  on  this  principle,  different  sensing  mechan-
isms including optical, electrochemical or electrical can be em-
ployed with graphene-based biosensors (Fig. 3).

For the electrochemical biosensors based on graphene, sig-
nals  are  collected and transmitted under  the action of  an ex-
ternal  electric  field.  For  the  optical  biosensors  based  on
graphene, the performance of the device relies upon the inter-
action  between  a  recognition  element  and  the  optical  trans-
ducer. Optical biosensors can be characterized into two gener-
al categories: label-based and label-free sensors.

For  label-based sensors,  they  require  the  employment  of
labels, such as colorimetric, fluorescent, or luminescent, to pro-
duce the light signals and the target signals are identified us-
ing  fluorescence  microscopy  or  fluorescence  spectrometry.
For  the  label-free  sensors,  the  detected  signal  is  the  result  of
the  direct  interaction of  the  sample  with  the  immobilized re-
cognition  element  on  the  transducer’s  surface.  In  the  literat-
ures  published  in  recent  5  years,  graphene-based  biosensors
have  played  a  vital  role  in  the  detection  of  different  types  of
viruses, such as Ebola virus, influenza virus, AIDS (HIV), hepatit-
is B virus (HBV), and hepatitis C virus (HCV), etc (Table 2).

The influenza virus consists of a single-stranded RNA gen-
ome and several surface antigens—for instance, hemagglutin-
in (H) and neuraminidase (N). As reported, based on rGO mater-
ials,  the limit  of  detection (LOD) of  the detection of  influenza

 

Fig. 3. (Color online) Schematic representation of the major principles of graphene based semiconductor biosensors. (a) Representation of the ma-
jor principles of graphene FET biosensors. (b) Representation of the major principles of graphene based optical biosensors.
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virus  was  33  PFU/mL  for  electro  biosensors,  and  the  LOD  of
the detection was 3.8 pg/mL for optical biosensor[42] (Table 2).

Ebola  virus  disease,  widely  known  as  a  fatal  disease,  can
cause  severe  infection.  Two  research  groups,  Jin et  al.  and
Maity et al.[43, 44] developed rGO based electro biosensors, the
LOD of  the  biosensors  were  2.4  pg/mL and 1 μg/mL respect-
ively (Table 2).

For  HIV/AIDS  which  cause  a  large  number  of  patients
over  the  world,  ultrasensitive  diagnostic  techniques  for  the
early detection of HIV during the infection cycle are required.
The  LOD  base  on  G/CVD  was  0.1  ng/mL,  and  the  LOD  base
GO/PANi was 100 aM[53, 54] (Table 2).

The hepatitis  C virus (HCV) is  the most widespread cause
of chronic liver disease, affecting 2%–3% of the world popula-
tion.  In  the  past,  early  detection  of  HCV  was  difficult,  espe-
cially  for  those  living  in  underdeveloped  nations.  Jialong et
al.  employed  reduced  graphene  oxide  nanosheets  (rGONS)
with the hybridization chain reaction (HCR) amplification tech-
nique,  to  develop  an  ultrasensitive  method  for  the  detection
of HCV RNA.  The reported LOD was as  low as 10 fM,  which is
substantially lower than the commonly used fluorescence ap-
proach based on GO (Table 2).

HBV  is  a  hepadnaviridae  virus  that  has  its  viral  double-
stranded  DNA  enclosed.  Hepatitis  B  virus  core  antigen  (HB-
cAg)  is  the  major  structural  protein.  Abd  Muain  MF et  al.[55]

have  demonstrated  that  the  immobilization  of  HBcAg  onto
the  gold  nanoparticles-decorated  reduced  graphene  oxide
(rGO-en-AuNPs) nanocomposite could be used as an antigen-
functionalized  surface  to  sense  the  presence  of  anti-HBcAg
(Table  2).  The  electrochemical  response  showed  a  linear
relationship  between  the  resistance  of  electron  transfer  and
the concentration of anti-HBcAg, ranging from 3.91 to 125.00
ng/mL and with the limit of detection (LOD) of 3.80 ng/mL at
3 σ/m[55].

 2.2.2.    Advance in carbon nanotube-based

semiconductor biosensors
Carbon nanotubes (CNTs) and graphene are graphite ma-

terials,  but  different  in  the  arrangement  and  combination  of
carbon  atoms.  CNTs  are  seamless  one-dimensional  tubular
structures  formed  by  the  curling  of  two-dimensional
graphene.  Each  carbon  atom  on  the  tube  wall  forms  a
hexagonal coaxial carbon ring structure with surrounding car-
bon  atoms  through  sp2 hybridization  and  a  small  amount  of
sp3 hybridization.

According  to  the  number  of  graphene  layers  curled  to
form carbon nanotubes, carbon nanotubes can be divided in-
to  single-wall  carbon  nanotubes  and  multi-wall  carbon  nan-
otubes. Their diameters are generally 0.6–20 nm, and the spa-
cing  between  the  layers  constituting  carbon  nanotubes  is
about  0.34  nm[31].  Carbon  nanotubes  have  high  modulus,
high  strength  and  unique  electrical  properties,  light  weight,
high thermal conductivity, unique electrocatalytic action, min-
imal  surface  fouling  and  high  surface  to  volume  ratio,which
make them excellent semiconductor materials.

With  the  similar  principles  to  the  graphene,  CNTs  have
been  applied  to  a  wide  variety  of  different  types  of  bio-
sensors  which  can  be  categorized  according  to  the  type  of
transduction mechanism, the most common classifications be-
ing  optical  and  electrochemical  (majorly  field-effect-based)
sensors.

For  optical  sensors,  optical  transduction  mechanisms  are
commonly  used  for  biosensors  as  they  are  capable  of  high
sensitivity,  stability  and  are  suitable  for  multiplex  detection.
CNTs  have  fluorescent  properties  that  are  highly  dependent
on  their  physical  structure,  and  consequently  have  been
widely  utilized  in  fluorescent  biosensors  (Table  3).  Rebecca
et  al.[34] introduced  a  single-walled  carbon  nanotube  (SW-
CNT)-based  optical  sensing  approach.  They  further  demon-
strated  that  these  ACE2-SWCNT  nanosensors  retained  sens-
ing  capacity  in  a  surface-immobilized  format,  exhibiting  a
73% fluorescence turn-on response within  5  s  of  exposure to
35 mg/L SARS-CoV-2 virus-like particles[34].

For electrochemical  CNT biosensors,  the CNTs can be de-
posited  onto  the  electrodes  via  methods  such  as  drop-cast-

Table 2.   The overview of the graphene-based biosensors detection of  viral  zoonoses in the last  5 years.  (Table was complemented based on
Ref. [38]).

Virus Method Material Limit of detection Ref.

Inflenza virus (H1N1) Optical G/Au-Metal oxide complex 7.27 fg/mL [39]
Inflenza virus (H1N1) Electro rGO/AuNPs 10−8 U/mL [40]
Inflenza virus (H1N1) Electro rGO 33 PFU/mL [41]
Inflenza virus (H1N1) Optical rGO 3.8 pg/mL [42]
Ebola virus Electro rGO 2.4 pg/mL [43]
Ebola virus Electro rGO 1 μg/mL [44]
Dengue virus Optical CdSQDs-NH2-GO 1 pM [45]
Dengue virus Optical rGO 0.08 pM [46]
Dengue virus Optical/Electro GO/Ru 0.38 ng/mL [47]
Dengue virus Optical rGO/PAMAM 0.08 pM [45, 46]
Hepatitis C virus Optical rGO 10 fM [48]
Hepatitis C virus Optical rGO/CuNPs 0.4 nM [49]
Hepatitis C virus Electro GO 0.2 nM [50]
SARS-COV-2 Electro G 1.6 PFU/mL [51]
ZIKA virus Electro G/CVD 0.5 nM [52]
HIV Electro G/CVD 0.1 ng/mL [53]
HIV Electro GO/PANi 100 aM [54]
Hepatitis B virus Electro rGO/AuNPs 3.8 ng/mL [55]
Hepatitis B virus Electro GQDs 1 nM [56]
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ing or by direct synthesis of the CNTs onto the electrode sur-
face  (Table  3).  Shao et al.[37] used  a  high-purity  semiconduct-
ing  single-walled  carbon  nanotube  (SWCNT)-based  field-ef-
fect  transistor  (FET)  decorated  with  specific  binding  chem-
istry  to  assess  the  presence  of  SARS-CoV-2  antigens  in  clinic-
al  nasopharyngeal  samples[37].  The  results  showed  that  it
could  reach  a  limit  of  detection  of  0.55  fg/mL  for  spike  anti-
gen and 0.016 fg/mL for N antigen in calibration samples.

 2.2.3.    Advance in silicon nanowire-based biosensors
The  silicon  nanowire  (SiNW)  is  very  sensitive  to  a  small

amount  of  surface  charge  changes,  which  would  further
cause  significant  changes  of  its  conductivity.  The  biological
probe  molecule  is  fixed  on  the  surface  of  SiNW  by  chemical
modification, and the target molecule is specifically bound to
the  surface  probe  molecule.  When  the  distance  from  the
probe  molecule  to  the  SiNW  surface  is  greater  than  the
Debye length,  the signal combining the probe molecule with
the  target  is  shielded,  and  the  conductivity  of  SiNW  channel
does  not  change  (Fig.  4).  When  the  target  molecule  specific-
ally  combines  with  the  surface  probe  molecule,  then  the  dis-
tance  from  the  probe  molecule  to  the  SiNW  surface  is  less
than the  Debye length.  In  this  circumstance,  it  can  cause  the
conductivity change of the semiconductor channel through ca-
pacitive  coupling  (Fig.  4).  In  this  process,  biological  signals
are  successfully  converted  into  electrical  signals  that  can  be
amplified and detected.

As  a  kind  of  important  one-dimensional  semiconductor
nanomaterials, silicon nanowires have widely application pro-
spects in high-performance field effect transistors, single elec-
tron  detectors  and  field  emission  elements  due  to  their
unique  properties  such  as  fluorescence  and  ultraviolet,  emis-
sion  and  electron  transport,  heat  conduction,  high  surface
activity  and  quantum  confinement  effects.  In  recent  5  years,
several  research  has  been  focused  on  the  development  of
nanowire  based  biosensors  in  detection  of  viral  zoonoses,
which  refers  to  the  hepatitis  B  virus,  Influenza  virus,  and
SARS-CoV-2, etc. (Table 4). Silicon nanowire field effect transist-
or  and  polycrystalline  silicon  nanowire  field-effect  transistors
were the commonly used methods which were applied in de-

tection of viral zoonoses.
Among  the  field  effect  transistor  (FET)  sensors,  the  silic-

on nanowire field effect transistor (SiNWFET) sensor has attrac-
ted  significant  attention.  The  well-developed  silicon  industry
offers  great  benefits  to  the  study  of  SiNWFET.  Many  studies
have demonstrated the potential applications of SiNWFET, in-
cluding  detection  of  nucleic  acids,  antibodies,  antigens,  and
proteins.  These  findings  showed  the  benefits  of  SiNWFET,  in-
cluding  ultrahigh-sensitivity,  real-time,  and  label-free  detec-
tion, making it a great potential candidate in biosensor devel-
opment.

In the report,  Anik has fabricated the polycrystalline silic-
on  nanowire  field-effect  transistors  (pSiNWFETs)  through  the
sidewall  spacer  etching  technique.  Furthermore,  the  chemic-
al  functionalization techniques of the pSiNWFET surface were
performed  for  the  immobilization  of  the  relevant  antibodies
for  sensing  the  HBV-related  biomarkers  such  as  HBsAg  and
HBx proteins. These semiconductor biosensors can detect the
HBsAg  and  HBx  proteins  at  the  femto-molar  level  providing
an  opportunity  to  evaluate  and  understand  hepatitis  infec-
tion[40, 57]

Uhme et  al.[58] demonstrated  that  the  ultrasensitive  elec-
trical  detection  of  the  HA1  domain  of  hemagglutinin  (HA),  a
representative  viral  surface  protein  of  the  influenza  virus,  us-
ing  the  top-down  complementary  metal  oxide  semiconduct-
or (CMOS) processed silicon nanowire (SiNW) field-effect tran-
sistor  (FET)  configuration.  Femtomolar  concentrations  of  HA1
can  be  detected  (ΔVT =  63  mV/dec,  ΔVT =  112  mV  at  1  fM
HA1)  by  virtue  of  the  stable  and  efficient  cytidine-5′-mono-
phospho-N-acetylneuraminic  acid(CMP-NANA)  probe  and  in-
termediate  glutaraldehyde(GA)  linker,  and  the  high  surface-
to-volume ratio of the SiNWs[58]

Wu et  al.  used  sidewall  spacer  to  fabricate  polycrystal-
line  silicon  NWFET  sensors.  This  NWFET  sensor  with  3 μm
nanowires  had  high  sensitivity  under  low  concentrations  of
biomolecules  and  sensitivity  identical  to  that  of  the  NWFET
with 1.6 μm nanowires under moderate concentrations.  They
also  demonstrated  that  the  lower  the  number  of  nanowires
was,  the higher the sensitivity  of  the NWFET sensor.  Both the
length and number of nanowires had little effect on LOD[59].

Although  silicon  nanowire  field  effect  transistors  have
high  detection  sensitivity  and  response  speed  in  the  field  of
biomolecular  detection,  due  to  the  small  size  of  silicon
nanowires,  complex  preparation  process,  easy  oxidation  of
the  surface,  it  is  difficult  to  achieve  industrialization.  In  addi-
tion,  silicon  nanowire  electronic  devices  require  functional
modification of the silicon surface in the process of biomolecu-
lar detection, which greatly increases the complexity of detec-
tion.  Therefore,  the  development  of  new  material  FET  bio-
sensors  with  high  performance  and  simple  preparation  pro-

Table 3.   Summary of CNT based biosensors which applied in detection of viral zoonoses.

Analyte Method Limit of detection Detection range Ref.

Dengue virus NS1 protein Amperometry 35 000 pg/mL 1000–2500 ng/mL [32]
Hepatitis B virus genomic DNA Differential pulsevoltammetry 3.5 fM 10−14–10−8 ng/mL [33]
SARS-CoV-2 spike protein Fluorescence 35 mg/L Not mentioned [34]
Dengue virus (whole) Chemiresistive 8.4 × 102 TCID50/mL 8.4 × 102–8.4 × 105 TCID50/mL [35]
Avian influenza virus (H5N1) DNA sequence Chemiresistive NR 2–200 pM [36]
SARS-CoV-2 spike protein Transistor 0.55 fg/mL 0.0055–5.5 pg/mL [37]
SARS-CoV-2 nucleocapsid protein Transistor 0.016 fg/mL 0.016–16 pg/mL [37]

 

Fig. 4.  (Color online) Schematic representation of the major principle
of silicon nanowire based semiconductor biosensor.
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cess has always been the research goal of researchers.

 3.  Summary and prospective

In recent years, viral zoonoses have caused enormous eco-
nomic loss, making an urgent need for highly sensitive and ac-
curate  virus  detection  methods.  A  variety  of  electrochemical
and  optical  semiconductor  biosensors  for  pathogens  of  zo-
onoses  have  been  developed,  which  are  different  from  tradi-
tional detection methods, without virus isolation, culture, and
nucleotides amplification.

One  of  the  development  trends  of  semiconductor  bio-
sensors is the application of new materials to improve the sens-
itivity  and  specificity,  such  as  nanomaterials.  As  reviewed  in
this  study,  graphene,  carbon  nanotube,  and  silicon  nanowire
were  widely  used  in  semiconductor  biosensors  as  electron
transfer  materials,  electrochemical  impedance  materials,  field
effect  transistors  and  as  photon/phonon  transfer  materials.
Several  zoonoses  including  Hepatitis  B  virus,  Influenza  virus,
COVID-19,  Dengue  virus  had  developed  semiconductor  bio-
sensors using nanomaterials. The results showed that the lim-
it of the detection had been improved, 0.08 pM for Dengue vir-
us  (Table  2).  The  extensive  research  progress  in  nanotechno-
logy  for  nanomaterial  exploration  and  the  development  of
new mechanisms in the future will enable researchers to devel-
op  highly  sensitive,  specific  and  unobtrusive  nanosensors  for
analyzing zoonoses at an affordable cost.

Another trend for semiconductor biosensors is the devel-
opment of point-of-care (POC) devices for the detection of zo-
onoses.  POC  devices  show  advantages  such  as  privacy  and
theft  protection,  medical  recommendations,  and  time-  and
cost-intensive laboratory processing without sample pretreat-
ment.  However,  it  puts  forward  higher  requirements  on  the
sensitivity,  specificity  and  other  parameters  to  the  develop-
ment of this kind of semiconductor biosensors. The smart opto-
electronic  nano  system,  using  precise  diagnostics  without
interferents  or  loss  to  choose  a  real  sample  source  also  will
be the aim of the researchers.

Besides,  innovations like applications of e-nose technolo-
gies,  software  innovations  and  progress  in  micro-circuitry
design and systems integration are also needed, which is signi-
ficant  interest  in  methods  for  the  early  detection  of  quality
changes  in  diagnosis  of  zoonosis.  The  novel  devices  men-
tioned  in  detecting  different  biomolecular  analytes  in  a  real-
time,  highly  precise,  specific,  and  label-free  manner  have
been validated by numerous research studies. Further improv-
ing  semiconductor  biosensors  needs  close  collaboration
between material scientists,  chemists,  physicists,  engineers as
well as medical personnel.

Overall,  various  ideas  related  to  semiconductor  bio-
sensor systems are constantly emerging and can improve the
semiconductor  biosensor  performance  in  many  ways,  includ-
ing  sensitive,  accurate,  inexpensive,  convenient,  multiplexed,

fully  integrated,  and  wireless  communicable  semiconductor
biosensor  systems  for  pathogen  diagnosis.  These  will  hope-
fully  lead  to  successful  development  and  commercialization
of semiconductor biosensors.
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