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Abstract
Interest in biomolecular sensors for diagnosis of early diseases and prognosis of the diseases is increasing day by day. Among 
them, FET-based sensors are very useful in that of their versatile operating characteristics using various materials. Herein, 
after addressing the basic principles of BioFET, we conduct an overall review of BioFET on two of the main structural 
elements: transducing materials and probes. Transducing materials were classified into graphene, carbon nanotube, silicon, 
MOF, etc., and probes were classified into antibodies, enzymes, aptamers, etc.. The important elements in designing BioFETs, 
such as electrical properties of each material, Debye length, and fabrication process are introduced along with their respective 
structures and materials. After the review of each of these structures and characteristics, examples are discussed along with 
sensitivity, selectivity, and limit of detection. In addition to the operating aspects of the senser, novel processes, treatments, 
and materials that can be considered for various purposes are also introduced. Based on the understanding, an overview of 
diverse examples is given by dividing the applications of BioFET into three main types: antigen sensing, biomarker sensing, 
and drug effect monitoring. Focusing on these general reviews, we conclude how the future direction of development will 
move forward and what the main challenge is.

1 Introduction

The recent virus disease and the pandemic situation have 
sparked interest in versatile types of sensors, such as optical, 
electrochemical, and resonant biosensors. They can alert the 
patient’s dangerous conditions or provide daily monitored 
information. The biosensors have key features that should 
be achieved: almost real-time response, stability of sensor 
characteristics, and sensing of low concentrated molecules, 
etc. To satisfy the various requirements, many research-
ers have studied transistor-based sensors, called BioFETs, 
which originated from electronic engineering field in 1970 
[1]. Due to its enhanced sensitivity and selectivity as well 
as ability to be easily functionalized, BioFET began to be in 
the limelight in early-diagnosis, drug screening, and disease 
screening fields.

Field effect transistor (FET) is an essential electronic 
component to compose an active device fabricated with 
combinations of gate, drain, and source. The source and 
drain are the electrodes which are the starting and arrival 
point of the charge carrier, and the gate is the connecting 
part of those. Namely, charge carriers (electrons in n-type 
FET, holes in p-type FET) flow from source to drain through 
gate, whose number can be increased or decreased by the 
voltage between a gate and source. Conventional FETs arti-
ficially alter the voltage applied to the gate by external power 
sources, while the voltage of BioFETs is changed by con-
centration and species of biomolecules that are chemically 
conjugated on the gate. The change of electrostatic charge 
environment or the charge transfer from the biomolecules 
themselves to the transducing nanomaterial induces the 
change in gate voltage [2, 3]. This means that the amount of 
charge carrier that can cross the gate varies by concentration 
of proteins or antigens with specific charge values. That is, 
detection is achieved by measuring the change in conduct-
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graphene’s Dirac point after the detection of the target mol-
ecule is shown in Fig. 1a [4]. A typical example of the 
charge carrier itself moving to transducing nanomaterials is 
the already well-known glucose sensing mechanism. Shin 
et al. demonstrated highly sensitive glucose sensor which 
has 1 nM of detection limit and major principles of BioFET 
[5]. Two electrons emerged by the oxidation–reduction 
(redox) reaction of palladium hydroxide (Pd(OH)2) are trans-
ferred to the gate electrode, which in turn increases the den-
sity of the hole in the conducting channel. Apart from this, 
Fig. 1b shows examples of various diseases and biomarkers 
that BioFET can be used as diagnostic of monitoring sensors 
[5–8]. To sum up, the BioFETs can have high sensitivity and 
selectivity without any labeling and high-cost production. In 
addition, the BioFETs do not need bulky equipment for 
measurements and provide cost-efficient, portable, conveni-
ent, personalized, and daily diagnosis [9]. For instance, 
BioFET can have sensitivity in the range of fM to aM with-
out labeling, unlike electrochemical sensors that require 

labeling such as fluorescence and nanoparticles to prevent 
cross-reaction [10]. Here, we discuss the various materials 
and probes of BioFETs that determine sensitivity and selec-
tivity, which are the key characteristics of BioFETs. Then, 
we introduce recent representative biomedical 
applications.

2  Main

2.1  Carbon‑based transducing materials, to utilize 
outstanding semiconducting property

Carbon-based materials derived from a specific arrangement 
of carbon atoms have been attractive transducing materials 
due to their unique properties and nanostructures: controlled 
functionalization due to the carbon atoms, effective single-
molecule detecting due to the same size as a target molecule, 
as well as high conductivity, and chemical stability [11].

Fig. 1  The operating principles of BioFET using graphene and its 
applicability. a The illustration and the response graph when the tar-
get molecule does not exist in the sample (i). The illustration and the 
shift of response graph when the charge of the target molecule affects 
the distribution of charge of graphene through bonding reaction (ii). 
(Reproduced with permission, 2013, ACS). b Representative diseases 

that may occur in each body organ and their biomarkers that can be 
used to screen them. The structures of dopamine, cholesterol, cath-
epsin E (CatE), and glucose are shown, which are the biomarkers of 
neurodegenerative disease, cardiovascular disease, gastric cancer, and 
diabetes in order. They have been successfully detected by the sensor 
using the principle of BioFET [5–8]



87Biomedical Engineering Letters (2021) 11:85–96 

1 3

CNTs are one-dimensional nanostructures created 
through C–C  sp2 hybridization, one of the strongest bonds 
in nature. Only three of the four electrons in an atom are 
shared covalently with a conjugating carbon atom, and the 
left electron is delocalized. This is  sp2 hybridization, and 
when hexagonal lattices of carbon atoms create a curved 
surface, it grows as a tube structure, CNT [12]. Due to their 
anisotropic structure, carbon nanotubes have a variety of 
electronic properties depending on their diameter or helicity. 
For example, the larger the diameter of the tube, the closer 
the bandgap converges to zero [13]. Such an example implies 
that we can increase the conductivity of CNT, resulting in 
high sensitivity of the biosensor. Like the delocalized elec-
trons giving CNT’s conductivity, the high aspect ratio of 
CNT allows efficient surface modification or functionaliza-
tion, which enables to detect low concentration molecules 
and fast response time in sensor [14].

Graphene has similar characteristics to those of CNT 
because their similarity in the delocalized �-bond in  sp2 
hybridization structure provides high conductivity and 
mobility as in CNT. The graphene, which changes the band 
gap and electronic properties sensitively according to the 
number of layers in the stack, also has an ambipolar electri-
cal field effect [13]. This implies that the graphene can also 
be used for BioFETs that sense through changes in the Dirac 
point. Aside from the mentioned characteristics of the CNT 
and the graphene, these two unique carbon nanostructures 
have the advantage of having a substantial surface/volume 
ratio, which can provide more active sites and increase sen-
sitivity. For example, intentionally reduced charge screening 
by deforming the 2D graphene into a 3D structure contrib-
uted to detect 18,600 nucleic acid molecules in buffer and 
human serum samples: 600 zM and 20 aM, respectively 
[15]. These nanostructured carbon materials enable high 
sensitivity and fast response time, which is essential for 
accurate, personalized, and prompt diagnosis in the clinical 
use of sensors, as shown in Fig. 1b [16].

Besides their physical–chemical properties, the carbon 
structures demonstrate suitable and unique properties as a 
component of BioFETs: reduced densification-defects due 
to well-established, simple manufacturing processes and 
easy functionalization. Like carbon-based nanodiamond 
(ND) and fullerene (FLN) structures are used in several 
sensors, other carbonaceous structures can be utilized in 
BioFET, taking advantage of these. For example, the elec-
trochemical sensors using ND have high surface activity, 
high mechanical stability, functionality, and adaptability due 
to the dopants and unsaturated chemical bonds [17]. Electro-
static background noise, defects from the functionalization, 
and difficulty in determining optimal surface properties are 
considered as a critical challenge [18].

The followings are representative examples of BioFETs 
using carbon-based nanostructures.

Figure 2a shows CA125 (ovarian cancer antigen) FET sen-
sor and SARS-CoV-2 virus FET sensor, each using graphene 
and its derivative, reduced graphene oxide (rGO) [19, 20]. In 
CA125 FET (Fig. 2a(i)), carboxylated-MWCNT (MWCNTs-
COOH) was modified with ssDNA, which can be bound to 
CA125 antigen. This CNT-aptamer probe was put on the 
PMMA substrate with sputtered Au electrodes and eventually 
showed decreasing  Id with increasing target molecule concen-
trations  (Vd = 0.2 V and  Vg = 0.0–1.0 V, concentrations rang-
ing from 1.0E-9 U/mL to 1.0 U/mL). The negative charge of 
CA125 antigen (pI of 7.3) in PBS (pH 7.4) leads to the deple-
tion of the n-type rGO channel when a binding event occurs, 
resulting in the reduction of  Id. Another SARS-CoV-2 example 
is shown in Fig. 2a (ii). With antibody, the SARS-CoV-2 virus 
can be directly detected through its spike protein. The SARS-
CoV-2 virus FET sensor, which used the attached antibody 
on graphene sheet using PBASE, showed a real-time response 
to at least 1 fg/mL of antigen in PBS and also to the clinical 
samples collected by nasopharyngeal swabs (stored in UTM).

The second example of transducing carbon nanomaterial, 
CNT-used BioFETs, is also given in Fig. 2b and proposes 
various applications of CNT-BioFET [21, 22]. In Fig. 2b (i), 
diagram of one of the CNT floating gate FET (CNT FG-FET) 
array is introduced. Ultrathin  Y2O3 layer as high-κ dielectric 
material was put onto the usual CNT channel by deposi-
tion followed by the immobilization of probe DNA. Due to 
the  Y2O3 layer, the channel of FET can be isolated from the 
sample solution, therefore interactions other than hybridiza-
tion with target DNA do not affect  Id. In other words, CNT 
was passivated to refine the signal. There is a different kind 
of example that probe on the CNT was uniquely formed in 
Fig. 2b (i). So-called ‘nanodisc-functionalized bioelectronic 
nose (ND-ONBN)’ was developed by embedding nanodiscs 
with an olfactory receptor to detect cadaverine (CV) target 
molecule. FET using CNT and Pd/Au electrodes was fab-
ricated, and with half-V5 Ab (antibody), olfactory receptor 
TAAR13c-embedded nanodisc (T13NDs) was successfully 
immobilized on electrodes on CNT. Here, it can be also said 
that half-V5 Ab was used to immobilize T13NDs in an desired 
orientation via their thiol groups because of the TAAR13c’s 
V5 epitope. The real-time response of an ONBN device in 
terms of conductance depending on various concentrations 
of CV  (Vds = 0.1 V, adding CV solution to HEPES buffer) is 
on the right. As we can see from the graph, the ONBN device 
could detect at least 10 pM of CV.
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3  BioFET using other materials: silicon, 
inorganic compounds, metal–organic 
framework

Other materials as transducing material consist of silicon 
and metal compounds, which can be fabricated by the spe-
cific fabrication processes. The fabrication processes of 
BioFETs can allow cost-effective and customized sensor 
platform for biomedical applications. For example, silicon 
deposition using e-beam lithography and chemical vapor 
deposition can build H1N1 virus and uranyl FET sensors, 
respectively [23, 24]. The study of fabrication of silicon 
nanowire (SiNW) as transducing nanomaterial that enables 
label free, ultrasensitive, real-time detection is also actively 
underway. SiNW can be used for sensing various proteins, 
small molecules, nucleic acid, and viruses.

One of the most popular manufacturing methods for non-
carbon materials is nozzle-jet printing. Nozzle-jet printing 
does not require masks and chemical etchants to fabricate 
source, drain electrodes, and gate parts [25]. This printing 
method is widely used, for instance, to create RFID tags 
using roll-to-roll (R2R) printing or to fabricate flexible 
displays due to its cost-effective and fast process [26, 27]. 
In another experiment, ZnO quantum dots precursor ink 
was added to solvent (methanol, ethanol, ethylene glycol, 

ethanolamine mixed with 4:16:1:1 volume ratio) [25]. Later, 
to grow ZnO nanorods (ZnO NRs), ZnO seed substrate fabri-
cated by nozzle-jet method was suspended upside down to a 
solution containing Zn to grow ZnO NRs. Just as graphenes 
and CNTs show electrical properties that depend on the 
number of layers and walls, silicon or inorganic compounds 
are characterized and advantageous by many different fab-
rication processes that vary their structure to contribute to 
more robust immobilization of probes and enhanced sensi-
tivity. For example, nanowires (NWs) are more employed 
than their film analogs due to the unidirectional conduction 
and large surface-to-volume ratio [28]. Non-carbon materials 
with more free fabrication methods will continue to be more 
suitable for BioFET through various structures (Table 1).

Herein, we classified non-carbon nanomaterials into 
three categories: silicon, inorganic compound, and MOF. In 
Fig. 3a, there are two silicon-based nanostructures, silicon-
nanonet and SiNWs [23, 24]. Left upper optical and SEM 
image present structure of silicon-nanonet FET, fabricated 
by electron-beam lithography and ICP-RIE of silicon-on-
insulator (SOI) wafer, followed by thermal oxidation as 
insulator making process. Monoclonal antibody (mAb) that 
binds to influenza A (H1N1) virus was immobilized onto 
silicon-nanonet structure by APTES and glutaraldehyde 
treatment. Bovine serum albumin (BSA) was used to prevent 

Fig. 2  Carbon nanomaterial in BioFET: sensors using graphene, CNT 
as transducing material. a Illustration of CA125 (ovarian cancer anti-
gen) FET sensor built on reduced graphene oxide (rGO)  (left) and 
SARS-CoV-2 virus FET sensor using graphene sheet as transducing 
material (middle). Each used rGO and  graphene, the latter present-
ing a real-time response to 1 fg/mL of SARS-CoV-2 antigen protein 
in PBS due to graphene’s electron configuration (right). (Reproduced 

with permission, 2018, ELSEVIER and 2020, ACS). b Illustration of 
floating gate (FG) CNT FET sensor and nanodisc (ND)—functional-
ized bioelectronic nose (ONBN). Both combined specific materials, 
 Y2O2 dielectric layer with floating gate (FG) and olfactory recep-
tor with nanodisc each. ND functionalized ONBN shows real-time 
responses to 10  pM of CV solution with various concentrations 
(right). (Reproduced with permission, 2020, ACS and 2017, ACS)
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Table 1  Representative three types of FET’s applications and their organized examples based on their transducers, probes, etc

Application Target Transducing material Probe Used sample LoD Ref

Antigen sensing Ovarian cancer anti-
gen (CA125)

Graphene (GO) Aptamer Serum 5E-10 U/mL [19]

SARS-CoV-2 virus 
spike protein

Graphene Antibody Nasopharyngeal 
swab (PGR)

1 fg/mL (PBS), 
100 fg/mL (clini-
cal)

[20]

Influenza A (H1N1) 
virus

Silicon Antibody PBS 10 pg/mL [23]

PSA protein Silicon Antibody Serum (diluted) 1 ng/mL [31]
Hemolytic toxins CNT RBC membrane 

vesicle
PBS fM range (varied by 

type of toxin)
[36]

AIV virus nucleopro-
tein (AIV NP)

SnO2 Antibody Live animal cloacal 
swab

103  EID50/mL [45]

Evola virus glycopro-
tein (EGP)

Graphene (RGO) Antibody PBS, serum, plasma 1 ng/mL [46]

Biomarker sensing AFP (alpha-fetopro-
tein)

Silicon Antibody Mice serum 50 fg/mL [32]

ACh Graphene (RGO) Enzyme PBS Cultured cell 1 μM [34]
Aβ42 Graphene (GO) Aptamer PBS 1 pg/mL [47]

Monitoring drug 
effect

TNF-α CNT Antibody Cultured cell media 
(raw 264.7 cell)

l pg/L [48]

Dopamine released 
by cell

CNT ABTS radical Cultured cell solution 
(PC12 cell)

10 nM [49]

Fig. 3  Silicon, inorganic compound, MOF as transducing mate-
rial: capable of being diverse structures. a Optical and SEM images 
of silicon-nanonet used in influenza A (H1N1) virus FET sensor 
(left, upper), an illustration of SiNW-FET biosensor modified with 
uranyl-binding aptamer (left, lower). Transfer curve with various 
concentrations showed LoD of 10  pg/mL in H1N1 PBS solution 
(middle). The graph on the far right shows a normalized response to 
spiked, undiluted urine samples as a function of time. (Reproduced 
with permission, 2019, IEEE and 2020, ACS). b, Schematic illustra-

tion of fabricating nozzle-jet printed glucose FET sensor. Nozzle-jet 
printing of silver electrodes and ZnO nanorod (ZnO NR) followed 
by glucose oxidase (GOx) immobilization, achieving highly repro-
ducible enhanced sensing performance. (Reproduced with permis-
sion, 2017, ELSEVIER). c, Illustration of Ni/Cu-MOFs-FET (Ni-Cu 
metal–organic framework (7:1) on FET). Response curve in the range 
of 1 μM to 50 mM glucose was also given with inset data (100 μM), 
which shows response time less than 5 s. (Reproduced with permis-
sion, 2021, ELSEVIER)
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non-specific binding to the unreacted active sites. The sil-
icon-nanonet FET showed shift of response curve: as the 
concentration of virus in PBS (pH 7.4) increases, response 
curve shifts laterally to the right (Fig. 3a, middle). This is 
due to the negative charge of the H1N1 virus (pI = 5.4) in 
PBS (pH 7.4), meaning that electrons in the channel are 
repelled and resulted in the reduction of  Id.

Left lower illustration shows uranyl ions-detecting Si 
NW-FET. This FET sensor, intended to measure the amount 
of uranium that may be caused by exposure to various indus-
trial environment, succeeded in sensing undiluted urine sam-
ples using SiNW. As shown in the figure, the uranyl-binding 
aptamer was immobilized to SiNW, which was synthesized 
using a chemical vapor deposition [29]. The method of 
amino-silane modification of SiNW (inducing the surface 
interaction with silanized SiNW and carboxy-terminated 
aptamers) was used to immobilize the aptamer. The SiNW-
FET array was also assembled with polydimethylsiloxane 
(PDMS) channel to expedite the sensing of urine. The meas-
urement was done with washing away by buffer solution, 
showing the detection limit in pM units in a sample of 15 
� L/min.

Figure 3b, c show the examples of BioFETs using ZnO 
nanorods (ZnO NRs) and Ni-Cu MOF (Ni-Cu metal–organic 
framework (7:1)) as transducing material, respectively [25, 
30]. The vertical ZnO NRs fabricated by the growing pro-
cess mentioned above have high reproducibility, enzyme 
loading, and sensitivity. Glucose oxidase (GOx) immobili-
zation through Nafion coating helped reducing interference, 
resulting in a limit of detection of 0.07 mM (100 mM PBS, 
pH 7.4). When using actual human serum samples, they 
showed about a 15% decrease in sensor response because 
of small molecules interfering the spread of glucose. The 
Ni/Cu-MOFs-FETs found in Fig. 3c are the sensors that uti-
lize the widely used enzyme-using principle to sense glu-
cose. The enzyme (glucose oxidase) connected to the MOF 
via glutaraldehyde showed a detection limit of 0.51 μM, 
which is lower than the previous case.  NiCl2·6H2O and 

 CuSO4·5H2O were used to mix Ni ions and Cu ions into 
DI water at the appropriate molar rate and then mixed with 
other substances in ligand solution to produce MOF. These 
MOF-FETs had a short response time of less than 5 s due to 
their high reactivity (Table 2).

4  Various types of BioFET probes 
for sensitivity and adequate response 
time: antibody, enzyme, aptamer, etc

The types of BioFET’s probes, which directly bind to the 
target molecules, are key indicators to provide adequate sen-
sitivity and signal response time. Various types of probes, 
such as antibody [31, 32], enzyme [33, 34], aptamer [19, 35], 
and others [36, 37], can be used in practice. However, deter-
mining the probe requires an understanding of the concept of 
Debye length, which is related to the charge screening effect 
in samples. The concept of Debye length limits the choice of 
probes, thus it is highly related to the BioFET’s sensitivity.

Debye length occurs when the charge of biomolecules, 
which act to change the voltage of the gate in BioFET, is 
screened. For instance, molecules with negative charges, 
such as DNA, will be surrounded by molecules with positive 
charges in a solution. In this case, there will be a specific 
distance at which the numbers of positive and negative 
charges are equal. This is called Debye length ( �D ) and can 
be expressed as: �D =

1
√

4�lB
∑

i �iz
2

i

  [38]. (where lB = 0.7 nm 

(Bjerrum length at room temperature), � is the density and 
z is the valence of each ions). This equation results in a value 
of 0.7 to 2.2 nm in a typical physiological sample, which is 
much smaller than the 5 to 10 nm length of an IgG antibody 
commonly used as a probe [39, 40]. As a result, the charge 
of target molecules such as proteins or target DNAs is 
screened, making efficient sensing impossible [41]. This 
suggests that the size of the probe in BioFET can have a 
significant impact on sensitivity, so small probes like 

Table 2  Other organized examples based on their transducers, probes, etc

Application Target Transducing material Probe Used sample LoD Ref

others Specific DNA 
sequence & 
microvesicles

CNT (with  Y2O3) DNA PBS 60 aM, 6 parti-
cles/� L (theoreti-
cally)

[21]

Cadaverine (CV) CNT (with Au) Olfactory receptor Real food 10 pM [22]
Uranium Silicon Aptamer Urine 1 pM [24]
Glucose ZnO nanorod (ZnO NR) Enzyme PBS 0.07 mM [25]
Glucose Ni/Cu MOF Enzyme PBS 1 �M [30]
Glucose WSe2 (plasma treated) Enzyme Glucose solution 1 mM [33]
DNA Graphene DNA PBS 100 fM [35]
Oxalic acid (OA) None (probe immobilization 

through covalent bond)
Pt_cPPyNFs PBS 10 fM [37]
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aptamers are often used recently rather than large probes, 
such as antibodies.

Besides, post-treatments that immobilize probes to satisfy 
Debye length onto the transducing material should be fol-
lowed. As in general electrochemical sensors, orientation of 
the probe molecule’s fixation in BioFETs is critical in that 
the sensing part must directly attach to the target molecules 
in the sample solution. Surface modification and design, 
covalent attachment, (bio) affinity techniques can be cho-
sen as a way to attach antibodies in the correct orientation 
[42]. The method of how to immobilize DNA is also intro-
duced, which can be summarized simply as physical adher-
ence, covalent bonding, and streptavidin–biotin interactions 
[43, 44]. Among these methods, the most commonly used 
method in the field of BioFETs is covalent attachment (cova-
lent bonding). 1-pyrenebutanoic acid, succinimidyl ester 
(PBASE), glutaraldehyde, (3-aminopropyl) triethoxysilane 
(APTES) are used to immobilize probes to the surface of the 
substrate. Especially, glutaraldehyde and APTES are often 
used to treat the surface of the substrate on which the probe 
is fixed. For example, the conductive nanostructures of the 
gate which the probe is to be immobilized were terminated 
with a hydroxyl (-OH) group through ethanol treatment, and 
the hydroxyl group was replaced by amine (-NH2) group and 
aldehyde (-CHO) group by APTES and glutaraldehyde in 
order [23]. The antibody was immobilized when the alde-
hyde group and the amine group of the antibody formed an 
amide bond. Such covalent anchoring can have the effect of 
increasing stability and reducing non-specific coupling in a 
biosensor [2].

Figure 4 shows several BioFETs, categorized by the 
probe used. In order, various probes such as antibodies [31, 
32], enzymes [33, 34], and aptamers [19, 35] are shown, 
and additional methods for increasing selectivity are also 
proposed.

Figure 4a shows an example of antibodies being used as a 
probe [31, 32]. Mirisan et al. measured the thickness of anti-
bodies after their immobilization process (Fig. 4a (i)) so that 
the reproducibility of the sensor was not affected due to the 
problem with the Debye length. FE-SEM images were used 
to measure SiNW thickness after functionalization and cal-
culate the relative standard deviation (RSD). Figure 4a (ii) 
shows the use of bovine serum albumin (BSA) to block the 
area of sensors where antibodies do not exist, which helps 
with the stability of sensing. Here, the Debye length was also 
calculated to ensure that the sensor has a high sensitivity. 
The calculation of Debye length in the defined experiment 
conditions (0.1 × PBS, �D ≈ 0.32I−0.5 ) obtained results of 
2.4 nm.

In Fig. 4b, we can see examples of enzymes used as a 
probe [33, 34]. In the experiment of Fig. 4b (i),  O2 plasma 
treatment has increased the number of areas where the 
probe linker APTES binds, effectively immobilizing the 

GOx, which is the commonly used enzyme in BioFETs. 
The fact that reusable BioFETs are created by the reusabil-
ity of GOx suggests that materials and fabrication meth-
ods of BioFET have a significant impact on device opera-
tion. Figure 4b (ii) also shows that BioFET can be used 
for novel things, depending on the characteristics of the 
probe. To detect acetylcholine (ACh), the acetylcholinest-
erase (AChE) molecule was immobilized to RGO using 
PBASE, and therefore studies related to enzyme inhibi-
tors were possible. After the topographic analysis method 
being used to check immobilization, the resulting BioFET 
obtained results that could be used to evaluate enzyme 
inhibition reaction, especially using AChE inhibitor called 
donepezil and libastigmine.

An example of how aptamer or DNA can be used as a 
probe is shown in Fig. 4c [19, 35]. S. Mansouri Majd et al. 
conducted an experiment like Fig. 4c (i), where the multi-
walled carbon nanotubes (MWCNT) and aptamer were 
combined as probes. MWCNT’s carboxylic acid group, 
processed by EDC-NHS, formed an amide bond with the 
amine group of aptamer, allowing the binding to take place 
within the Debye length. This resulted in improved sensi-
tivity and therefore succeeded in sensing ovarian cancer 
antigen (CA125) in the human serum samples. Figure 4c 
(ii) shows a typical method of detection through DNA 
hybridization. When DNA hybridization occurs, the  Ids-Vgs 
graph is shifted to the positive  Vg direction, as the com-
bination with full comprehensive (FC) target DNA leads 
to negative potential gating in the graphene. The shift of 
charge neutrality point voltage ( ΔVcnp) was described 
a s :ΔVcnp = ΔVmax(1 − e−(kon[A]+koff )t)(adsorption),ΔVcnp =

ΔVmaxe
−koff t(desorption) . (where ΔVmax is the maximum 

response signal at [A] of DNA concentration.  kon and  koff 
are the rate constants of association and dissociation.).

Finally, in Figs. 4d and e, a slightly unusual probe mate-
rial is introduced [36, 37]. By coating the cell membrane 
of red blood cells on the CNT like in Fig. 4d, various types 
of pore-forming hemolytic toxin could be adsorbed, such 
as melittin, streptolysin O, and alpha hemolysin. They 
changed the BioFET’s channel conductance regardless of 
their structural or chemical properties when they formed 
toxin-biomembrane interaction. It is an example of the abil-
ity to design biomimetic BioFETs by using creative probes 
and typical probes. Unlike Fig. 4d, which uses bio-derived 
probes, Fig. 4e uses Pt nanoparticles to sense oxalic acid 
(OA), which causes kidney disease. The electro-oxidation 
of OA molecules was caused by the catalytic effect of Pt 
nanoparticles immobilized on polypyrrole-3-carboxylated 
nanofiber (Pt_cPPyNF), which successfully overcame the 
instability of conventional enzyme-based OA sensors. The 
Pt_cPPyNFs formed by  PtCl4 and  NaBH4 demonstrated the 
sensitivity of 10 pM, which demonstrates the potential of 
Pt_cPPyNF as various probes.
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5  Representative biomedical applications 
using BioFET

So far, we have looked at several types of materials of 
BioFET’s structures and concepts associated with them. The 
range of these BioFET’s applications is extensive, and the 
representative examples of applications will be divided into 
three categories here. BioFETs for detecting antigens (espe-
cially viruses) [45, 46], BioFETs for detecting biomarkers of 
certain diseases [47], and BioFETs for drug screening [48, 
49] are demonstrated in Fig. 5a-c, respectively.

Figure 5a (i) and Fig. 5a (ii) show BioFETs that allow 
the antigen to be sensed by the proteins that structure the 
viruses [45, 46]. FET sensor, which has a response graph in 
Fig. 5a (i), is the BioFET that detects nucleoproteins (NP) 
of avian influenza viruses (AIVs). NPs are the structural 
proteins inside the virus that had relatively few subtype-
mutations, thus facilitating the detection and the point-of-
care of the AIVs. The sensing of NPs of AIV was carried 
out by the tendency that the negative voltage shift increases 
depending on the concentration of the viruses. Figure 5a (ii) 
is the response graph of the BioFET that is for detecting 
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glycoproteins (GPs) of the Ebola virus. The glycoprotein 
(GP)  GP1,2 present on the surface of all species of the Ebola 
virus, and the virus attachments to host cells occur through 
its lectin binding, followed by the secretion of sGP. This 
causal relationship between the presence of viruses and the 
secretion of sGP enabled direct detection of the viruses. 
Both the NP of AIV and the GP of the Ebola virus had 
the protein properties and could be used for direct antigen 
detection.

Biomarker detection of certain diseases, the second rep-
resentative application, can be found in Fig. 5b [47]. The 
phenomenon that some misfolded proteins such as amyloid-
beta (Aβ) deposits in the brain and eventually form a plaque 
in the central neural system is said to be associated with 
the Alzheimer’s disease (AD). This led to the use of Aβ42 
for AD early diagnosis. The production of anti- Aβ RNA 
aptamer using SELEX techniques allowed detection by 
inducing a shift of the response graph like Fig. 5b.

In the last Fig. 5c (i), we can confirm that BioFET can 
be used in the drug screening field [48, 49]. FET sensor 
determined that the concentration of tumor necrosis factor 
α (TNF-α), secreted when lipopolysaccharides (LPS) were 
treated at Raw 264.7 cells, was decreased as the concentra-
tion of Lupeol increased. This means that the FET sensor 
can be used to assess the effectiveness of anti-TNF agents 
(Lupeol), which is critical to the treatment of inflammatory 

bowel disease (IBD) especially when it is considered that 
TNF-α is a pro-inflammatory cytokine associated with IBD. 
This BioFET, which enables to selectively detect TNF-α 
among various types of cytokines, can be said to be effec-
tive in drug screening. To the right of Fig. 5c (i), a similar 
principle of BioFET can be found. Similarly, the secretion 
of dopamine was promoted at PC12 cells by K+ , and the 
concentration of dopamine was measured as the concentra-
tion of Pimozide decreased. Dysfunctions in the dopamine 
secretion can induce fatal neurological diseases such as Par-
kinson’s disease and schizophrenia. Thus, an antipsychotic 
drug helps treat neurological diseases by primarily control-
ling dopamine activity, therefore it can be said that this FET 
sensor is useful in drug screening of Pimozide-like drug. 
Figure 5a (ii) shows how each sensor responses to respective 
drugs and the sensing qualities. In other words, the applica-
tion of BioFET can vary depending on the characteristics of 
the target being sensed by BioFET, so the understanding of 
the target molecules is also critical to the design of BioFET.

6  Conclusions

BioFET, which allows probes such as antibodies and 
aptamers to be fixed to graphene, CNT, MOF, etc., dem-
onstrates a variety of applications. Efforts are being made 
to utilize the unusual structures of the BioFET, such as 
the ‘Cell-based BioFET’ and the ‘Beetle/chip FET’, which 
utilizes cell attaching to the gate insulator and an insect 
antenna with an olfactory receptor for sensing, respec-
tively [1]. In addition to the material aspect, there are also 
studies in terms of signal processing such as quantitatively 
analyzing signal-to-noise ratio (SNR) to improve BioFET’s 
performance [50]. Along with the studies about various 
materials, processing and analysis methods, the develop-
ment of BioFET is endless. For instance, in the future 
direction of BioFET, the followings are also expected: the 
integration in the micro total analysis system ( μ-TAS) or 
lab on a chip system, biomolecules-based FET directly uti-
lizing the bio-derivatives [51]. Furthermore, enhancement 
in higher sensitivity and reproducible operations will open 
up a new future-diagnostic paradigm, as they are the main 
obstacles to the commercialization of BioFET sensors 
[9]. For example, the body fluids can be utilized for early 
diagnosis of cancer and identification of virus infections, 
or monitoring the prognosis of the disease continuously. 
Just as advances in biomedical fields have evolved through 
convergent collaboration in various fields, BioFET also 
needs an integrated view of biotechnology, semiconduc-
tor engineering, material engineering, electronics, micro-
processes, etc. This effort will help overcome the biggest 
challenge of the current BioFET technologies: A change 

Fig. 4  Various types of BioFET probes: antibody, enzyme, aptamer, 
etc. a Several antibody immobilization processes. The function-
alization process of silicon nanowire (SiNW) included an etching of 
SiNW for oxide elimination, silanization with (3-Aminopropyl) tri-
ethoxysilane (APTES) initiator, and activation with glutaraldehyde 
(GA), which is for attaching antibodies. The illustration on the right 
shows how unreacted molecules are blocked for better sensitivity by 
bovine serum albumin (BSA). (Reproduced with permission, 2019, 
ELSEVIER and 2018, ELSEVIER). b, Principles of reusable  WSe2 
glucose-sensing BioFET and RGO-EnFET (enzyme-modified FET 
with reduced graphene oxide). Glucose oxidase was immobilized 
on  WSe2, which attributed to the extra binding site and achieving 
high sensitivity (left). The feature that acetylcholinesterase (AChE)-
immobilized RGO-EnFET exhibited Dirac point shift ( ΔV

Dirac
 ) 

only without inhibitor allows them to be used in enzymatic kinetics 
field and drug screening field (right). (Reproduced with permission, 
2018, ACS and 2018, ELSEVIER). c Examples of DNA / aptamer-
used FET sensor. They used aptamer attached to carboxylated multi-
walled carbon nanotubes (MWCNTs) and probe DNA itself, which 
means DNA hybridization is the main principle of these FETs. Probe 
aptamer (ssDNA) and DNA were both immobilized through amine 
groups and can thus detect ovarian cancer antigen (CA125) and target 
DNA. (Reproduced with permission, 2020, ACS and 2018, ELSE-
VIER). d Structure of cell-membrane-coated CNT FETs (CM-FETs). 
By stacking the red blood cell (RBC) membrane onto FET, it can 
absorb and detect various hemolytic toxin as a biomimetic FET sen-
sor. (Reproduced with permission, 2019, ACS). e, FET sensor, which 
used Pt decorated polypyrrole-3-carboxylated nanofibers (cPPyNFs) 
as a probe. Pt_cPPyNFs were fabricated by  PtCl4,  NaBH4 treatment 
with sonication, making OA molecules electro-oxidize via Pt nano-
particle’s catalytic effect. (Reproduced with permission, 2018, Royal 
Society of Chemistry)

◂



94 Biomedical Engineering Letters (2021) 11:85–96

1 3

in the electric charge due to the solution’s pH can fatally 
impact on the sensor’s operation. A variety of new fields 
will be applied in the future of BioFET, which will con-
tribute to new applications rather than antigen sensing, 
biomarker sensing, and drug screening.
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