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1 | INTRODUCTION

Over years of study, silicon-based biosensors have been
employed in various bioanalytical fields due to their favor-
able characteristics, such as high sensitivity, integration

Abstract

Over the past decades, considerable development and improvement can be
observed in the area of the ion-sensitive field-effect transistor (ISFET) for
biosensing applications. The mature semiconductor industry provides a solid
foundation for the commercialization of the ISFET-based sensors and extensive
research has been conducted to improve the performance of ISFET, with a spe-
cial research focus on the materials, device structures, and readout topologies.
In this review, the basic theories and mechanisms of ISFET are first introduced.
Research on ISFET gate materials is reviewed, followed by a summary of typical
gate structures and signal readout methods for the ISFET sensing system. After
that, a variety of biosensing applications including ions, deoxyribonucleic acid,
proteins, and microbes are presented. Finally, the prospects and challenges of the
ISFET-based biosensors are discussed.
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capability, miniaturized device volumes, and relatively
low cost. Impressive progress has been achieved in
developing silicon-based biosensors based on a variety of
mechanisms, such as optical waveguide biosensors, high
electron mobility transistors, micro-electromechanical
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systems sensors, and ion-sensitive field-effect transistors
(ISFETs).l'"*] Among them, the ISFET was one of the
first miniaturized devices as a silicon-based chemical
sensor. The first ISFET was proposed with Na' sensi-
tivity by Bergveld in 1970.1°! In an ISFET, the obtained
source-drain current shows a linear relationship with the
correlative ion concentration. Such a concept demonstra-
tion stimulates research efforts in further modification
of traditional transistors to obtain superior biosensing
characteristics.

Research advances in material engineering and device
structural design have largely widened the applications
of ISFETS in clinical monitoring, personalized healthcare,
disease control, and so forth.[®7] A variety of sensitive
layers in ISFETs were proved to have desirable sensitiv-
ity for ion detection such as potassium ion (K*), sodium
ion (Na™), cobalt ion (Co**), aluminum ion (AI**), and
ammonium ion (NH,*).[5812] In 2011, Rothberg et al.
demonstrated the deoxyribonucleic acid (DNA) sequenc-
ing method using the ISFET, which further broadened
the application scenarios of transistor-based sensors for
sensing biomacromolecules.! 3! Moreover, ISFET-based
wearable sensing systems, including human sweat and
plasma monitoring, were designed for in vivo and in
vitro healthcare.["*'8] Specific detections of other macro-
molecules such as proteins, antigens, and enzymes, were
also realized.l"2! Apart from research efforts on sensi-
tive layer engineering, device structural designs and gate
materials have been extensively studied. Bausells et al. fur-
ther modified the gate structure of the ISFET to ensure
its compatibility with the standard complementary metal-
oxide-semiconductor (CMOS) process.|?2! Different chan-
nel materials like graphene and molybdic sulfide (MoS,)
were also reported to enhance sensing performance.[?*2*]
Moreover, system topologies were studied to realize the
super-Nernstian ion-sensing sensitivity.!2>20!

This paper reviews the advanced ISFETSs for biosensing
applications with discussion on the recent reports on the
materials, structures, and topologies from component to
system. We presented the system-level design of integrated
ISFET-based biosensors, including the readout circuit and
integrated systems. The fundamentals and mechanisms
of the ISFET will be briefly introduced in Section 2 and a
summary of recent advances in gate materials will follow
in Section 3. Representative reports on gate structures will
then be summarized in Section 4 and the signal readout
topologies will be reviewed in Section 5. Additionally,
research on biosensing applications of ISFET will be
summarized based on different gate materials in Section 6.
Section 7 will include a discussion on the challenges
and future perspectives in the field of ISFET-based
bioelectronics.

2 | FUNDAMENTALS AND
MECHANISMS

Research efforts have been devoted to continuously opti-
mizing the performance of the ISFET towards low cost,
high sensitivity, high stability, and good integration.
Figure 1a,b shows the classic schematics of the traditional
metal-oxide-semiconductor field-effect transistor (MOS-
FET) and ISFET. MOSFET is a type of insulated-gate field-
effect transistor and its voltage of the covered gate deter-
mines the electrical conductivity of the device; this ability
to change conductivity with the amount of applied voltage
can be used for amplifying or switching electronic signals.
Compared to the commonly seen MOSFETs, the metal gate
is removed and a reference electrode is included to provide
biased voltage in an ISFET. The reference electrode and sil-
icon dioxide (SiO,) insulation layer are immersed in the
target solution. A sensitive layer will be further prepared
on the insulation layer, such as tantalic oxide (Ta,0s), alu-
minum oxide (Al,03), and silicon nitride (Si;N,). During
the measurement, a certain voltage Vg is applied to the
reference electrode, and Vpyg is applied between the drain
and source of the ISFET. Thus, a dynamic source-drain
current is obtained when solution pH changes. The site-
binding model proposed by Yates et al. in 1974,1?7! which
figures out the formation of ion pairs at the oxide/aqueous
electrolyte interface, is well-known in explaining the
mechanism of ISFET in ion sensing. Besides, according
to the Gouy-Chapman theory, an electric double layer is
formed at the interface between solution and sensing layer,
and ions in the solution can combine with functionalities
at the surface, which then changes the surface potential of
the sensing layer.[?>°! As for the ISFET-based pH sensor,
which employs the SiO, as an insulation layer, reactions
that happened at the interface includel*°!:

SiOH < Si0O~ + H* Q)
SiOH + H* < SiOH; )

in which the hydroxyl groups donate or accept protons.
The surface potential of the insulator is further altered,
resulting in the change of the threshold voltage Vy, (the
gate-source voltage is needed when the inversion layer is
formed in FET) of the ISFET. Figure 1c shows a simple
circuit diagram of an ISFET sensing system.

Figure 1d shows a capacitance model of the ISFET in
the unmodified CMOS process, which is fabricated with
standard CMOS technologies and can be used for pH sens-
ing without further modification.[*!! When a sensing layer
comes into contact with the solution, the transfer of elec-
trons/ions between the two phases creates an excess charge
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FIGURE 1 Typical device structures of (a) metal-oxide-semiconductor field-effect transistor (MOSFET) and (b) Ion-sensitive field-effect

transistor (ISFET). (c¢) Simple circuit diagram of an ISFET sensing system. (d) Capacitance model of an ISFET in unmodified complementary

metal-oxide-semiconductor (CMOS) process!*!!

in each phase, known as the Helmholtz layer. Based on the
electrical double-layer theory, the Cgoyy and Cyeyyy refer
to the capacitances of the Gouy-Chapman layer and the
capacitances of the Helmholtz layer, respectively; the Cp,q
stands for the capacitance of the passivation layer above
the insulator. And the surface potential at the passivation
layer V{, depends on the pH of the solution!**]:

V. =Vg

G — Vehem = Vg — (¥ + aSypH) (3)

where y is a constant, Sy is the ideal pH sensitivity, and
a is the sensitivity deviation. The threshold voltage of the
device can be further expressed as:

Vin = Vinomosrer) + ¥ + aSypH 4)

From the circuit shown in Figure lc, when the FET
works in the saturation region, the drain-source current
can be calculated as:

w 1
Ips = HCOXT[(VGS = Vi) Vps — ZVLZ)S 5)

where u is the carrier mobility, and Cy refers to the capac-
itance of the oxide layer, W/L is the aspect ratio of the FET
channel, where W and L refer to the width and length
of the channel, respectively, and Vpg remains constant.
Therefore, a different pH environment leads to different
threshold voltages. By measuring the changes in Vy, or Ipg,
changes in pH can be determined.

Table 1 summarizes some ISFET devices based on
different sensitive layers, channel materials, and ideal
biomarkers with specific resolution, which will be dis-
cussed thoroughly in the following section. In general, the
fabrication of the device mainly relies on CMOS processes,
including materials deposition, coating, photolithography
and etching to achieve particular electrode patterns.
Various deposition methods have been widely adopted for
gate materials fabrication. For instance, oxide membranes
are extensively deposited by chemical vapor deposition,
physical vapor deposition, atomic layer deposition (ALD),
and so forth.l'#2#33] Other materials such as graphene
channels can be deposited by thermal evaporation,

spin-coating, and E-beam evaporator.[!7-343%]

3 | GATE MATERIALS

Typically, ISFET gate materials refer to a sensitive layer
in direct contact with the targeted solution, and this layer
is known as a gate dielectric/insulator. ISFETs are one
of the successions of MOSFETs to achieve CMOS-based
chemical sensing; thus the flow of source-drain current
is controlled by the gate potential generated at the inter-
face between the sensitive membrane and the solution.
Stable sensing signals can be extracted when the ISFET
is coupled with a reference electrode, such as silver/silver
chloride (Ag/AgCl) electrode.!*! For a traditional pH-
sensing ISFET, its threshold voltage depends on the pH
of the targeted solutions in contact with its ion-sensitive
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TABLE 1 Summary of the ion-sensitive field-effect transistor (ISFET) materials and sensing systems
Sensitivity/
Sensitive layer Channel material Preparation Process Monitoring Target Resolution Ref.
Nanocrystalline Graphene Graphene Thermal evaporation, pH 140 mV/pH [34]
photolithography
Ionophore membranes Graphene CVD, thermal evaporation K*, Na*t, NH,* 6.27,17.4and  °!
2.9
uA/decade
L-phenylalanine membrane Graphene CVD, thermal evaporation Nat, Co?*, APPY, 0. 17 pmol/L 1331
Cu?* for Cu?*
K* ionophore membrane Graphene Cold walled CVD, thermal K* 39 ng/L (8]
evaporation
Al, 04 MosS, Atomic layer deposition pH >50 mV/pH 361
(ALD), low-power oxygen
plasma
Al,0,/ hafnium oxide (HfO,)  MoS, Mechanical exfoliation, pH ~587mV/pH [
E-beam evaporation, ALD
Glucose oxidase MoS, E-beam evaporation, Glucose 260 mA/mM 7]
micromechanical
exfoliation
DNA-Au NPs hybrid structure. MoS, Sputter, lithium ion Hg** 1 pM to 100 [t
exfoliation method nM
Al 0, Black Phosphorus (BP)  E-beam evaporation, ALD Immunoglobulin G.  ~10 ng/ml [39]
dithiothreitol (DTT)/Au NPs  Black Phosphorus (BP)  Laser direct writing, sputter ~ As>* 1nMto1000  [40]
nM
(3-aminopropyl) MZXene/graphene E-beam evaporation, CVD 2019-nCoV spike 1fg/ml to 10 (411
triethoxysilane protein pg/ml
(APTES)
Ti,C,T, MXene Si Photolithography, etching Agt 0.5uM to 10uM  [42]
Ta, 05 Si 1.2um-CMOS, physical vapor  L-carnitine 18.0 + 1.7 (2]
deposition (PVD), etching mV/uM
AL O, Si E-beam evaporation, liftoff, ~ Sweat pH 51.2 mV/pH [14]
etching
Indium oxide Indium phosphide (InP) Molecular-beam epitaxy pH 58.3 mV/pH 131
evaporation, liftoff,
photolithography,
inductively coupled
plasma (ICP)
Al O, Si-Nanowire (SINW) Photolithography, thermal pH 48 mV/pH A
oxidation, ALD
Polyethylene glycol (PEG) Si-Nanoribbon Photolithography, etching, Prostate specific 100 pM to 100 171
E-beam evaporation antigen nM
Gold (Au) SINW ALD Na* 44 mV/decade [#

Abbreviations: CVD,chemical vapor deposition; PVD, physical vapor deposition.

barrier as shown in Figure 1b. For inorganic ions sensing,
different sensitive membranes are deposited on the gate
layer. For detection of other macromolecules, a certain
amount of enzyme/antibody/RNA could be added for a

specific reaction. The change of protons in the solution
during the reaction indicates the different concentrations

of the analytes being tested.

RT, Cox

E =E0 + —In

nE Creq

According to the Nernst equation, the magnitude of total
potential E is related to the ion concentration. For a com-
plete electrochemical reaction (full cell), the equation can
be written as follows:

(6)
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where E is the standard cell potential, g is a constant, n

is the number of electrons transferred in the cell reaction,
and Cox is the ratio of oxidant concentration to reductant

red

concentration. For pH sensing, (E — E;)) delivers a linear
correlation of 0.0592 V/decade with proton (H") concen-
trations. Therefore, the gate potential is adjusted by ion
concentration, which then leads to the change of current
response.

Since the metal gate in a traditional MOSFET was first
replaced by the aqueous solution to form an ISFET, a vari-
ety of materials have appeared in the history of ISFETs.!4¢]
Oxides play an important role and form the foundation of
the ISFET gates.[2>47-4] The basic principle is that the H*
released from the dynamic solution will affect the pH in
the well. This induces a change in the surface potential of
the oxide layer as well as the potential between the gate
and base of the underlying field effect. Apart from oxides,
many composite materials with modified morphologies
and properties can also be utilized as ion-selective mem-
branes. In this part, gate materials including thin-film
sensitive layers, two-dimensional (2D) materials, and a
wide range of nanostructured functionalized materials will
be summarized in accordance with the development of
ISFETs.

3.1 | Sensitive thin films

SiO,: SiO, is one of the materials that has been widely
employed for the ISFET gate fabrication. The performance
of single-layered SiO, has been further improved by stack-
ing with other thin films, such as SiO,/Hf0O,/Al,0, [*°]
Lee et al. first applied Al/SiO,/Si layers as a sensor for
antigen test of hepatitis B (HBsAg) in order to avoid
the time-consuming steps and low sensitivity in high
ion concentration.[?’] The HBsAgs hold strong negative
charges and the positive hydrogen ions in the solution clus-
ter near the functional groups causing pH change of the
sensing oxide.

Ta,0s: The first Ta, 05 gate ISFET was fabricated in 1981
by Matsuo et al., and Ta,O5 was one of the most suitable
materials known for that time as the gate layer for pH-
sensing.!>!l Before long, the first Ta,05 gate ISFET with
differential amplifier was fabricated in 1989 by Wong et al.
The output of an amplifier with a Ta,05/SiO, gate ISFET
(58-59 mV/pH) was differentially amplified against the
output of another amplifier with a SiOxNy/Si3N4/SiO, gate
ISFET (18-20 mV/pH).[°?] In this system, an external ref-
erence electrode was not required because of its unique
topology. Until now, Ta,05 involves various biosensing
fields, including enzyme detecting, live-cell monitoring,
and even gas sensing.!'®2"->]

Al,053: Al,O5 as a chemically stable material has been
widely utilized in pH sensing with satisfactory perfor-
mance since 1979.1°*! As shown in Figure 2a, an ISFET for
pH sensing is reported by Choi and co-workers.!**] When
the ISFET was in solution, the Al,O; film surface charged
with the proton concentrations, which alters the surface
potential and the source-drain current as well. For small
sensing areas (~0.1 mm?), the pH sensitivity of a commer-
cial FET is reduced dramatically. While in the case of this
Al,O; ISFET, the pH sensitivity is unaffected for smaller
sensing areas and makes it possible for the analysis of inte-
grated samples. Recently, other Al-based materials are also
adopted as the ISFET’s gate, such as aluminum nitride and
metallic aluminum.[5%7]

Nitrides: Nitrides enable a broad range of biomarkers
sensing. For instance, SizN, performs superior water tight-
ness and chemical stability for Ht sensing. With an ion-
sensitive layer on top of the Si;N, gate, the device can
then be utilized for a variety of biomarkers sensing.>*]
Moser et al. demonstrated a CMOS platform with Siz;N,
layer for on-chip real-time amplification and DNA detec-
tion, which emerges from the pH sensing prototype, as
shown in Figure 2b. Its output signals show a linear spread
of 0.3% with a high pH sensitivity of 3.2 us/pH.**] More-
over, Toumazou et al. detected the nucleic acid polymer-
ization reaction by using Si;N, as gate layer.*®! Indium
nitride (InN) is another promising material for obtaining
high sensitivity of pH sensing. As shown in Figure 2c, an
ultrathin InN ISFET is prepared and shows a sensitivity
of 58.3 mV/pH in the range of 2-12 pH, with a resolution
down to less than 0.03 pH and a response time fewer than
10 s.°°] The strong accumulation of surface electrons in
InN leads to a huge ion-induced surface potential for cur-
rent transconductance in the ultra-thin conductive chan-
nel. Consequently, adequate gate bias in the electrolyte can
effectively modulate the electron density in the ultra-thin
conductive channel and significantly increase the current
variation ratio. Gallium nitride (GaN) with a wide energy
gap can be engineered through heterostructure design. It
has a high transconductance at around zero gate-drain
voltage and thus enables a high sensitivity.l"'! Matthew
et al. demonstrated that a GaN ISFET coated with an ion-
selective membrane to detect nitrate ions in solution and
observed a linear response range of 107°-1073 M.

Other oxides: In recent years, zinc oxide (ZnO), palla-
dium oxide (PdO), HfO, and many composite oxides have
been adopted as ion-sensitive membranes with attractive
properties.[2036:60-92] For instance, ZnO can obtain a wide
range of pH sensing with linear response, and the HfO,
gate deposited by ALD can minimize the oxygen vacan-
cies to reduce the attached ions on the surface of the sens-
ing film. One of the most eye-catching progress was that
Nakata et al. used an indium-gallium-zinc-oxide thin film
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extended-gate biosensor with an A1,0, layer.[*] (b) The complementary metal-oxide-semiconductor (CMOS) platform is used for real-time
detection of deoxyribonucleic acid (DNA) with the Si;N, layer.[*®] (c) Schematic of a 10-nm-thick InN ISFET.[**] (d) Cross-sectional view of an

ISFET modified with PANI/DNNSA layer for H,0, sensing!®!

for the n-type gate material and the pH-sensing membrane
simultaneously."*! In this work, a flexible sensor based
on the as-prepared oxide film was integrated with a tem-
perature sensor for real-time measurements. It paved the
way for fully integrated and flexible personalized bioelec-
tronics in the future. In addition, Singh and coworkers
first demonstrated indium-zinc oxide (InZn,Oy) could be
applied for pH sensing.®! It delivered a low drift rate of
2.08 mV/h and a stable performance after 500 bending
cycles with a homogeneous and dense InZn, Oy thin film.

Polymers: As summarized above, inorganic materials
have been widely utilized for gate fabrication to obtain
desirable pH sensing. Apart from these, polymer/organic
gates expand the types of targeted analytes and pave
the way for multiple analytes detection with ISFETSs. For
instance, Zhang et al. modified the polyaniline protonated
with dinonylnaphthalene sulfonic acid (PANI/DNNSA)
as gate material for an ISFET polyethyleneimine (PEI)
sensor.!%] PEI serves as a proton sponge and absorbs pro-
tons from the PANI backbone. The released protons cause
a nearby pH decrement, inducing an ISFET output signal
between the source and drain electrodes. It was also found
that the PANI/DNNSA layer largely improved the device
stability under 100% relative humidity (RH). The applica-
tion of the PANI/DNNSA membrane was further explored
by the same research group.!%! Figure 2d illustrates its
working principle as a sensing gate for hydrogen per-
oxide (H,0,) detection in horseradish peroxidase (HRP)
catalyzed redox reaction. Once HRP is immobilized on
the PANI/DNNSA functionalized sensing surface, hydro-
gen peroxide (H,0,) is reduced into water. The detec-

tion of enzyme-catalyzed reactions on an ISFET device
opens possibilities for ultrasensitive enzyme-sensing on
a CMOS bioelectronic platform. Other organic materials
such as hydrogel, polystyrene, and polyvinyl chloride can
be deposited for specific biosensing applications. ®0-6%!

3.2 | 2D materials

Graphene: Graphene has higher carrier mobility than sili-
con at room temperature, which indicates that the electron
mobility remains more stable with temperature change.[®!
Owing to its extreme sensitivity to surface charge and
strong interaction with ionic adsorbates, it can serve as
an excellent material for an electron-proton transducer.
A large library of ISFETs employing various graphene-
based functionalized layers has been demonstrated so far.
For instance, Li et al. reported graphene-based ISFETs
for K* detection via a valinomycin-based ion-selective
membrane.!'°! The sensitivity is 61 + 4.6 mV/decade with
a wide sensing range of 1uM-20 mM, which is superior to
commercial Si-based ISFETs. Another ISFET device with
L-phenylalanine’s structure for sensing different metal
ions was proposed by Alves et al.[**] As shown in Figure 3a,
L-phenylalanine’s aromatic group allows a 7-7 interac-
tion with graphene, and the carboxylic acids and amino
groups can coordinate with metal ions. Hence, one end
of the L-phenylalanine attaches to the graphene, and the
other end binds to the targeted ions. From the compar-
ison of pristine and functionalized graphene, it is recog-
nized that functionalized graphene improves the accuracy
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FIGURE 3 Ion-sensitive field-effect transistors (ISFETs) with 2D and a variety of nanostructured materials. (a) ISFET device based on

graphene with the L-phenylalanine receptor.[** (b) Complementary metal-oxide-semiconductor (CMOS)-graphene sensor arrays for
multi-points DA molecules sensing.[”°] (c) Three-dimensional sketch of silicon nanowire (SINW)-ISFETs.!**! (d) The structure design of the

carbon nanotube (CNT)-ISFET pH sensing device!®”!

for ion detection and enables stable multi-ion detection,
including Na*, Co?*, and AI**. Ibrahim et al. applied the
Nikolskii-Eisenman equation as an extension to the Nernst
equation to include the potential contribution from multi-
ple ion species!®!:

Zl

E,=E, + oclnlO—log(al + 2 kija J @)
J#

where the ion activity is a; (the charge is now gz;) for

a specific analyte. The interfering ion is marked as j
with corresponding activity a; and charge z;, oclnlO

is a constant for a certain klnd of ion, and (E; — Eo) is
the potential difference. k;; is the selectivity coefficient
and the smaller the kj; values, the less impact the inter-
fering ion will have on the measured potential. ISFET
arrays were designed for real-time concentration mea-
surements of K*, Na*, NH, ™, nitrate ion (NO;™), sulfate
ion (SO,?7), and chloride ion (CI~) simultaneously. By
applying Nikolskii-Eisenman analysis, selective ion sens-
ing was demonstrated. Apart from metal ions, high-density
measurements of dopamine (DA) can also be realized
with a heterogeneous CMOS-graphene sensor array.!”!
Figure 3b shows that extra electrons are generated due to
the redox reaction of DA molecules with carbon atoms on
graphene. The high resolution of sensor pixels creates an
opportunity for accurate and multi-point in vivo measure-

ments. In addition, a graphene-based ISFET was reported
to have a pH sensitivity beyond the Nernst limit!>*]. Defect-
engineered graphene was designed as an ISFET sensing
channel, leveraging charge transfer effect, and achieved
a beyond-Nernstian pH response (~140 mV/pH) with
nanocrystalline graphene.

Black phosphorus: As a layered semiconductor with
a controllable bandgap and high carrier mobility, black
phosphorus (BP) is one of the most promising materials for
nanoscale transistors. In recent years, it has been adopted
for the detection of heavy metal ions, nitrogen dioxide gas,
and immune protein.[*>”"72] For example, Zhou et al. uti-
lized BP membrane as a conductive channel to uniformly
disperse Au nanoparticles (NPs) and realized Arsenic ion
(As?*) detection from 1 to 1000 nM. The reported BP/Au
NPs/dithiothreitol hybrid structure has a simple manufac-
turing process and excellent sensing performance, which
is prospective for real-time ion detection.

Molybdenum sulfide: In 2011, Kis and co-workers made
the first transistor with a single sheet of molybde-
num sulfide (MoS,, down to 0.65 nanometers thick).[”*!
Note that, 2D MoS, has then attracted tremendous
research interest due to its unique structure and semi-
conductor property. For instance, Wang et al. reported a
highly stable and repeatable MoS, FET biosensor with
Al,O;/Hf0,/Mo0S,/SiO, hybrid structure!”!. Compared
with the HfO,-gated sensor, this sensor has higher cur-
rent sensitivity (~105-fold) and a relatively small limit of
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detection (LOD) of 0.01 pH. Moreover, Wei et al. improved
the multilayer gate structure to achieve a low LOD of
1.54 x 1073 pH and reduced the drift value to 4 mV/h.
In addition, MoS,-gated ISFET has been reported for
heavy metal ions, glucose, hydrogen peroxide, and proteins
sensing.[7:38.7576]

2D transition metal carbides, carbonitrides, and nitrides:
2D transition metal carbides, carbonitrides, and nitrides
(Mxenes) are novel 2D materials with graphene-like struc-
tures, consisting of transition metal carbides, nitrides,
or carbonitrides. Its superior conductivity allows ions to
move with much less resistance and thus has been applied
to biosensors since 2011.[771 For instance, ISFETs based
on Ti;C, Ty have been reported for ion sensing, including
mercury ion, silver ion, alkaline ion, and so forth.[*>787°]
Xu et al. further designed an ultrathin (~5 nm) MXene-
micropattern-based FET for DA detection, showing a
detection range from 100 nM to 50 uM.[*°] During the
COVID-19 pandemic, Li et al. also invented a FET sensor
based on Mxene-graphene, which can detect the virus in
a low-cost, ultra-sensitive, fast, and specific way.l*!! Based
on the antibody-antigen sensing mechanism, the MXene-
graphene FET sensor shows a low LOD (1fg/ml for recom-
binant 2019-nCoV spike protein) and fast response time
(50 ms).

3.3 | Other nanostructured materials

Si nanowires: ISFETSs based on Si-nanowire (SINW) have a
high surface-to-volume ratio in the nanowire-type chan-
nel. It increases the threshold voltage and gate capaci-
tance, and thus proceeds excellent ion sensing proper-
ties. For example, via traditional silicon top-down tech-
niques, Kim et al. fabricated an ISFET with SINW in a
width of 50 nm wide and length of 10 ym.!3!] The ISFET
delivered a sensitivity of 40 mV/pH, and the signal-to-
noise ratio of the device is estimated at a resolution of
0.016 pH from the measured noise results. Other ISFETs
based on Si nanowires, such as dual-gate FETs, dual-
mode amplification FETs, and stacked SiNW FETs are
also presented for pH sensing in recent years.['>523] In
addition, various ion sensing can be achieved by using
self-assembled monolayers (SAM). Wipf et al. designed
a selective Nat ion sensor by functionalizing Au-coated
SiNWs with SAM.[**] The measured difference between
the SAM modified and unmodified Au/SiNWs, a Na* sens-
ing response of 44 mV/decade was achieved in the pres-
ence of ions including H*, K* and Cl~. Another SINW-
ISFET with the same polymer matrix as an ion-selective
membrane is utilized for multi-channel analysis of inor-
ganic ions in mixed solution and shows excellent selectiv-
ity with the interference of H*, Na* and K*.[5*] Apart

from ion sensing, Figure 3c demonstrated the sketch of
SiNW-ISFETs for methylene blue detection. The sensors
showed a near-Nernstian response of 56.4 + 1.8 mV/decade
with excellent reproducibility.

Carbon nanotubes: The carbon nanotubes (CNTSs) can be
lined up along the channel to act as a superhighway for
electrons, which could significantly improve the electrical
properties of devices. For example, when the nanotubes
are well aligned in a nanochannel, the source-drain cur-
rent could be much higher at the same gate voltage. Dong
et al. designed a CNT-ISFET for pH-sensing, and CNTs
in nanochannels are shown in Figure 3d.I%°! In this work,
nanochannels were generated by atomic-force microscope
(AFM)-assisted nano-scratching, and the electrical proper-
ties of CNTs were tested by a current sensing AFM. Dutta
et al. reported the fabrication and characterization of dual-
gate CNT-ISFET for pH detection.[*°] It showed a super-
Nernstian sensitivity of 943 mV/pH and a suppressed drift
rate down to 13.5 mV/pH. Besides, CNTs can also serve as
crosslinking material for the ionophore membranes. More-
over, Cid et al. reported an ISFET based on single-walled
CNTs as a transduction layer and combined with an anion-
selective membrane containing valinomycin to realize the
detection of K* down to 10~® M.[%”] CNTs-based ISFETs
have also been reported for various biomarkers evaluation,
such as acetylcholine, glucose, and laccase. 5590

Others: The surface potential changes due to protein
binding/dissociation are usually small. As a result, cur-
rent changes in ISFETs during proteins sensing are rela-
tively difficult to identify.!°"] Thus, nanostructured mate-
rials with large surface-to-volume ratios have been uti-
lized to functionalize ISFETs for proteins sensing.!']
For instance, ISFETs based on ZnO nanorods have been
demonstrated for pH testing, glucose monitoring, and
DNA detection.[%>%4] Recently, a novel vanadium pentox-
ide (V,05) nanorod was also applied to construct ISFETs
by Abd-Alghafour et al.

4 | GATE STRUCTURES

The modification and improvement of the ISFET’s gate
structure have attracted significant interest along with
the development of CMOS technology. Unmodified CMOS
processed ISFETs are based on the conventional FET struc-
ture with the gate metal removed and an optional sensi-
tive membrane deposited on top of the gate. To achieve
enhanced stability and sensitivity, ISFETs with dual-gates
and extended gates were designed. In dual-gate ISFETSs, the
two gates are capacitively coupled and the dual-gate design
could achieve sensitivity beyond the Nernstian limit. In
extended-gate ISFETS, the sensing pads extend off the
chips, and only the off-chip sensing pad is in contact with
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TABLE 2 Ion-sensitive field-effect transistors (ISFETs) with different gate structures
Gate structures Signal readout topologies Gate materials Applications Pixels Ref.
Unmodified CMOS gate  feedback mode Si;N, Detection of 1 1951
enterobacteria
Unmodified CMOS gate  Chemical-Gilbert-Cell Poly-Si Phage lambda DNA 32X 32 6]
differential mode
Unmodified CMOS gate One-differential-amplifier mode Ta,O5/Poly-Si/ Si;N, pH sensing 1 (2]
Dual-gate ISFET-ISFET Differential mode SiNW pH sensing 1 (12]
Extended-gate The CVCC readout TiO, pH sensing NA 171
Floating-gate Current-mode Si;N,/SiO, Real-time DNA 12.8K (98]
detection
Floating-gate pH-to-time conversion Sio, E. coli volume in 512 X 576 (991
food
Floating-gate ISFET-REFET differential mode  Si;N,/SiO, DNA-based 32x32 (e
diagnostics
Floating-gate The CVCC readout Si;N,/SiO, Proton imaging 64 X 64 fon]

the solution. Moreover, ISFETs with the floating gates
modulate the channel conductance with a control gate and
a sensing gate. Table 2 summarizes some representative
ISFETs with the as-mentioned four types of gate struc-
tures and their signal readout topologies. The correspond-
ing mechanisms and application demonstrations will be
introduced as well.

41 |
ISFETs

Unmodified CMOS processed

The fabrication of ISFETs in the unmodified CMOS pro-
cess was first demonstrated by Bausells et al. in 1999.[2%]
Further modifications on structures were developed to
enable high compatibility with the standard CMOS pro-
cess, cost reduction, device scalability, and large integra-
tion density. The gate of the ISFETs in the unmodified
CMOS process is extended to a passivation layer on the top,
as shown in Figure 4a. The commonly used passivation lay-
ers, including Si; N, and SiO, layers, can trap protons at the
surface and enable the ISFETSs to monitor pH accurately.32

Extensive applications of ISFET based on the unmod-
ified CMOS process were reported in the following
years.[5859102-104] Georgiou et al. proposed an ISFET-
based pH sensor using a commercial 0.25-um CMOS
process.[*!] A scalable CMOS-based ISFET sensing system
was reported to achieve real-time DNA sequencing based
on pH sensing.|**! Implementation in standard CMOS
technology provides the ISFET sensing array with high
sensitivity and large scalability, which further modifies
the compatibility and calibration. After integration with
the readout circuit and memory, a bio-sensing lab-on-chip
(LoC) platform can be achieved.['%%]

However, ISFETs in unmodified CMOS suffer from
several drawbacks, which limit their applications. First,
capacitance introduced by the passivation layer leads to
extra signal attenuation. Besides, trapped charges in the
passivation layer result in offset in the threshold volt-
age, though the as-resulted interference can be reduced
using ultraviolet radiation.!'°°] Moreover, the change of the
threshold voltage due to temperature and drift effect also
limit the accuracy of the ISFET sensing.

4.2 | Dual-gate ISFETs

Diverse research aiming to increase the performance of
ISFET-based sensors were reported, among which the
dual-gate ISFETs were proposed to exhibit sensitivity
beyond the Nernstian pH sensitivity of 59.5 mV/pH07-109],
In dual-gate ISFETS, a bottom-gate is included in the FET
and capacitive coupling between the two gates on the top
and back is formed. It is known that such a dual-gate struc-
ture induces an additional charge accumulation channel,
resulting in a higher current and a steeper subthreshold
slope.[""°] The pH sensitivity can be improved by several
orders of magnitudes. Moreover, the performance limits in
conventional ISFETSs such as time drift and hysteresis have
also been improved.[10%1]

Figure 4b shows a typical schematic of a dual-gate
ISFET pH sensor.!?°] The thickness of the top gate oxide
and buried oxide in this device are delicately modified to
enhance its immune-sensing ability. Yen et al. further stud-
ied the relations between pH sensitivity and the thickness
of the sensitive layer in dual-gate ISFETs.!"?! An increase
in the thickness would reduce the capacitance of the sens-
ing membrane, resulting in lower sensitivity according
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FIGURE 4 Ion-sensitive field-effect transistors (ISFETs) with different gate structures. (a) Unmodified complementary

metal-oxide-semiconductor (CMOS) gate.*2! (b) Dual-gate.[2] (c) Extended-gate.* (d) Floating-gate®®

to the capacitive coupling. Besides, Zhou et al. reported
a dual-gate ISFET pH sensor with a high sensitivity of
720.7 mV/pH by combining SiNW.l'?] An inverse dual-gate
design, which leverages the SINW as the back gate and the
solution-immersed backside as the top gate, enables ampli-
fication in the threshold voltage.

4.3 | Extended-gate ISFETs

The extended-gate ISFETs are proposed to have bet-
ter stability, convenient fabrication, and good reusability.
Extending the gate to the top layer makes it compatible
with the standard CMOS process. Moreover, the extended-
gate ISFETS can be into two parts, the sensitive membrane
in the solution and the FET channel region with related
peripheral circuits in the dry environment. The FET circuit
part can be protected well from chemical damage in such
a structure, while the sensing unit can be replaced without
remanufacturing the whole device.!>*]

Figure 4c shows a typical extended-gate ISFET. It
comprises a MoS, FET and aluminum-oxide/hexagonal-
boron-nitride stacking sensing unit.!*°! Higher pH sensi-
tivity and low drift values are achieved. Chiu et al. pro-
posed an extended-gate ISFET pH sensor using the tan-
talum doped zinc oxide (ZnO:Ta) sensitive membrane
and achieved a wide linear sensing pH range.[°] Kwon
et al. proposed an extended-gate ISFET pH sensor with a
gate-all-around structure to achieve good sensitivity while
reducing the device area.l>>l However, such device struc-

tures occupy a larger area, limiting their miniaturization
and integration density.

4.4 | Floating-gate ISFETs

A floating-gate ISFET consists of two gates, the sensing
gate, and the control gate. The control gate provides a bias
to the FET, and the sensing gate serves to convert the chem-
ical signal from analytes to electrical signals. The con-
trol gate can provide bias in such FET, and the reference
electrode can be eliminated.!*] The floating-gate ISFET
was first demonstrated by Barbaro et al.l'"*] As shown in
Figure 4d, Zhang et al. demonstrated a floating-gate ISFET
for pH sensing and enzymatic reactions detection.[%°] The
polyaniline-functionalized sensitive membrane achieves
ultrasensitive immunosensing with the 0.25-um CMOS
process.

5 | SIGNAL READOUT TOPOLOGIES

Over the past few years, the design and application of
ISFET-based sensing systems have experienced dramatic
evolvement. Requirements for higher accuracy and further
integration improve the front-end circuit and the signal
readout methods. The topologies can be classified into two
types: single measurement and differential measurement.
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5.1 | Single measurements

In a single ISFET topology, single measurements consist of
two readout methods to achieve continuous encoding. One
is the feedback mode, which is the simplest readout system
for the reference electrode. The ISFET’s current keeps con-
stant, and the voltage feedback to the reference varies with
solution pH.!""*! For instance, Kotsakis et al. addressed that
the protons produced during imipenem hydrolysis could
be detected using an ISFET.I’] The ISFET proved vari-
ous carbapenemase-negative control strains were negative
(100% specificity), which had the potential to be routinely
employed in clinical laboratories for the detection of a vari-
ety of bacteria. However, due to its incompetence with the
normal reference electrode, the feedback mode is replaced
by the current mode. This technique is widely applied
in ISFET front-end configurations, including constant-
voltage, constant-current (CVCC) readout, and current-
mode readout.

The CVCC readout circuit also called the source-and-
drain follower, is operated at a constant drain-source volt-
age Vpg and current Ipg. As shown in Figure 5a, in the
CVCC readoutcircuit, a constant voltage is loaded between
the source and drain of the ISFET, and the pH vari-
ation is reflected in the changes of the source voltage
V132141 Moreover, the pixel architecture is further pro-
posed. The readout unit for the ISFET sensor array is
shown in Figure 5b, consisting of three transistors and a
single ISFET device.l'"*! Transistor P, provides a constant

current and serves as the load; the transmission gate P3/N;
connects to the column addressing line and serves as the
readout for each pixel. Further combination of the pixel
readout architecture with a simple source follower forms
the voltage mode pixel, which is proposed by Miscourides
et al.l"'®] The pixel circuit schematic is implemented as a
source-and-drain follower where changes in V,, reflect
the pH variation, and a total of 4096 sensor arrays occupy
0.56-mm? area with approximately 96 um? for each pixel.

The current-mode readout is a compensation method
for mismatch in large-scale ISFET arrays, which is caused
by the presence of trapped charge at the sensor’s floating
gate. To facilitate ISFET calibration, the programmable-
gate method is carried out. Miscourides et al. proposed
a gradient descent algorithm by making a prior estimate
of the calibration step size, thus reducing the number of
iterations to one.[""”] It includes standard pixel topology,
chemically active pixel sensor (APS), pH-to-time conver-
sion, and so forth. Nicholas and his coworkers introduced
alarge-scale ISFET for real-time DNA amplification detec-
tion. Its sensitivity was 1.03 uA/pH with 0.101 pH reso-
lution, which was suitable for the real-time detection of
carbapenemase gene Escherichia coli by a loop-mediated
isothermal amplification.[°s] Moreover, the current-mode
operation in velocity-saturated devices enables their input
and output characteristics (pH-current) to be perfectly lin-
ear, which is consistent with the continuous scaling trend
of transistors in CMOS.

Another considerable method is pH-to-time readout, as
shown in Figure 5c.!°! The capacitance C,, is pre-charged



Chemistry
Europe

European Chemical
Societies Publishing

REVIEW

120f 20 Electrochemical Science Advances doi.org/10.1002/elsa.202100163

before detection and then discharged during the pH sens-
ing. The discharging time is dependent on the drain-source
current of the transistor MN,, which is further related to
the pH of the solution. The voltage of N; will relate to
the pH value followed by the time-to-voltage conversion,
which is achieved by turning off the switch S after a cer-
tain time. Such a method enables the amplification of weak
pH sensing signals. Within this topology, Liu et al. ana-
lyzed a pH-to-time readout system based on ISFET, which
used a time-domain inverter as a horizontal crossover
detector for a 32 X 32 array of in-pixel digital sensors. At
a high frame rate of 1 kilobyte per second, the total power
consumption of the system was as low as 11.286 mW.!!%]
In addition, a classic pH-to-time conversion was applied to
demonstrate the real-time DNA amplification and detec-
tion of phage DNA loops.l**! Moser et al. demonstrated
a robust ion-sensing platform with a maximum drift rate
of 6.5 mV/min and an elaborate pH resolution of 0.019
pH. Furthermore, a pH-time-voltage conversion topology
is proposed by Yu and co-workers to identify bacterial lev-
els in food resources by measuring pH changes of the cul-
ture medium along with optimizing the chemical sensing
area, transistor size, and discharge time.['0%]

5.2 | Differential measurements

The differential measurements are also proceeded in
ISFET signal readout, reducing the common-mode signal
and minimizing the noise and drift..*?] Figure 5d shows
the ISFET differential readout system comprising one
ISFET amplifier and one differential amplifier.!*?] Wong
and coworkers immersed one of the ISFETSs in solutions
with a determined value as a reference, and the output sig-
nal indicates the difference between the two ISFET ampli-
fiers. Then the pH of the targeted analyte can be calcu-
lated, and the drift that occurred in both ISFETs will be
removed in the readout signal. It is dispensable to lever-
age an ideal reference electrode since differential sens-
ing allows the elimination of any common-mode volt-
age between the two sensors, minimizing the effects of
drift, noise attenuation, and temperature difference.[3?]
ISFET-ISFET differential amplifier is a common topology,
which has been employed to construct a simple differ-
ential CMOS-based pH sensor by Shawkat et al.[''”l The
design required two different sensing areas, and the dif-
ferential monolithic ISFET had a good performance in
the range of 1-14 pH under the power consumption of 1.2
UW. In addition, the ISFET-reference-FET (REFET) pair
in sensing arrays is another topology that draws much
attention to analog front-end architecture.["] An identical
FET that is not sensitive to the measured solution is called
REFET and signals can be extracted by applying a differen-

tial measurement between the paired ISFET and REFET.
Cacho-Soblechero et al. designed a pixel structure with the
linear operational transconductance amplifier. It converts
the differential voltages Visprr and Vpac into differen-
tial currents I; and I,, which then generates a pulse-width
modulation output signal.l'°°] However, different ISFET-
REFET pairs could have various offsets, which limits the
further improvements in sensing accuracy. Another topol-
ogy named ISFET-ISFET chemical Gilbert cell was further
proposed by Kalofonou et al., as shown in Figure 5e.[°°!
The Gilbert cell enables differential measurement of cur-
rent. Low power consumption and adjustable gain can also
be realized in such a design.

Looking to the future, readout circuit design plays a
vital role in high-performance ISFET. For highly integrated
portable and wearable sensing systems, compact size and
low power consumption become more and more critical.
The benefit of mature technologies in the current inte-
grated circuit industry lies in the design and fabrication
of feasible low-costing sensor circuits. Thus, the on-chip
integration of sensing units, readout circuits, data storage,
and transmission systems will be the future development
trend.[20]

6 | BIOSENSING APPLICATIONS

ISFETs have shown great promise for the next genera-
tion of bioelectronics in clinical medicine, new drug dis-
covery, environmental monitoring, toxic substance detec-
tion, and wearable biosensing for healthcare.[21878121.122]
They have been reported for gas detection (such as CO,,
H,, and O,) and biosensing (such as enzyme, antibody,
and antigen) in solution.[*>177295123] Compared with tra-
ditional ion-selective electrodes, ISFETs have high input
impedance, low output impedance, and wideband range.
They can simultaneously play the role of impedance con-
version and signal amplification. As the response time of
ISFET sensors is normally within several seconds, they are
also capable of real-time and dynamic biosensing applica-
tions. Moreover, most of the ISFETs have high compatibil-
ity for device miniaturization and integration. Thus, they
have been widely adopted for biomarkers monitoring that
could indicate human body health status.

Generally, the biosensing applications of ISFETs can
be categorized based on the types of biomarkers as fol-
lows: 1) Ton sensing such as H*, Na*, K*, Ca?*, Cl~, and
other inorganic ions. The sensitive films are generally inor-
ganic insulation, solid or polymer films. 2) DNA sensing.
It is possible to detect DNA through the protons produced
due to nucleotide incorporation during a DNA amplifica-
tion reaction. 3) Protein detection. The interaction of tar-
get proteins and selective membranes functionalized with
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biomolecules would modulate the device surface potential,
which results in measurable electric signals. 4) Microbe
monitoring. ISFETSs can either be directly leveraged for cel-
lular metabolism sensing or combining the microorganism
recognition layers for target analysis. Table 3 gives a sum-
mary of ISFETS for a variety of biosensing applications.

6.1 | Inorganicions

Apart from pH sensing, ISFETs with different sensitive
membranes loaded on the gates and modified channel
materials realize the detection of various inorganic ions
such as Na*t, K+, Ca?*, Cu?*, and CI~. These inorganic
ions serve as critical analytes in medical and health-
care applications.!®>12>13813] The jon sensing mecha-
nisms have been introduced and discussed in previous sec-
tions.

For instance, a large-area graphene-based ISFET with
a detection limit of 10 nM (~39 ng/L) was achieved in
real-time K* detection by Fakih et all®l As shown in
Figure 62, a layer of K* ionophore membrane serves as a
sensing layer on a Si-SiO, substrate. In this ISFET, due to
the charge transfer mechanism between graphene and K*
ionophore membrane, the conductivity of graphene has
changed, through which the concentration of target ions
can be monitored. Potassium iodide (KI) as an important
dietary supplement can also be selectively monitored by
ISFETs, demonstrated by Puchnin et al.['>*] By creatively
adapting a self-assembled layer of calyx tubes, determina-
tion of KI was realized with a detection limit of about 30
nM. Besides, Synhaivska et al. proposed a Cu?* sensitive
ISFET with Si-nanoribbon and glycine-glycine-histidine
(GGH) functionalized sensitive layer.['>] The interaction
between the GGH and Cu?* influences the net charge at
the surface, thus resulting in changes in the extracted elec-
tric signals.

The development of novel sensitive materials is expected
to further broaden the scope of ISFET-based ion sensing.
Besides, system-level design and integration are required
for practical and advanced applications.

6.2 | DNA

The combination of ISFETs and DNA detection has been
successfully applied in rapid diagnosis, drug development,
and agriculture engineering.[*’] Pantelis and co-workers
designed a 32 x 32 platform for DNA-based diagnostics,
and the measured solution pH value was significantly
reduced by 2.16 pH at room temperature due to the release
of hydrogen ions during DNA amplification.!'°°] It is the
first thermochemical ISFET array for LoC diagnostic and

inspired the research advances in the field of on-chip DNA
amplification and sensing.

Quantitative monitoring of DNA/RNA plays a vital
role in clinical diagnostics, cancer biomarkers analysis as
well as gene diagnostics/therapies. Based on ISFETSs with
SizN,4/SiO, sensitive layer, an LoC system was developed
for breast cancer mutation point-of-care testing, which
is cheaper and smaller than standard quantitative poly-
merase chain reaction tools."?! As shown in Figure 6b,
nucleotide incorporation during DNA amplification reac-
tion leads to proton generation, which can be detected
by the ISFETs. Multiple additions of the same nucleotide
will ensure the signal is large enough to be identified and
extracted. Similar to DNA sensing, ISFETs have also been
used for RNA quantification. Veigas et al. proposed a plat-
form based on ISFET for label-free quantification of RNA
atroom temperature.'**] Bashir and co-workers fabricated
a 1024 x 1024 ISFETs array functionalized with peptide
nucleic acid probe. The ISFETs array achieved reliable
detection of miRNA Let-7b, which is a cancer biomarker,
after hybridization of target molecules with a concentra-
tion as low as 1 nM.[130]

The combination of the ISFET array and microfluidic
system also enables the detection of DNA base pairing,
which is one of the most critical steps in gene sequencing.
In Wu and co-workers, a biosensing array chip that con-
tains more than 13 million sensitive units were designed to
track DNA base pairs. The chip achieves a high resolution
of 0.5 mV, enabling it to identify 0.01 pH changes.!"*!! To
achieve highly accurate DNA base pairing detection, dual-
mode and pH-to-time ISFET sensors could be adopted to
extract adequate data from large-scale ISFETSs arrays.! 2]

However, the performance repeatability of DNA detec-
tion based on ISFETs is less stable. One of the main reasons
is attributed to the hybridization of analytes and probes on
the device surface can be largely affected by side interfer-
ence. For example, it was found that ISFETs cannot reli-
ably track the DNA hybridization process in the solution
with high ionic strengths (200-300 mM). While decreas-
ing the concentration will reduce the surface hybridization
efficiency and thus inhibit signal transmission!'**]. There-
fore, it still requires significant research efforts in develop-
ing reliable, low-cost, and stable ISFET-based biosensors
for macromolecular sensing.

6.3 | Protein

Generally, protein detection can be categorized into label
and label-free analyses. For label detection, a label such
as an enzyme is first attached to the target proteins.
The detection of the target protein is then achieved by
measuring the amount of labeled enzyme, while it is
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TABLE 3 Summary of representative reports on ion-sensitive field-effect transistors (ISFETs) for biosensing applications
Biosensing Gate Gate Sensitivity/ auxiliary
application material structure LOD Pixel instrument Novelty Ref.
Potassium Sio, - ~3%x107* M 1 Microfluidic Higher [124]
iodide (KI) system specificity
Cu?* Al O, - -14 1 Differential Low cost and (ST
mV/decade measurement fast response
platform
Serum glucose  Si;N, Floating- gate 244 + 21 uM 16 X 16 Colorimetric Real-time test (126]
and and 80 + 11 readout
cholesterol uM
Ethanol SnO, Dual-gate 129.45 1 - Higher (71
mV/decade sensitivity
Hydrazine Cu - 3.16 uM 1 Automated visual Low drift (28]
basic program
Breast Cancer SizN,/ SiO, Floating- gate 13 mV/pH 78 X 56 PCR instrument Mutational (21
ESR1 tracking
Mutations
miRNA Let-7b  HfO, - InM 1024 x 1024 - Label-free [130]
Lambda phage  Si;N,/ SiO, Floating-gate 13mV/pH 78 X 56 Memory array Higher SNR 5]
DNA
Cordyceps Si0,/ SiNR Dual-gate 29.3mV/pH 4 Preamplifier, Shorter (a1
sinensis’s Lock-in detection time
DNA amplifier
Prostate- Si0,/Si Dual-gate 10 pM 1 Preamplifier, Directly clinical ~ [17]
specific Lock-in detection
antigen amplifier
Tetracycline Sn0O, NW - 600 ug/ml 1 Microfluidic cell Label free [132]
repressor
(bTetR)
C-reactive HfO, Dual-gate 12.5 and 125 128 x 128 - Higher fidelity (51
protein and pg/ml and
immunoglob- specificity
ulin
E
Concanavalin Sio, - 016 ng/mland 1 Smartphone Long life span (23]
A (ConA) 10 nM
and glucose
Salmonella CeO, - 3 cells/ml 1 - Low cost 1)
typhimurium
E. Coli Si;N, - 221 mV/pH, 4%8 Temperature Low complexity [
Detection sensing and
optical detection
E. coli Si Floating- gate 14 to 140 512 X 576 - High sensitivity ~ [1°]
Screening cfu/ml
Influenza A Sio, - 0-100 ng/ml 1 Microbeads and a One-step 0371
virus filter-inserted immunoassay
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FIGURE 6 Biosensing applications of ion-sensitive field-effect transistor (ISFET) devices. (a) Schematic of a graphene-based ISFET for

K* detection.[*! (b) Deoxyribonucleic acid (DNA) sensing based on the detection of proton generation during DNA amplification.[' (c)
Nanoribbon-based ISFET for real-time and direct detection of prostate-specific antigen.['**! (d) Schematics of cancer cell sensing at the

cell/gate nanogap interface.!>*!

time-consuming and normally requires expensive instru-
ments. For label-free technologies, it can achieve real-time
detection of target proteins by tracking the interaction
between target proteins and receptor biomolecules. Such
interaction can then be transduced into electronical, opti-
cal, or mechanical signals. Therefore, ISFETs functional-
ized with biomolecules be applied for label-free protein
sensing.

Based on the strong bonding pair of streptavidin-
biotin, Jakob et al. designed a label-free ISFET function-
alized with streptavidin for the detection of tetracycline
repressor biotinylated protein (bTetR).'*?] The interac-
tion of streptavidin and bTetR can modulate the electric
field on the ISFET gate surface and leads to the drain-
source current changes. Zhang and co-workers reported
that a nanoribbon-based ISFET could detect antigens
with a wider range and lower LOD.'"**] As shown in
Figure 6(c), the antibody immobilized on the gate layer
can selectively form binding with the target antigen and
the polydimethylsiloxane-based microchannel is utilized
for sample delivery by polytetrafluoroethylene tubing. It
was the first report on real-time and direct detection of
prostate-specific antigen at concentrations from 10 pM to
1 uM in human plasma, which has high ionic strength.
ISFETs for a variety of protein sensings, such as interleukin
and C-reaction protein, which is highly relative to human

health status, have also been successfully demonstrated
recently.[14>140]

However, as the signal changes modulated by the pro-
tein’s interaction are relatively weak and can be largely
interfered with by background noises, their practical appli-
cations are largely limited. Device structural innovation
and materials engineering on the functionalized sensitive
layers are critical to further enhance the sensing sensitivity,
accuracy, and reproducibility, as well as lower the fabrica-
tion costs.

6.4 | Microbes

ISFETs can be used to study microbes’ metabolism,
growth, and proliferation, which can be further applied
in basic biomedical research as well as applications in
food safety detection and tumor monitoring, and so forth.
Compared with traditional techniques, such as direct plate
counting, microbes sensing based on ISFETs provides a
more efficient and portable option for consumer applica-
tions.

So far, ISFETs for several microorganisms have been
developed, including bacteria, fungi, and viruses.[*"35137]
For instance, Yu and co-workers proposed that E. Coli
concentration (in the range of 14-140 cfu/ml) could be
screened by a 65-nm CMOS ISFET. The E. Coli concen-



Chemistry
Europe

European Chemical

REVIEW

16 of 20 Electrochemical Science Advances

doi.org/10.1002/elsa.202100163

tration can be monitored based on the pH-to-time readout
circuit. The intrinsic sensitivity was improved from 33.2 to
123.8 mV/pH, more efficient screening (4 h) was achieved
to differentiate the samples’ E. coli levels (24 h).['*°] In
addition, other modifications for E. coli tests have been pro-
posed, including reducing signal-to-noise ratio (SNR) and
introducing electrophoresis.! 471481

ISFETSs for microbe sensing can also be used in the study
of cellular dynamics in different growth environments. As
shown in Figure 6d, Sakata et al. achieved real-time pH
monitoring for the in-situ micro-environment for cancer
cells. During the detection process, some proteins in the
culture medium of cancer cells would adsorb on the oxida-
tion gate. These protein macromolecules act as the insu-
lator between the cell surface and the gate. The hydro-
gen ions produced by cell metabolism can easily diffuse
to the gate surface and modulate the ISFET output sig-
nals. In this way, cell respiration can be monitored in real-
time.[**] Tracking of other microbes such as Salmonella
Typhimurium, influenza A virus has also been reported
with functionalized ISFETs.[134137]

7 | SUMMARY AND OUTLOOK

ISFETs for biosensing applications have attracted increas-
ing research interest with the boost of biological and clin-
ical demands. ISFET-based sensors for pH sensing are
mostly in a commercialized state, while rapid advances
have also been witnessed for other chemicals and bioana-
lytics detection, such as a variety of electrolyte ions, DNA,
proteins, and microbes. In this review, we provided a gen-
eral overview of ISFETs for biosensing applications, start-
ing with an introduction to the basic mechanism of ISFET
sensors. The latest advances in gate materials and gate
structures that enable a large library of biomarkers detec-
tion were then illustrated. Besides, the signal readout con-
figurations and a broad range of biosensing applications
were presented.

It has been over 50 years since the invention of ISFET-
based sensors, and they are expected to be integrated into
smart electronic systems for broader applications. How-
ever, there are several challenges that limit the practical
applications of ISFETs in biosensing. While novel ana-
log front-end topologies have been proposed, there is a
lack of standards for encoding the extracted signals.[*%%°]
Moreover, it usually requires specialized instruments, such
as a four-probe setup or a potentiostat, to extract the
measurable parameters of current, voltage, capacitance,
and impedance. These instruments are either expensive
or huge in volume and limit the integration of ISFETs
into flexible/wearable platforms.[?"4915!] In addition, the
biocompatibility of the materials for ISFETs fabrication

should be considered, especially for health monitoring
applications as it involves contact with the human body. In
general, it requires research efforts to develop and optimize
the ISFET-based biosensors with reliable and reproducible
sensing performance and to further integrate these ISFETs
into flexible platforms so that they can either be attached
to human skin conformally or be safely implanted into the
human body. It is believed that ISFETs will play a signifi-
cant role as an integral part of CMOS smart sensing.
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