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Integration of nanomaterial sensing layers on
printable organic field effect transistors for highly
sensitive and stable biochemical signal conversion
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Organic field effect transistor (OFET) devices are one of the most popular candidates for the development

of biochemical sensors due to their merits of being flexible and highly customizable for low-cost large-area

manufacturing. This review describes the key points in constructing an extended-gate type OFET (EGOFET)

biochemical sensor with high sensitivity and stability. The structure and working mechanism of OFET bio-

chemical sensors are described firstly, emphasizing the importance of critical material and device engineer-

ing to higher biochemical sensing capabilities. Next, printable materials used to construct sensing electrodes

(SEs) with high sensitivity and stability are presented with a focus on novel nanomaterials. Then, methods of

obtaining printable OFET devices with steep subthreshold swing (SS) for high transconductance efficiency

are introduced. Finally, approaches for the integration of OFETs and SEs to form portable biochemical

sensor chips are introduced, followed by several demonstrations of sensory systems. This review will provide

guidelines for optimizing the design and manufacturing of OFET biochemical sensors and accelerating the

movement of OFET biochemical sensors from the laboratory to the marketplace.

1. Introduction
As one of the potential large-area electronic devices, organic
field effect transistors (OFETs) have attracted a lot of attention
from academia and industry since its proposal in 1986.1 The
exploration of soluble organic semiconductors (OSCs) and gate
dielectric materials enables low-cost fabrication of OFETs with
diverse structures by solution-based and printing processes.2–5

Currently, inkjet printing, screen printing, spin coating, blade
coating, and roll-to-roll printing technologies have been inves-
tigated in the manufacturing of such OFETs, which boost the
development of promising printable electronics.6–10 The feasi-
bility of low-temperature processing also makes it possible to
fabricate OFET devices on flexible substrates such as plastic or
paper, endowing OFETs with excellent mechanical flexibility
and biocompatibility.11–14 The diversity of OSCs, gate dielectric
materials and processes endows OFETs with virtues of cost-
effective manufacturing, short design-to-product cycles, and
flexible form factors, which are very attractive for developing
biochemical sensors in a rapid customized way.

To date, many efforts have been devoted to exploiting
the OFET technique for electrochemical sensors in health
diagnostics and environmental monitoring applications.15–19

Meanwhile, depending on the specific stacking of the func-
tional layers, OFET biochemical sensors were constructed in
several assembly structures.15,20–23 Among the widely used
OFET electrochemical sensors, the extended-gate type OFET
(EGOFET) is still very popular, and is similar to the classic ion-
sensitive field effect transistor (ISFET) based on complemen-
tary metal oxide semiconductor (CMOS) technology.24 The util-
ization of an extended-gate can not only eliminate the stability
issue induced by solution leakage but also bring more oppor-
tunities for material choices and flexibility of device design.
Generally, an EGOFET biochemical sensor consists of a tran-
sistor for signal amplification and a sensing electrode (SE) for
transducing external biochemical signals to electrical ones,
providing a low-cost electronic sensing platform for the con-
struction of various biochemical sensors.25–28 With the ability
to convert small potential signals into large current signals,
OFET biochemical sensors can achieve higher sensitivity and
signal-to-noise ratios, making them an optimal choice for the
analysis of trace biochemicals.29 Furthermore, designing the
sensing interface with different sensitive materials could
create different potentiometric sensing systems. In this way,
plenty of work has been done for constructing OFET biochemi-
cal sensors during the last few decades,30,31 detecting electro-
lyte ions (Na+, K+, H+, Ca2+…),32–34 heavy metal ions (Hg2+,
Pb2+, Cd2+…),18,19 small molecules (glucose, taurine,
L-lactate…),35–37 protein molecules,38 antibodies/antigens,15,39

DNA or RNA of pathogens,29 etc.
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The research on OFET biochemical sensors brings great
opportunities for in situ biosensor systems. However, current
advances are mainly based on proof-of-concept laboratory
systems. Both the electrical performance (e.g. sensitivity and
reliability) and chip integration with scalable processing are
key to applications in the on-site detection of analytes. In this
regard, the performance of OFET biochemical sensors is gov-
erned by the transduction ability of the transistor, the sensing
capability of the SE, and their integration reliability. Therefore,
device and materials engineering should be considered to
promote the design of an OFET biochemical sensor chip as
well as to realize device integration for a systematic sensing
system.

As a key signal conversion component in sensing systems,
the electrical performance of OFET devices has a significant
impact on overall sensitivity, power consumption, and
stability.40,41 It has been demonstrated that reducing the sub-
threshold swing (SS) of an OFET device can not only reduce
the operating voltage but also effectively improve the voltage-
to-current conversion efficiency, which is useful to develop bio-
sensors.29 Herein, increasing the unit area capacitance of the
gate dielectric and promoting the quality of the organic chan-
nels are two primary ways to reduce the SS of the OFET, which
can be enhanced by material and device engineering. In
addition, materials can also improve the sensing performance
of SEs, which contributes to the development of high-perform-
ance OFET biochemical sensors. For example, the surface and
size effects of nanomaterials enable a larger specific surface
area and more efficient catalytic activity, which is attractive for
the construction of SEs.42–44 In electrochemical sensors, nano-
materials can be used as carriers to bind more molecule
receptors,45,46 catalysts for facilitating biochemical
reactions,44,47 conductors to accelerate electron transduction
rates,48 and antifouling materials to stabilize the sensing
interface.49–51 The diversity of nanomaterials can optimize the
sensing performance and expand the range of applications for
OFET sensors. The integration mode of the SE and OFET
determines the form, reliability, and application portability of
OFET biochemical sensors. Therefore, addressing integration
issues is indispensable to the future of miniaturized multi-
plexed OFET biochemical sensor chips.

Herein, we summarize the strategies to improve sensitivity
and stability from the perspectives of material and device
engineering, as well as advanced integration approaches
towards practical measurement, which can be a valuable guide
to the design of OFET biochemical sensor systems. The review
is divided into the following parts: the working principle of
OFET-based biochemical sensors in a widely used extended-
gate structure is elaborated in Section 2; nanomaterials that
have great potential to improve the sensitivity and stability of
SEs used in electrochemical sensors are introduced in Section
3; strategies of material and device engineering for building
OFET devices with high amplification capacity and stability for
biosensors are summarized in Section 4; and the integration
approaches and demonstration of OFET-based biochemical
sensing systems are presented in Section 5. We omit here the

discussion on transistor sensors using the channel as the
sensing layer, including electrolyte-gate type and organic
electrochemical transistors,52–56 and the printing techniques
and printing processes for electrodes or OFET devices,55,57–60

which have been well reviewed in earlier work.

2. Operation mechanisms and
material requirements of OFET
biochemical sensors
2.1 OFETs as a gate voltage-controlled current source

A typical OFET consists of a gate (G) electrode, a gate dielec-
tric layer, an OSC layer, and a pair of electrodes (source and
drain electrodes, S/D). Depending on the relative position of
the electrodes and the OSC or dielectric layer, OFETs can be
divided into four typical structures: bottom gate bottom
contact (BGBC), bottom gate top contact (BGTC), top gate
bottom contact (TGBC), and top gate top contact (TGTC).61

Due to the limitations of the manufacturing process and
material properties, most solution/printable OFETs are made
with BGBC and TGBC structures. The OFET is a kind of
voltage-controlled current source device. When an appropri-
ate gate–source voltage (VGS) is applied, a certain number of
carriers are induced at the interface of the OSC and gate
dielectric. Due to the existence of drain–source voltage (VDS),
the accumulated carriers lead to a directional flow of drain
current (ID), the magnitude of which is regulated by VGS
(Fig. 1a-I).53,61 The relationship between ID and VDS above
the subthreshold region can be described by the following
equation:

ID ¼ μCdielW
L

VGS � Vth � VDS
2

� �
VDS 0 , VDSj j , VGS � Vthj jð Þ

ð1Þ
where μ is the mobility, Cdiel is the unit area capacitance of the
gate dielectric; Vth is the threshold voltage; and W and L are
the width and length of the channel, respectively. In the sub-
threshold region, the ID of an OFET device can be modulated
by VGS even by several orders of magnitude (eqn (2)).62 A linear
shift in VGS causes an exponential change in ID. The ID is expo-
nential, depending on the VGS and SS of the OFET device
(eqn (3)).

ID ¼ μCdielW
L

qSS
lnð10ÞkBT � 1

� �
kBT
q

� �2

e
lnð10ÞðVGS�VthÞ

SS 1� e�
qVDS
kBT

� �
VGS , Vthð Þ

ð2Þ

Thus,

ID / e
lnð10ÞðVGS�VthÞ

SS ð3Þ
where q is the elementary charge, kB is the Boltzmann con-
stant, and T is the absolute temperature.
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2.2 Working principle of extended-gate OFET biosensors

Since OSCs are susceptible to dissolved oxygen and humidity,
it is very challenging to develop OFET biochemical sensors
that can operate with high long-term stability and repeatabil-

ity. EGOFET sensors were thus proposed to isolate the OFET
from the wet sensing environment, avoiding damage to the
OFET. The schematic diagram and operation mechanism of an
EGOFET biochemical sensor are illustrated in Fig. 1. As shown
in Fig. 1a-II and III, it has a structure very similar to that of an

Fig. 1 The structure and sensing mechanism of the OFET biochemical sensor. (a) The simple circuit diagram of (I) OFET device, (II) extended-gate-
type OFET (EGOFET) biochemical sensor, and (III) EGOFET sensor with target analytes. For the construction of an EGOFET biochemical sensor, the
OFET transducer needs to combine with the sensing part – an electrochemical cell comprising a sensing electrode (SE), a reference electrode (RE),
and the test electrolyte. The phase to interface in the electrolytic cell introduces a constant initial potential change (V0

cell) which can cause an initial
channel current (I’0D). When the measured substance is present, the SE surface develops an interfacial potential (ΔVin) which causes a sensing state of
Vcell and I’D. (b) Diagram for the interface potential drop of the EGOFET biochemical sensor with and without analytes. The capture of the target
analyte brings a potential shift ΔVin at the SE/solution interface and thus equals ΔV’GS for the OFET. (c) The two key sensing steps of the OFET bio-
chemical sensor. According to the Nernst equation, the interfacial potential shift ΔVin for the SE is related to the analyte concentration and can be
amplified by the introduction of sensitive materials. The output signal ID is determined by both the input signal ΔVin at the SE interface and the
amplification factor (related to SS) of the OFET.
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OFET but has an additional electrochemical cell consisting of
a SE, reference electrode (RE) and electrolyte. The gate of the
OFET is connected to the SE and the VGS of the OFET is
applied via RE–electrolyte–SE and is named the reference
voltage (Vref ). The potential of the entire electrochemical cell
(Vcell) is the sum of constant interfacial potentials V0cell and the
concentration-dependent change in interface potential (ΔVin)
(eqn (4) and Fig. 1b). Thus, for the EGOFET biochemical
sensor, the gate voltage V′GS is controlled by the combination
of Vref and Vcell (eqn (5)), which finally modulates the channel
current I′D. Thus, the OFET biochemical sensor works by
monitoring I′D changes before and after sensing the biochemi-
cal target analytes.

V cell ¼ V0
cell þ ΔV in ð4Þ

V ′GS ¼ V ref � V cell ð5Þ
The change in the OFET biochemical sensor threshold

voltage (ΔV′th) presents the following relationships:

ΔV ′th ¼ ΔV ′GS ¼ �ΔV in ð6Þ
This means that variations of the target analyte will lead to

changes in ΔVin, and the OFET biochemical sensor will further
present changes in ΔV′th and therefore I′D. Hence, the oper-
ation mechanism of OFET biochemical sensors can be
explained by the threshold voltage shift, resulting from either
an interfacial potential shift at the sensing interface or charge
coupling by the terminal portion.63,64

2.3 Key factors affecting the sensitivity performance

An OFET biochemical sensor can be divided into two portions:
the sensing part (electrochemical cell) converts the biochemi-
cal signal (concentration) into an electrical signal (ΔVin) and
the transducer part (OFET) amplifies the small potential
changes ΔVin into a current signal (Fig. 1c). The normalized
current response (R = I′D/I0D − 1) is a function of ΔV′th, which
can be derived using eqn (1), (2), and (6), represented as the
following expressions:

Above the threshold region:

R ¼ I′D � I0D
I0D

¼ V ′GS � V0
GS

V0
GS � Vth � VDS

2

¼ ΔV ′th

V0
GS � Vth � VDS

2

ð7Þ

Near the threshold region:

R ¼ I′D � I0D
I0D

¼ e
lnð10Þ
SS ðV ′GS�V0

GSÞ � 1 ¼ e
lnð10Þ
SS ðΔV ′thÞ � 1 ð8Þ

It is noted that when an OFET transducer operates above
the threshold region, R is fair for a certain ΔV′th caused after
target analyte binding on the SE. But R can be remarkably
maximized in the subthreshold region. This means that in this
region the OFET can convert small gate potential changes into
great current changes, which is the basis for developing OFET
biochemical sensors for detecting weak signals with high
sensitivity.

Here, the initial signal ΔVin is related to the sensing capa-
bility of the sensing material on the SE and can be enlarged by
employing the sensing material with high affinity with the
target analyte, such as nanomaterials. This is true for whatever
the OFET operation region is. However, the high current con-
version sensitivity R can only be achieved in the subthreshold
region, which is also dependent on the SS of OFET devices.
Overall, decreasing the SS of the OFET and increasing the ΔVin
are two key factors for improving the biochemical sensing per-
formance. In this regard, approaches to improve the sensing
performance can be divided into two categories: impoving the
inherent interfacial sensitivity of the SE and enhancing the
amplification capability of the OFET devices. For these
reasons, the materials engineering of sensing interfaces and
the device engineering of OFET transducers are urgently
desired.

3. Materials engineering for
enhancing the sensing efficiency of
sensing electrodes

Nanomaterials are integral components in the fabrication of
biochemical sensors with high sensitivity and stability. The
use of various types of printable nanomaterials, including
metallic nanomaterials, carbon nanomaterials, and functional
organic nanomaterials, endows the sensing electrodes with
superior detection performance through materials engineer-
ing. Table 1 presents the widely used printable functional
nanomaterials for improving the sensing performance of SEs,
which will be detailed in the ensuing discussion.

3.1 Incorporating metallic nanomaterials

Surface effects and small size effects in metallic nanomaterials
endow them with a richer set of carrier and active sites and
higher electrochemical catalytic activity than those of bulk
solid materials.45,48 Based on their unique properties, noble
metal-based nanomaterials are widely used for electrochemical
detection and analysis. The introduction of metallic nano-
materials can improve the detection performance by enhan-
cing the conductivity, probe density, and catalytic activity of
the electrode surface. To suppress aggregation, metallic nano-
materials are often used in conjunction with supporting
materials, such as carbon nanomaterials or organic
nanomaterials.65,66 Due to the synergistic effect, composite
materials present higher sensing performance than single
materials. A great deal of work has been done to improve the
performance of sensing interfaces by using noble metals,
metal oxides, and other metal compound nanomaterials. A
comprehensive summary is given in the following section.

3.1.1 Noble metal nanomaterials. Noble metal nano-
materials have a large specific surface area, high electrical con-
ductivity, and exceptional catalytic activity, thus improving the
detection sensitivity and selectivity of sensor assays.67–69 Noble
metal nanomaterials, such as gold (Au), silver (Ag), and plati-
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num (Pt), have been widely applied in biochemical sensing,
which served as a carrier or catalytic materials for aptamers,
antibodies, or enzymes.42,70,71

To achieve highly sensitive and stable biochemical sensing,
nanomaterials are often used to modify probe molecules to
obtain highly stable and dense sensing interfaces. For
example, Au nanomaterials are usually used as carrier
materials to help modify the DNA probe on screen-printed
electrodes (SPEs).72,73 Abedi et al.72 reported a label-free
electrochemical biosensor for studying the interaction of the
anti-cancer drug epirubicin (EPI) with the gene of prostate
cancer using gold nanocube (Au NC) modified graphite SPEs
(Au NPs/GSPEs) (Fig. 2a). The high conductivity of Au NCs
accelerated the electron transfer and improved the detection
sensitivity. Besides the physical adsorption of DNA strands, Au
nanomaterials are widely used as an exceptional carrier for the
loading of thiolated probes due to the covalent bonding of the
Au–S bond. Del Caño et al.73 constructed a biosensor for
SARS-CoV-2 detection using a thiol-functionalized short single
stranded DNA (ssDNA) probe. Homogeneous modification of
Au NPs by spraying provides stable and abundant bonding
sites for the direct immobilization of dithiol-DNA probes,
improving the sensitivity and stability of the DNA biosensor
(Fig. 2b). To improve the uniformity and stability of Au NPs on
the SE, Zhou et al.74 immobilized Au NPs onto the surface of
an amine-terminated SE through self-assembly. The functional
electrode was used to anchor the thiolated DNA aptamer and
then detect interferon-gamma (IFN-γ). The covalent bonding
modification of Au NPs on the SE surface and the in situ for-
mation of silver nanoclusters (Ag NCs) indicators on the
probes made the aptasensor to be highly robust and sensitive.

Besides, the excellent conductivity and catalytic ability of
noble metal nanomaterials also make them ideal sensing
materials with high sensitivity.48,71 And compared with single
nanomaterials, complex nanomaterials often present high
sensing performance.5 For example, bimetallic platinum–palla-
dium nanoparticles (PtPd NPs) have high electrocatalytic activity
and can be used to directly detect H2O2 or H2O2-related reactions.
Wu et al.65 reported a dual-mode aptasensor for microcystin-LR
(MC-LR) based on the MoS2–PtPd NP modified electrode. MoS2–
PtPd acts as a substrate to obtain a higher aptamer loading, and
the signal was amplified by the catalytic activity of H2O2. The
linear range and detection limit of such methods were 0.1–50 ng
ml−1 and 0.045 ng ml−1, respectively. Besides, Li et al. established
a signal-off biosensor for detecting adenosine triphosphate (ATP),
which was based on porous composite materials of
Fe3O4@covalent organic framework-immobilized Au NPs
(Fe3O4@COF–Au NPs).75 Due to the cooperative effect between Au
NPs and Fe3O4, Fe3O4@COF–Au NPs presented higher catalytic
activity than single-component Au NPs, realizing the ultra-
sensitive detection of ATP with a detection limit of 16 pM.

3.1.2 Metal oxide nanomaterials and other metal nano-
materials. Due to the excellent biocompatibility and adsorp-
tion, metal oxide nanomaterials can effectively immobilize bio-
molecules and be used to prepare immunosensors, enzyme
sensors, and DNA sensors.45 In addition, they can be used asT
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catalysts or enzyme-like materials due to their intrinsic redox
chemistry, variable oxidation states, and tunable physico-
chemical and morphological properties. Compared with single
metal oxide nanomaterials, composite nanomaterials present
higher sensing performance.76 The composition with different
metals will also produce an excellent synergy effect, thereby
improving their performance, stability, and anti-interference
ability at the sensing interface, showing good application
prospects.

The enzyme-like catalytic activity of transition metals, such
as CuO, Co3O4, NiO, and NiCo2O4, can be used for enzyme-free
sensing, eliminating the sensitivity of enzyme sensors to the
environment, and improving the robustness of the sensors.
The crystal structure and morphology can influence their cata-

lytic activity. Song et al. prepared an urchin-like bimetal oxide
NiCo2O4, showing higher oxidase-like activity than that of the
flower-like one.47 What’s more, the composition with the sup-
porting material can effectively inhibit the aggregation of
small nanoparticles and improve their electrical properties.
Zhao’s group established an electrochemical sensor for the
simultaneous determination of catechol (CC) and hydro-
quinone (HQ) by Co3O4/MWCNTs.66 Co3O4 uniformly distribu-
ted on MWCNTs had a higher surface area and fast electron
transfer efficiency than the agglomerated one (Fig. 2c).
Composite nanomaterials combined the high catalytic activity
of Co3O4 under alkaline conditions with the excellent electrical
conductivity of MWCNTs, which can be applied to the detec-
tion of dihydroxybenzene contamination in the marine

Fig. 2 Metallic nanomaterials incorporated at the electrochemical sensing interface provide stable probe immobilization and signal amplification.
(a) Gold nanocube-modified graphite screen-printed electrodes (AuNCs/GSPEs) were used as substrate electrodes for the immobilization of the
ssDNA probe via physical adsorption between Au and DNA. Reprinted with permission from ref. 72. Copyright 2021, Elsevier. (b) Immobilization of
the SH-ssDNA probe by a strong chemical bond between Au and S helps to enhance the robustness of the DNA probe modification and further
improves the stability of the sensing. Reprinted with permission from ref. 73. Copyright 2022, Elsevier. (c) TEM image of the Co3O4/MWCNT nano-
complex, where the catalytic stability of the Co3O4 NPs under alkaline conditions and the high electrical conductivity and excellent adsorption of
the MWCNTs contribute to the highly sensitive detection of dihydroxybenzene in the ocean. Reprinted with permission from ref. 66. Copyright
2019, Elsevier. (d) Schematic diagram of using Au NP@Mxene modified Au screen-printed electrodes (SPEs) which provided a higher electrochemical
signal than Au NPs modified Au-SPEs. Reprinted with permission from ref. 78. Copyright 2020, Elsevier.
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environment. Dayakar et al. reported a non-enzyme glucose
sensor based on CeO2@CuO core–shell nanostructure modi-
fied SPEs.77 The catalytic activity of CeO2@CuO core–shell
nanocomposites was enhanced by a synergetic effect, which
can be attributed to the oxide ion vacancies generated. By the
combination of the high catalytic activity of CuO nano-
materials and the outstanding electron transfer rate of CeO2,
enzyme-free glucose sensors present an excellent specific sen-
sitivity of 3319.83 μA mM−1 cm−2.

In addition to metal oxides, metal sulfides, metal nitrides,
metal carbides and metal–organic frameworks (MOFs) also
have a very important influence in the field of electrochemical
sensing.79 These materials are usually used to facilitate the
immobilization of the recognition probe to amplify the
response signals. Martínez-Periñán et al.80 used MoS2 as a
carrier substrate material for bonding of a thiolated ssDNA
probe, which was further applied to detect InIA gen in Listeria
monocytogenes bacteria and the ORF1ab sequence of
SARS-CoV-2. Likewise, Mohammadniaei et al. proposed a sen-
sitive oncomiR biosensor based on Au NPs/MXenes.78 It was
found that the synergistic effect of Au NPs and MXenes signifi-
cantly increased the sensitivity of the biosensor, where the
signal was amplified by a factor of nearly four (Fig. 2d). Kong’s
group constructed a label-free microRNA biosensor based on
GOx encapsulated zeolitic imidazolate framework-8 (ZIF-8).43

The encapsulation of enzymes by ZIF-8 could preserve their
biological activity even in harsh environments. The cascade
catalysis reaction could be triggered in the confined space of
ZIF-8 nanoreactors, and the 3D DNA walker was used for
signal amplification. The proposed miRNA-21 sensor has a
wide dynamic range from 0.1 nM to 10 μM with a low detec-
tion limit of 29 pM, which shows great potential in the early
diagnosis of cancers.

3.2 Employing organic nanomaterials

Due to their abundant functional groups, organic materials
usually have the functions of recognition and anti-pollution,
which are indispensable in the construction of biosensing
electrodes. Aptamers and molecularly imprinted polymers
(MIPs) are ideal synthetic bioreceptors due to their controlla-
ble fabrication process, and high affinity with the target
protein. They present outstanding robustness in a wide pH
range or high temperature, superior to natural antibodies.
Besides, conductive polymers are considered to be very promis-
ing sensing materials due to their electrical behavior and
tunable sensing capability functions. By chemically grafting
functional groups or combining them with other nano-
materials, the conductive polymer can be applied in bio-
electrochemical sensing with outstanding performance. The
following will briefly introduce aptamers (DNA, peptides),
MIPs, and conductive polymers (PANI, PPy, PEDOT:PSS)
applied in biochemical sensors.

3.2.1 Aptamers. Similar to antibodies, aptamers have
affinity and specificity with the target substance.81 The dis-
sociation constant (KD) value of a DNA aptamer with the target
was of the order of nM–pM.82 In addition, aptamers have

many advantages over antibodies, such as lower production
costs, ease of chemical modification, smaller size, and lower
immunogenicity, which are considered to be the best alterna-
tive to antibodies in the future.

Curti et al. constructed an aptasensor for SARS-CoV-2 spike
protein, based on redox-tagged DNA aptamer modified single-
walled carbon nanotube SPEs (SWCNT-SPEs).83 The dis-
sociation constant (KD) value of the DNA aptamer with the
target spike protein was 43 ± 4 nM, which is equal to the KD of
antibody–antigen. The high KD contributed to the high selecti-
vity and sensitivity of the aptasensor, resulting in a detection
limit of 7 nM. Because the labeling of aptamers may lead to
additional processes and costs, the label-free sensor has
greater potential for future analysis. Kwon et al.84 proposed a
label-free aptasensor based on the surface potential change
induced by the specific binding of the target protein (Fig. 3a).
The FET-based sensor was modified with the DNA aptamer for
the detection of the hemagglutinin (HA) protein of the highly
pathogenic H5N1 avian influenza virus (AIV). The capture of
the HA protein could cause a conformational change of the
aptamer, which could further affect the surface potential of
the electrode due to the electrification of the aptamer. The
aptamer sensor was successfully applied to the detection of
the HA protein in chicken serum, and the detection limit was
5.9 pM. Chen et al.50 proposed an ultralow fouling cancer bio-
marker sensor by combining antifouling peptides with recog-
nized DNA probes. Electrochemical biosensors show excellent
anti-fouling ability and excellent sensing performance in
complex human body fluids including serum, sweat, and
urine.

3.2.2 Molecularly imprinted polymers (MIPs). Molecularly
imprinted polymers (MIPs) contain sites that are complemen-
tary in the morphology of the functional groups of the tem-
plate molecule. Compared to antibodies, MIPs are not only
specific to the target analyte but also more stable and reprodu-
cible. McClements et al.85 constructed a highly robust nano-
MIP sensor for the rapid (15 min) clinical detection of
SARS-CoV-2. Nano-MIPs were rapidly synthesized in 2 h using
tiny SARS-CoV-2 antigen fragments. The KD value of nano-
MIPs and the target spike protein was 7 nM, which is higher
than the affinity of antibodies. Even after autoclaving at 121 °C
for 85 min, KD remained at 3 nM, demonstrating that nano-
MIPs had more stable affinity than antibodies. Nano-MIPs
with high affinity could be easily modified on SPEs by electro-
grafting and coupling reactions and applied to detect alpha
and delta variants of spike protein, with detection limits of 9.9
fg mL−1 and 6.1 fg mL−1, respectively.

Besides the affinity with antigens, MIPs can be applied for
the detection of small molecules. Minami and colleagues
developed a tropane alkaloid sensor using modified MIPs on
the extended gate of the OFET device (Fig. 3b).86 MIPs were
synthesized by free radical polymerization and optimized by
different molar ratios. The in situ synthesized MIP SE showed
excellent selective discrimination for (S)-hyoscyamine.
Following the capture of (S)-hyoscyamine, the surface potential
would change, resulting in a Vth shift of the OFET biochemical
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sensor. They also reported a taurine OFET biosensor using syn-
thetic MIPs.37 The detection limit was only 0.33 μM, which was
even lower than the test result of the high-performance liquid
chromatography (HPLC) method. The use of MIPs in bio-
chemical sensors expands the opportunities for the detection
of a wide range of molecules.

3.2.3 Conductive polymer materials. Conductive polymers
are an important class of functional materials that have been
widely used in the preparation of electrochemical biosensors
due to their tunable chemical, electrical and structural pro-
perties. They can be designed by chemically grafting func-
tional groups, and nanostructures, or combined with other
functional materials such as Au nanoparticles. The application
of conductive polymer materials, such as poly(3,4-ethlene-
dioxthiophene) (PEDOT:PSS), polyaniline (PANI) and polypyr-
role (PPy), for biosensors can greatly improve the sensitivity,
selectivity, stability, and reproducibility.

Gao et al. reported a wearable sensor array for multiplexed
in situ sweat analysis in which PEDOT:PSS was employed as

the ion-to-electron transducer layer for sodium and potassium
ions (Na+, K+).87 Due to the high redox capacitance of PEDOT:
PSS, ion-selective electrodes (ISEs) of Na+ and K+ show excel-
lent sensitivity close to the Nernstian theoretical limit. PANI
can not only be used as a solid contact material but also be
used as a pH sensitive material, because of its proton doping
and deprotonation in different oxidation states. Gosselin et al.
reported a sensor for the real-time monitoring of the DNA
amplification process based on a screen printed PANI sensing
electrode.88 The developed pH sensor had a super-Nernstian
sensitivity of 82.86 mV per pH and can even be used to detect
loop-mediated isothermal amplification (LAMP) of DNA
strands with only 10 copies. Zea et al. also fabricated a flexible
pH microsensor based on a mixed conductive polymer of PANI
and PPy using inkjet printing (IJP) technology.89 In a wide pH
range (pH 3–10), the fully printed pH electrode showed a high
sensitivity (81.2 mV per pH) and excellent reproducibility.
Hryniewicz et al. reported an impedimetric immunosensor for
SARS-CoV-2 nucleocapsid protein monoclonal antibody detec-

Fig. 3 Organic nanomaterials incorporating electrochemical SEs enhanced the diversity and robustness of the sensing interface. (a) Schematic
diagram of the aptamer modified extended-gate FET for AIV detection. After the negatively charged DNA aptamer was immobilized, the Vth value of
the FET shifted positively, but after binding with the HA target, it shifted negatively due to the conformational change of the DNA aptamer.
Reprinted with permission from ref. 84. Copyright 2020, American Chemical Society. (b) Schematic representation of an OFET biochemical sensor
with a molecularly imprinted polymer (MIP) modified extended Au gate for accurately quantifying tropane alkaloids. The MIPs showed a greater
response to tropane alkaloids. Reprinted with permission from ref. 86. Copyright 2022, the Royal Society of Chemistry. (c) Schematic representation
of PPy–AuNP modified electrodes for the detection of SARS-CoV-2 nucleocapsid protein monoclonal antibodies. Reprinted with permission from
ref. 90. Copyright 2022, Elsevier.
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tion by PPy–AuNP modified electrodes.90 The higher specific
area of PPy nanotubes allowed them to exhibit higher sensi-
tivity than that of the globular morphology and a low limit of
detection of 0.386 ng mL−1 (Fig. 3c).

In addition, organic small molecules are also indispensable
in the construction of biochemical sensing electrodes. They
can be used as interface engineering materials to assist in
binding bioreceptors to improve stability, or as blocker mole-
cules to hinder nonspecific adsorption and improve the
selectivity of biosensors.

3.3 Using carbon nanomaterials

The family of carbon materials includes many members, due
to the sp1, sp2, and sp3 hybridization of carbon atoms.
Important allotropes ranging from zero-dimensional carbon
quantum dots and fullerenes to one-dimensional carbon nano-
tubes (CNTs), two-dimensional graphene, three-dimensional
ordered mesoporous carbon (OMC), and graphite have demon-
strated a great improvement in the sensitivity and reliability of
sensing electrodes (Fig. 4a).

Although carbon materials with different dimensions show
great differences in the morphology and structure, their physi-
cal and chemical properties behave similarly:

(a) Excellent electrical conductivity: the conductivity value
of pure graphene reaches 108 S m−1, and that of pure CNTs is
more than 106 S m−1,103 even for graphite, the conductivity
parallel to the crystal plane reaches 104 S m−1.104

(b) Extremely high specific surface area: the theoretical
specific surface area of pure graphene is 2630 m2 g−1,105 and
that of single-walled CNTs is 1315 m2 g−1.106 As for OMC, the
specific surface area reported in the literature can be up to
2500 m2 g−1.107

(c) High chemical modifiability: the presence of a large
number of defective sites on the surface of carbon materials
allows them to be easily modified by functional groups.

(d) Solution treatment process: graphene can be prepared
by liquid-phase exfoliation of graphite,108 and OMC sheets can
be prepared by hydrothermal treatment and carbonization.109

Those powdered carbon materials also can be uniformly dis-
persed in a suitable solvent, which guarantees the uniformity
of post-treatment.

Therefore, the application of carbon materials in SE can
greatly improve the detection ability of target molecules.
Furthermore, the enhanced sensitivity can be translated into
better sensor performance by OFETs. The following is a review
of typical cases of biosensors in which carbon materials play
an irreplaceable role in the construction of electrode
functions.

3.3.1 Graphene. Graphene has a single-layer structure com-
posed of sp2 hybrid carbon (π-electron structure) with a theore-
tical thickness of about 0.3 nm, which results in a very large
specific surface area and an ultrahigh theoretical charge
carrier speed (∼106 m s−1). Recently, graphene surface modifi-
cation of functional groups, enzymes, antibodies, or aptamers

Fig. 4 Carbon nanomaterials incorporated in the electrochemical sensing interface. (a) The sp2 hybridization of carbon and the diagrams of gra-
phene, CNTs, and an OMC sphere, the inset of the OMC sphere indicate the graphitized structure on its surface. (b) Schematic diagram of using
NHS/EDC as an intermediate molecule to link graphite and antibody. Reprinted with permission from ref. 98. Copyright 2021, Elsevier. (c) Schematic
diagram of the three-dimensional GA–MOF composite for constructing heavy metal ion sensitive electrodes, the top-left inset shows the SEM of
GA–MOFs. Reprinted with permission from ref. 100. Copyright 2019, American Chemical Society. (d) Schematic illustration of the preparation of the
GOx-loading hybrid nanocomposite PAVE–CNTs via one-step co-assembly. Reprinted with permission from ref. 101. Copyright 2021, Elsevier. (e)
Schematic illustration of the loading of Zn NPs and PCT primary antibody on the OMCSi surface for pre-enrichment of PCT in solution. Reprinted
with permission from ref. 102. Copyright 2018, Elsevier.
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for the enhancement of sensitivity and selectivity in target
molecule detection has been widely studied.

Pristine graphene needs to be modified to adapt the bio-
chemical sensing electrodes because of lacking active sites to
react with other substances. Typically, graphene oxide (GO)
introduces abundant functional groups including hydroxyl,
carbonyl, carboxyl, and epoxy groups. Jozghorbani et al.98 used
an EDC/NHS linker to activate the carboxyl group on the
reduced GO, followed by the attachment of antibodies to con-
struct electrodes sensitive to carcinoembryonic antigens
(CEAs) (Fig. 4b). The proposed immunosensor exhibited a low
LOD (0.05 ng mL−1) and high sensitivity (0.1–5 ng mL−1), bene-
fiting from the abundant anchoring sites on reduced GO.

Owing to the unique π-electron structure, π–π stacking and
electrostatic interactions are viable approaches to anchor func-
tional molecules to graphene. Most of the intermediates have
a benzene ring structure that can non-covalently attach to the
graphene, and a functional group that can covalently attach to
biomolecules, such as 1-pyrenebutyric acid succinimidyl ester
(PBSE) containing a pyrene group99 and a thionine (THI) con-
taining benzene ring.110 Campos et al.99 developed a graphene
electrolyte-gated FET sensor for the label-free detection of DNA
hybridization, using PBSE to anchor the probe ssDNA. The
high specific surface area of graphene supported sufficient
probe loading and enhanced the transduction capacity of the
graphene–electrolyte interface, which increased the sensitivity
of the sensor.

The recently developed three-dimensional graphene
network can also be used to immobilize functional com-
ponents by providing domain-limited space. Lu et al.100 pre-
pared graphene aerogels–metal–organic framework (GA–MOF)
composites via in situ growth of MOF crystals on GA (Fig. 4c).
Due to the interaction between the hydrophilic group of MOFs
and heavy metal cations, the GA–MOF based sensor achieved
selective detection of multiple heavy metal ions. The graphene
served as a support matrix for MOFs and also compensated for
the poor electrical conductivity of MOFs by accelerating elec-
tron transfer.

3.3.2 Carbon nanotubes (CNTs). CNTs can be viewed as
graphene sheets curled into columns. Apparently, the electron
cloud distribution of the convoluted graphene sheets (CNTs)
changes dramatically from a symmetric distribution on both
sides to an asymmetric distribution on the inside and outside
of the cylinder, which leads to CNTs with higher electro-
chemical activity along the tube than graphene. Coupled with
the long length of CNTs (more than 100 μm), CNTs can serve
as an excellent electron transport intermediate in electro-
chemical sensing. These unique properties of CNTs suggest a
wide range of potential application scenarios in biosensors.

Appropriate functionalization and immobilization are criti-
cal to allow the preparation of biosensing electrodes utilizing
CNTs. Breslin et al. introduced carboxyl groups on the
MWCNT surface and then grew Au nanoparticles (NPs,
7.5 nm) in situ.111 The Cr(VI) ion-sensitive electrode (ISE) was
prepared based on this composite, and has a low LOD of
7.2 × 10−7 M. Carboxyl-functionalized CNTs enhanced their

dispersion in solution, accompanied by the attraction to the
Au core at the position of the functional group. The perform-
ance of this composite was naturally enhanced since Au NPs
acted as catalytic sites for the reduction of Cr(VI).

CNTs often require auxiliary materials in the loading of
macromolecules due to the large size difference.112,113 A
common strategy is to use a polymer–CNT composite as a
loading matrix. Xu et al. constructed a glucose biosensor113

based on the GOx@PAVE–MWCNT bio-nanocomposite which
displayed a low LOD (0.36 μM) and a wide linear range
(1.0 μM–5 mM) (Fig. 4d). The PAVE maintained the bioactivity
of GOx and prevented the GOx from leaching out of the elec-
trode, while the CNTs tandem with these GOx–PAVE nano-
particles were equivalent to “electron tunneling”, allowing the
collection of electrons generated by the enzymatic electro-
chemical reaction and transmit them to the conducting
substrate.

Besides direct drop coating on the electrode surface, func-
tionalized CNTs can also act as signal amplifiers for target
molecules, benefiting from the good conductivity of CNTs and
abundant electroactive sites of modifiers. A novel electro-
chemical aptasensor assembling the CEA-aptamer and poly
(ferrocenyl glycidyl ether)-grafted CNTs (PFcGE–CNTs) was
reported by Li et al.101 After capturing the CEA by the aptamer,
the electrochemical signal was significantly amplified for the
excellent electrochemical activity of the ferrocene derivatives
contained in PFcGE–CNT composites.

3.3.3 Ordered mesoporous carbon (OMC). The high
specific surface area of OMC is derived from a well-defined
ordered pore structure of 2–50 nm, a size that is well-matched
to most catalysts. OMC materials are prepared by calcination
of organic precursors, thus atomic doping and functional
group modification can be easily achieved, which provides
more advantages in catalyst loading.

The intrinsic properties of the original OMC material can
enhance ion–electron trans-conductivity in ion selective elec-
trodes (ISEs), where the ordered pore channels facilitate the
mobility of ion carriers, the high specific surface area
increases interfacial capacitance, and the good electrical con-
ductivity realizes the rapid transfer of electrons. Liu’s group
developed a K+ ISE using OMC spheres as a transduction layer
that resulted in high sensitivity (63.5 ± 0.6 mV dec−1) and a
wide linear range (10−4.19–10−0.21 M).49 The stability of K+ ISE
also was increased because the hydrophobicity of the OMC
avoids the water layer.

In the current study, the heteroatoms doped during the
preparation to enhance the electrocatalytic ability of OMC is a
common modification strategy. Zhang et al. proposed an
L-tryptophan (Trp) sensor based on an N-doping OMC/Nafion
electrode, which showed a low LOD (35 nM) with a high sensi-
tivity (6.14 A M−1 cm−2).114 N-doping not only increased the
active sites and surface charge density of OMC, but also
improved the electron transfer rate of the carbon matrix.

When loading catalysts such as biomolecules and metal
nanoparticles, it is necessary to modulate the mesoporous
structure of OMC to avoid catalyst aggregation and modify the
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surface of OMC to ensure stable catalyst loading. Fang’s group
synthesized Zn NPs on the OMC surface, followed by coupling
with the procalcitonin (PCT) primary antibody to fabricate PCT
electrochemical sensors (Fig. 4e).102 The Zn NPs and PCT
primary antibody were heavily loaded on the surface, which in
turn allowed the signal of protein electrochemical detection to
be amplified as much as possible.

4. Device engineering for improving
the OFET transduction performance

Integrating OFETs into electrochemical sensors can amplify
the signal and ameliorate the requirement for a readout
system. As discussed earlier (Section 2.3), the most important
task of device engineering is to enlarge the OFET amplification
ability with a steep SS. Moreover, the reduction of SS is also
helpful for lowering the operation voltage and therefore the
power consumption. Li et al.115 proposed diverse OFETs of
different SSs by constructing different device structures with
different insulating materials, verifying the relationship
between the SS and the maximum conversion efficiency of
OFETs experimentally. By comparing the developed OFETs
with a commercial Si-FET in a pH-sensing system, it was
demonstrated that reducing the SS of OFETs can effectively
improve the sensitivity of the sensing system. Though the
resulting sensitivity was similar due to the same level of SS,
the power consumption of the OFET sensor was two orders of
magnitude lower than that of the Si-FET.

At the same time, the stability of the OFET is another key
figure of merits for constructing high-performance integrated
biosensors. During the last few decades, plenty of work has
been done for reducing the SS to improve the amplification
factor and also enhance the stability of printable OFETs using
a combination of material and device engineering.

4.1 Strategies for reducing the subthreshold swing (SS)

In theory, the SS of an OFET is related to the capacitance of
the Cdiel and effective sub-gap density of states (NSS), as shown
below (eqn (9)):

SS ¼ ln 10 � kBT
q

� 1þ q2NSS

Cdiel

� �
ð9Þ

where kB is the Boltzmann constant, T is the absolute tempera-
ture, and q is the elementary charge. Therefore, increasing
the Cdiel and decreasing NSS are two primary methods for
decreasing SS, which, however, is challenging when OFETs
were fabricated on flexible substrates by a low-temperature
printable process over a large area.

4.1.1 Enlarging the unit area gate dielectric capacitance
(Cdiel). There are two primary methods for increasing the Cdiel

to decrease the SS of the device: (1) decreasing the thickness of
the dielectric layer or (2) introducing high-k dielectric
materials. However, decreasing the thickness of the dielectric
layer is at the risk of the poor yield of the device due to large

dielectric leakage current and the latter is the preferable
method. Conventionally, high-k organic materials and ion-gel
materials have been widely adopted to boost the development
of low-voltage OFETs with steep SS.

4.1.1.1 Organic high-k dielectric materials. Poly(vinyl
alcohol) (PVA), poly(4-vinylphenol) (PVP) and P(VDF–TrFE–
CFE) are commonly utilized high-k polymer materials for
achieving ultra-small SS values of the devices. Conti et al.9

adopted PVP as a dielectric material with a permittivity of
around 7.0 and fabricated a device with BGBC architecture
through ink-jet printing. The Cdiel was increased up to 15 nF
cm−2 and the SS was decreased to 300 mV dec−1. Although PVA
has high permittivity for small SS and low voltage operation,
the existence of a hydroxyl group may bring challenges to oper-
ational stability. To screen the detrimental effects of PVA
without sacrificing the total capacitance of the dielectric layer,
a self-assembled monolayer (SAM) of n-octadecyltrichlorosi-
lane (OTS) was introduced in the work of Liu et al. to form an
interface layer between the channel and the gate dielectric.116

As a result, the capacitance of the OFET device based on the
PVA/OTS dielectric system was increased up to 28 nF cm−2. In
this method, the device met the requirement for low voltage
operation (∼3 V) and showed a small SS of around 330 mV
dec−1. Recently, a kind of relaxor ferroelectric material (P(VDF–
TrFE–CFE)) with a high-k value (>60), which can be deposited
by a solution process, was introduced to the development of
OFET devices. As a pioneering work, Li et al. exploited the spin
coating process for preparing the P(VDF–TrFE–CFE) layer with
the capacitance reaching 330 nF cm−2 to develop low-voltage
polymer OFETs (Fig. 5a). The resulting OFETs with TGBC

Fig. 5 Decreasing SS by enlarging the unit area gate dielectric capaci-
tance (Cdiel). (a) Introduction of a high-k dielectric layer of P(VDF–TrFE–
CFE) (k > 60) for fulfilling low voltage operation and ultra-small SS.
Reprinted with permission from ref. 3. Copyright 2012, Wiley-VCH. (b)
Adoption of ion gels for forming an electrical double layer (EDL) of an
ultra-high capacitance of up to 10 μF cm−2. Reprinted with permission
from ref. 10. Copyright 2008, Springer Nature.
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architecture showed extremely low SS of around 97 mV dec−1

with less hysteresis.3 Although increasing the Cdiel by adopting
a high-k material is beneficial for decreasing the SS, the polar-
ization of the high-k material will bring the challenges of poor
stability at a long-term bias and the methodologies for inhibit-
ing dielectric polarization will be summarized in the next part.

4.1.1.2 Ion-gel dielectric materials. Ion-gels can be used as
dielectric layers with extremely high capacitance for an ultra-
small SS and low voltage operation due to the formation of an
electrical double layer (EDL) at the interface. Cho et al. utilized
[EMIM][TFSI] and PS–PEO–PS as the dielectric layer and
increased the gate capacitance up to 11 μF cm−2. In this way,
the SS of the device was decreased to 100 mV dec−1 (Fig. 5b).10

Lee et al. changed the ionic liquid from [EMIM][TFSI] to
[BMIM][PF6] and the capacitance was increased up to 37 μF
cm−2 at a frequency of 10 Hz. Devices showed a small
threshold voltage of −1.3 V and an ultra-low SS of 110 mV
dec−1.117 It is noted that ion-gels are beneficial for achieving
an extremely high Cdiel, but the frequency response is poorer
than those of traditional dielectric materials. This may be a
great concern for application to high-speed OFET circuits, but
not for the biochemical sensor as the frequency is always low.
However, the migration of ions into an organic semiconduct-
ing film will bring stability issues, leading to challenges in the
biochemical sensing performance of OFETs.

4.1.2 Reducing the sub-gap density of states (NSS) in the
channel

4.1.2.1 Phase separation of the semiconductor/polymer blend.
Blending small molecules with polymers is an efficient
method for increasing the crystal quality and decreasing the
NSS by spontaneous phase separation. Small molecules exhibit
the merit of higher mobility but face processing challenges in
poor film uniformity due to their fast crystallization and
strong anisotropic properties. Conversely, high viscosity and
amorphous properties make polymers advantageous in film
uniformity with the sacrifice of high mobility. Therefore, strat-
egies of blending small molecules with polymers have been
proposed to combine the intrinsic merits of each material for
achieving higher mobility, better uniformity, and solution pro-
cessibility. In such a multi-component system, a spontaneous
phase separation process may be triggered during the solidifi-
cation process. Moreover, evaporation-induced concentration
gradient and crystallization-induced driving force are found to
be two main factors for facilitating phase separation. For the
former, when the solvent evaporates from the surface, more
soluble components will aggregate to the top surface, resulting
in two different phases. For the latter, molecules with strong
crystallization properties tend to migrate to the nucleus for
crystal growth while the other components with poor crystalli-
zation properties will be expelled to the other side, contribut-
ing to the final phase separation.118

Phase separation of this kind of blending material system
has been proven to increase the mobility of OFETs due to the
increased π-orbital overlap and electronic delocalization
degree of the organic semiconductor film in addition to the
improvement of solution processibility and uniformity.119,120

In addition, a lower trap concentration also ascribing from
phase separation was also observed and used to significantly
reduce the SS.12,121,122 Feng et al. blended polystyrene with
6,13-bis(triisopropylsilylethynyl)-pentacene and spin-coated
them onto a dielectric layer.123 Ordered, ultra-thin (∼10 nm)
small molecule stacking with an ultra-low NSS tended to form
in the channel layer. The resulting OFETs even with a small
Cdiel (12.2 nF cm−2) achieved a small SS of 100 mV dec−1.
Based on this semiconductor material system, Tang et al.
adopted an ultra-thick SU8 layer (1.16 μm) as a dielectric layer
and demonstrated low voltage operation (∼5 V) with a small SS
of 250 mV dec−1 at an ultra-small Cdiel (∼3 nF cm−2). The
extracted effective NSS was around 5.79 × 1010 eV−1 cm−2,
which was ascribed to the phase separation.124

In addition to the 6,13-bis(triisopropylsilylethynyl)-penta-
cene/polystyrene material system, phase separation of a high
quality channel layer has also been successfully demonstrated
in other material systems such as 7-dioctyl[1]benzothieno[3,2-b]
[1]benzothiophene (C8-BTBT)/polystyrene and 2-decyl-7-
phenyl-[1]benzothieno[3,2-b][1]benzothiophene (Ph-BTBT-10)/
polystyrene.4,125 Jiang reported the blending of C8-BTBT with
polystyrene to fabricate an ink-jet printed OFET, which demon-
strated an extremely low SS (60.2 mV dec−1), approaching the
theoretical limit (59.6 mV dec−1).

4.1.2.2 Deposition of high-quality crystals. In addition to the
material optimization by a small molecule and polymer blend,
process optimization for forming high-quality small molecule
stacking is another method for achieving a low NSS. Kunii et al.
deposited a liquid crystal material (Ph-BTBT-10) to form a
high-quality channel of low trap density on polystyrene buffer
and achieved an average SS of 102 mV dec−1 among 20
different devices.4 Similar to this work, Kitahara et al. devel-
oped a novel method for constructing a high-quality single
crystal film onto a hydrophobic surface with BGBC device
architecture (Fig. 6a). The pre-prepared U-shaped metal film
onto the CYTOP film extended the meniscus line and enabled
successive film growth. In this way, a highly ordered single
crystal of the Ph–BTNT–Cn film was obtained onto the CYTOP
film, presenting a low NSS and SS down to 0.91 × 1010 eV−1

cm−2 and 63 mV dec−1, respectively.5 In the work of Huang
et al., a high-quality channel made from blended materials
was delivered using a proposed advanced coating process-soft
contact coating (SCC) (Fig. 6b). The rotatable blade design
made stress applied to the substrate to be minimum and a
higher quality of channel layer with an extremely low NSS (1.43
× 1010 eV−1 cm−2). The statistically calculated mean SS of the
device was decreased to 87 mV dec−1, which was superior to
other reported ones for OFETs manufactured by large-area
solution process.33

4.1.3 Combination of high capacitance with a low trap
density. To further decrease the SS of the device for a high-per-
formance OFET-based transducer, increasing the capacitance
and decreasing the sub-gap density of states can be synergisti-
cally exploited. For example, Zhao et al. reported a steep sub-
threshold OFET by combining the P(VDF–TrFE–CFE)/PVCN bi-
layer dielectric and 6,13-bis(triisopropylsilylethynyl)-penta-
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cene/polystyrene blends. The addition of a low-k dielectric
layer (PVCN) helped to screen the polarization of the P(VDF–
TrFE–CFE) layer at a long-term bias, resulting in a smoother
channel interface for facilitating carrier transportation com-
pared to the pure P(VDF–TrFE–CFE) layer. The capacitance was
increased to 46.3 nF cm−2 while the NSS was decreased down
to 1.92 × 1010 eV−1 cm−2 eliminating the risk of the stability
issue. As a result, the SS was remarkably decreased to 64 mV
dec−1, approaching the theoretical limit at room
temperature.126

Adopting a high-k dielectric layer was beneficial for decreas-
ing the SS of the device and increasing the sensitivity, but the
polarization of the high-k dielectric layer might induce stability
issues. To ameliorate the stability issue, another low-k dielec-
tric layer was essential for screening the polarization with the
sacrifice of high capacitance. In addition, decreasing the NSS

was another way to decrease the SS, where a small molecule/
polymer blend was mostly taken. It is reasonable to expect that
the SS can be remarkably decreased by using a combination of
increasing gate capacitance and reducing sub-gap trap density.
This is crucial for highly sensitive biochemical sensors as the
SS of the OFET device determines the current conversion sen-
sitivity of the transducer. However, in addition to sensitivity,
the stability of the OFET device is another key indicator, which
determines the precision of the sensing signals. And in the
next part, the mechanism of stability and methods for increas-

ing the stability of the device by utilizing nanomaterials will be
elaborated.

4.2 Enhancing the stability of OFETs

To maintain the accuracy and reliability of OFET biosensors
during operation, excellent stability is also required in
addition to a steep SS. However, a few matters could impact
the stability of OFETs, such as dielectric polarizability, traps,
and defects in the interface (e.g. dangling bonds from the
oxide dielectric layer and some atmosphere factors). Hence,
interface engineering was often used to eliminate trap density
by modifying the dielectric surface. SAMs have been utilized to
modify the surfaces of oxide dielectric layers to decrease dan-
gling bonds and traps. As reported by Kim et al.,127 a donor–
acceptor type liquid-crystalline semiconducting copolymer
(PQTBTz-C12) based OFET showed unprecedented bias-stress
stability after surface modification with SAMs comparable to
that of amorphous silicon, thanks to the reduced concen-
tration of charge traps (Fig. 7a–c). Introducing an amorphous
dielectric material with small permittivity between the semi-
conductor layer and high-k dielectric layer is another potential
method to reduce the dielectric polarizability and trap concen-
tration.128 For example, Jia et al.129 reported an exhaustive
characterization of OFETs with an ultra-thin bilayer gate
dielectric comprising the amorphous fluoropolymer CYTOP
and Al2O3:HfO2 nanolaminate. The shift of threshold voltages
remained below 0.2 V even over a time period of up to 5.9 ×
105 s with filed-effect carrier mobility of up to 1.6 cm2 V−1 s−1.
However, the use of a polymer dielectric and interlayer is pre-
ferred so that OFET devices are feasible to being fully solution-
processed. By adding a thin CYTOP layer between the P(VDF–
TrFE–CFE) layer and the semiconductor layer, the OFET devel-
oped by Tang et al. showed that the charge trapping in the
channel and accumulation by remanent polarization under
the gate bias was able to neutralize with each other.130 As a
result, the resulting OFET showed negligible hysteresis and
excellent negative bias stressing stability (Fig. 7d and e).

5. Hybrid integration of OFET
biochemical sensors

The sensitivity and reliability of OFET biochemical sensors can
be improved by both sensing interface and device engineering
as mentioned before. Besides, it is requested integration of the
transducer and SEs into the biochemical sensor to make it
easy for sensing applications. OFET biochemical sensors have
been widely demonstrated in the detection of various ions and
biomolecules by modifying different sensing active materials
on the extended gate.30,31 Table 2 presents a summary of
OFET-based biosensors for various biochemical targets by
employing SE modified with different sensitive layers. Here,
recent efforts in the integration of OFET biochemical sensors
and portable sensing systems are reviewed and discussed.

Fig. 6 Decreasing the sub-gap density of states (NSS) at the channel for
steep SS. (a) Extended meniscus coating for forming high-quality single
crystals onto an inert, hydrophobic CYTOP surface. Reprinted with per-
mission from ref. 5. Copyright 2020, American Association for the
Advancement of Science. (b) Process optimization by introducing soft
contact coating (SCC) for forming low DOS channels. Reprinted with
permission from ref. 33. Copyright 2019, IEEE.
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5.1 Proof-of-concept sensing enabled by wire connection

To ensure the stability of the OFET performance, biochemi-
cal sensors of OFETs were usually reassembled by connecting
individual OFETs and SEs via conductive wire, as illustrated
in Fig. 8. This discrete integration method offers a simple
set-up process for EGOFET biochemical sensors without con-
sidering process compatibility issues. Zhao et al.131 reported
a pH ISOFET by combining the H+ sensitive ITO electrode as
the extended gate with a printed low-voltage OFET. When
operated in the highly sensitive subthreshold regime (SS <
83 mV dec−1), the ISOFET sensor could detect pH variations
less than 0.1. By replacing the conductive wire with a planar
gold film electrode, a taurine sensor was developed by using
a MIP-modified Au SE as the extended gate of a printed
OFET transducer.37 The OFET sensor exhibited excellent
selectivity due to the high specific affinity of MIPs for
taurine. By changing the materials modified on SEs, the
sensor could also be applied in the detection of heavy metal
ions,18,19,132 electrolyte ions,32,133–135 protein39,136,137 and
small biomolecules,35,138–140 etc. Currently reported OFET
biochemical sensors are mainly based on this format,
namely combining OFET devices with different SEs for
achieving signal responses to various biochemical analytes.
However, this type of testing is only for material characteriz-
ation or a proof-of-concept for detection, which is far away
from the design of sensing chips. For on-site applications, it
is necessary to integrate an OFET biochemical sensor into a
miniaturized sensing chip or a sensing tag of a fairly large
area.

5.2 Advanced integration of a sensing chip

5.2.1 On-chip packaging. As shown in Fig. 9a, on-chip
packaging free of external connections is a routine way for the
integration of a solid-state OFET biochemical sensor. Li and
co-workers developed a fully integrated pH sensing tag on a
plastic substrate, which comprised a pH-sensitive ITO elec-
trode, a low-voltage printed OFET, and a solid-state Ag/AgCl/
PVB thin film RE (Fig. 9b).41 This sensing tag was demon-
strated to readout by a handheld readout system and present
reliable pH monitoring in Bluetooth connected smartphones.
Similarly, Tang et al.29 established flexible integrated label-free
miRNA sensing tags based on printed low-voltage OFET
devices. The steep SS makes OFET with a high transconduc-
tance efficiency (gm/ID) and presents a large signal-to-noise.
The EGOFET biosensor tag presented high sensitivity and
achieved the detection limit up to the 10 pM level with a low
operation voltage (<1 V).

Another advantage of on-chip packaging is to realize multi-
channel transistor-based biochemical sensors for the multi-
plex detection of analytes. Huang et al.33 constructed a fully
integrated multiplexed sensing tag consisting of three solu-
tion-processed low-voltage OFETs, solid-state Na+, K+, and H+

ISEs and a solid-state RE on a flexible thin film substrate
(Fig. 9c). This integrated sensing tag was low-voltage powered
so that it could be used in handheld three channel readout
systems controlled by a Bluetooth connected smartphone, pre-
senting reliable monitoring of the concentrations of Na+, K+

and H+ in solutions. The bonding process of individual com-
ponents on the same substrate may also impact the reliability

Fig. 7 Interface engineering of high stability OFETs. (a) Schematic side-view of the transistor and a chemical representation of the OTS interlayer
used as a modification layer. (b) Linear transfer curves of the PQTBTz-C12-based OFET as a function of stress time annealed at 180 °C and (c) air
stability of the PQTBTz-C12-based OFET. Reprinted with permission from ref. 127. Copyright 2009, American Chemical Society. (d) Schematic of the
device structure of the top gate bottom contact OFET using different gate dielectric layers: the single layer CYTOP, single layer relaxor ferroelectric
terpolymer P(VDF–TrFE–CFE), and CYTOP/P(VDF–TrFE–CFE) bilayer. (e) ID–VGS curves were measured at different times under negative bias stress
(NBS) at VGS = −5 V, VDS = −5 V for the bilayer OFET. Reprinted with permission from ref. 130. Copyright 2017, IEEE.
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performance of the OFETs, for example, volatilization of the
adhesive solvent, bonding temperature, etc. To solve this, Tang
et al.34 proposed a low-temperature (<85 °C) packaging
approach with a hollow structure to release the affecting sol-
vents. The packaged OFETs exhibited excellent stability even
after 24 days of storage under atmospheric conditions.

Although on-chip packaging is highly flexible and customiz-
able, the resulting biochemical sensors may suffer from poor
mechanical stability, low-density integration, and high noise.

5.2.2 Three-dimensional (3D) integration. OFET biochemi-
cal sensors can be stacked vertically in a 3D integration by con-
necting the sensing portion and transistor transducer through
a via hole (Fig. 10a). This kind of integration will increase the
density of the advanced OFET biochemical sensor chip, and
the through-hole connection reduces the length of the connec-
tion lines, thus suppressing external noise. Han et al.40 pro-
posed a through-plastic-via (TPV) 3D integration method for
pH ISOFET sensing chips (Fig. 10b–d). They fabricated separ-
ate arrays of OFET circuits and sensing elements on different
substrates, which were then stacked back-to-back to form the
electrical interconnects of the TPV. The full solution printed
flexible OFET amplifier circuitry array presented excellent oper-
ational stability and exhibited a voltage gain larger than 10 at
VDD = 5 V. Due to the high voltage gain of the OFET amplifier,
the sensitivity of the integrated pH sensor was increased from
35 mV per pH to 400 mV per pH, which was nearly 11 times
higher. Because TPV 3D integration enabled the OFET ampli-

Table 2 Summary of solution-printed OFET-based biochemical sensors

Sensor type Sensitive material Target
SS (mV
dec−1)

|VGS|
(V) Linear ranges

Limit of
detection Ref.

EGOFET Antibody Glial fibrillary acidic
protein

880a <2 0.5–100 ng
ml−1

1 ng ml−1 141

EGOFET Antibody C-reactive protein 180a <3 0.5–10 μg
ml−1

1 μg ml−1 15

EGOFET Cu2+–DPA HPO4
2− NR <1 9–129 μM NR 134

EGOFET Zn2+–DPA Phosphate anions NR <1 0–100 μM NR 135
EGOFET Zn2+–DPA Phosphoprotein

(α-casein)
NR <1 0–6 μM 0.22 ppm 38

EGOFET Horseradish peroxidase/
diamine oxidase

Histamine 870a <3 0–10 μM 1.2 μM 136

EGOFET Anti-IgA-antibody IgA 880a <3 0–10 μM NR 142
EGOFET Streptavidin Biotinylated IgG 320a <3 0–10 μg mL−1 1.2 μg mL−1 (8

nM)
143

EGOFET Nitrilotriacetic acid (NTA) Cu2+ NR <1 0–15 μM 0.51 μM (96
ppb)

19

EGOFET Cysteine Hg2+ NR <1 0–0.5 μM 31 ppb 132
EGOFET Glucose oxidase/Prussian blue Glucose 135a <3 0–51.2 mM NR 35
EGOFET Molecularly imprinted polymers Taurine NR <3 0–10 μM 0.33 μM 37
EGOFET Molecularly imprinted polymers (S)-Hyoscyamine NRa <3 0–100 μM NR 86
EGOFET SH-DNA miRNA 80 <1 10 pM–1 mM 10 pM 29
EGOFET ITO pH 195a <3 pH 4–10 NR 41
3-Channels
EGOFET

Na+ ISM Na+ 80 <3 1–80 mM 1 mM 33
K+ ISM K+ 1–128 mM 1 mM
ITO pH pH 4–10 pH 10

4-Channels
EGOFET

PANI pH 100 <3 pH 9–6 pH 9 144

Dual gate
EGOFET

Anti-IgG-antibody IgG 637 ± 72 <10 0–10 μg mL−1 NR 39

EGOFET
amplifier

K+-ISM K+ 80a <3 1–64 mM NR 32

EGOFET
amplifier

Lactate oxidase Lactate 2500a <10 20–60 mM NR 36

EGOFET
amplifier

Lactate oxidase Lactate 100a <4 0–0.5 mM NR 138

EGOFET
amplifier

ITO pH 110 <3 pH 7.2–7.4 NR 40

EGOFET: extended-gate type OFET. aData calculated from the reported information; NR: not reported.

Fig. 8 OFET biochemical sensing enabled by wire connection, consist-
ing of an OFET, a sensing electrode (SE), a reference electrode (RE) and
analytes.
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fier to be made close to the SE and RE, it was useful to sup-
press the influence of external noise and improve the signal-
to-noise ratio of the biosensor. 3D integration of the OFET bio-
chemical sensor chip has advantages such as increased
density, suppressed signal noise, and high robustness.
However, the remaining issues would be the risk of alignment
difficulties and mismatching between the two sets of substrate
units for transducers and SE/RE arrays, respectively.

5.2.3 Monolithic integration. Monolithic integration tries
to manufacture individual components on a single substrate,
eliminating the need for manual assembly, which enables
reliable interconnection and a smaller footprint. The main
challenge for monolithically integrating SEs with OFETs
remains to be the processing compatibility of material stack-
ing. The sensing material is modified on the gate to form an
SE, which means that the gate needs to have a certain area
exposed to immobilization and sensing (Fig. 11a). OFETs with
a bottom gate structure require the patterning of dielectrics,
OSC layers, and even encapsulation layers, resulting in more
complexity of the process. Therefore, it is better to choose
OFETs with a top gate for the construction of monolithically
integrate OFET biochemical sensors. On this basis, Minamiki
et al. constructed an ultra-thin (1 μm) dual-gate OFET-based
flexible immunosensor chip with a monolithic integration
structure (Fig. 11b–d).39 The extended Au top gate was functio-
nalized by the antibody, which had high affinity for immuno-
globulin G (IgG). The mechanical durability test showed that
with a stress of 15%, the developed flexible OFET sensor

Fig. 9 On-chip packaging for the integration of OFET biochemical sensors. (a) Cross-sectional structure of an integrated OFET biochemical sensor
chip enabled by on-chip packaging, which assembles the OFET, SE and RE on the same carrier substrate. (b) Photo image and illustration diagram
for the flexible pH ISOFET tag integrated on one plastic. Reprinted with permission from ref. 130. Copyright 2017, IEEE. (c) Illustration of the inte-
gration process for building an array of multiplexed ISOFETs. Reprinted with permission from ref. 33. Copyright 2019, IEEE.

Fig. 10 3D integration of the OFET biochemical sensor chip. (a) Cross-
sectional structure of the 3D integrated OFET biochemical sensor chip,
which stacks the OFET with a sensing portion and is connected through
a via hole. (b) Photo image of the 3D integrated pH sensor chip based
on OFET amplifier circuitry. (c) The schematic structure and the
measured transfer curves (VOUT–VRE) of the integrated biochemical
sensor. (d) Comparison of pH responses with and without OFET
amplifier circuitry. Reprinted with permission from ref. 40. Copyright
2021, IEEE.
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showed stable operation performance, indicating great poten-
tial in wearable biochemical sensing applications.

5.3 Demonstration of system integration

Printable OFETs are very promising for developing physical
and chemical sensors for the assembly of customized sensory
systems. Nevertheless, entirely printed OFET technology
cannot realize all the functions such as accurate analog-to-
digital conversion (ADC), complex signal processing, power
management, or wireless communication. For the envisioned
applications, hybrid technology has been thus proposed to
combine organic functional devices with silicon chips.145,146

There is a window for printable OFETs to realize interface cir-
cuits and process local signals. In this sense, OFET amplifiers
are crucial to enable the front-end organic sensors to interface
with peripheral readout systems.147 This retains the benefits of
solution-process and printing without sacrificing the device
performance, representing the future development direction in
this field.

Based on low voltage printed OFET inverters and ampli-
fiers, a series of fully printable sensor systems for biochemical
detection have been demonstrated. For instance, Feng et al.
fabricated an ammonia sensing tag based on a high air stabi-
lity OFET. It can reliably sense ammonia in the range of 5 to
25 ppb over a long period.148 The OFET sensing tag showed
the excellent features of low voltage and stable operation,
which enabled it to be integrated into the self-designed elec-
tronic system powered by a 3.7 V lithium-battery, and operated
for a long time with a low power consumption as low as 50
nW. Later, Tang et al. developed a zero-VGS inverter-based
amplifier for the amplification of pH signals, which was com-

posed of an extended-gate pH-sensitive OFET and a loaded
OFET.16 The developed sensing tag on plastic interfaced with a
3.3 V battery-powered readout circuit board, which communi-
cated with a mobile phone through NFC, and showed good lin-
earity over a wide pH range from 2 to 12. In addition to the
detection of ions, Nagamine et al. reported an enzyme sensor
for L-lactate using a printed organic inverter circuit
(Fig. 12a).140 The concentration of L-lactic acid was finally
reflected in a color change of the electrophoretic display,
which could be read out using the naked eye. This biochemical
sensing system presents a portable sensing-driven display and
has great potential for application in wearable sensing devices.

For multiplex sensing systems, Huang et al.33 constructed a
three-channel ISOFETs sensor array tag for H+, Na+, and K+

detection. The signal was processed by a handheld readout
circuit board and sent to the mobile phone by Bluetooth. A
handheld 3.3 V battery powered multi-ion sensing system was
demonstrated for the point-of-care test. They also developed a
versatile flexible hybrid integration (FHI) system that com-
bined the ISOFET technology with an radio frequency identifi-
cation device (RFID) integrated circuit with a passive power
supply.144 The frame and the system image are shown in
Fig. 12b. The four-channel outputs of the FHI system were
read out by the smartphone with randomly bending of the key
device area 20 times, showing negligible changes, indicating
that both the intrinsic OFET part and the external connections
in the FHI system had good enough mechanical reliability.
With high customization in function, form factor, and cost,
the FHI system was regarded as promising for a wide range of
applications such as medical diagnostics, chemical or biologi-
cal process monitoring, and daily health care.

Fig. 11 Monolithic integration of the OFET biochemical sensor chip. (a) Cross-sectional structure of the monolithically integrated ISOFET. (b)
Photos and (c) schematic diagram of the monolithically integrated ultra-thin OFET immunosensor. The top gate was immobilized with anti-IgG anti-
bodies. (d) Changes in the threshold voltage (Vth) of the OFET-based immunosensor induced by detection of IgG protein in PBS solution. Reprinted
with permission from ref. 39. Copyright 2021 Springer Nature.

Nanoscale Review

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 5537–5559 | 5553

Pu
bl

is
he

d 
on

 1
7 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

/2
02

4 
5:

52
:2

0 
A

M
. 

View Article Online

https://doi.org/10.1039/d2nr05863d


6. Conclusions and outlook
6.1 Conclusions

In summary, material and device engineering have been gradu-
ally explored to enhance the transduction efficiency of printa-
ble OFET transducers and the sensing properties of working
electrodes. In this review, approaches to ameliorate the sensi-
tivity and stability of OFET biochemical sensors were
described. The sensing performance of the OFET biochemical
sensor depended on the performance of OFETs and SEs. On
one hand, as an electrical signal transducer, the voltage–
current conversion capability of the OFET device is related to
the sensitivity of the biochemical sensor. Reducing the SS of
OFET devices can improve the sensitivity of OFET biochemical
sensors, which can be achieved by increasing the Cdiel and
decreasing the effective NSS. On the other hand, nanomaterials
endow the SEs with superb sensitivity, excellent robustness,
outstanding reproducibility, and extraordinary competitive-
ness. Noble metal nanomaterials and metal oxide nano-

materials expand the specific surface area and catalytic effect.
Carbon nanomaterials improve the electrical conductivity and
enrich binding sites. Organic nanomaterials with rich func-
tional groups not only protect the activity of natural bio-
molecules but also act as receptors for biochemical target ana-
lytes. By combining OFETs with nanomaterial-modified SEs,
EGOFET biochemical sensors have been constructed for a wide
range of analytes. With advanced integration strategies, OFET
biochemical sensors can be integrated into portable sensing
tags or sensing chips, representing great potential for portable
or wearable sensing instruments. Nevertheless, hybrid inte-
gration of printable OFET biochemical sensor tags or chips
with a silicon-based portable readout system is a promising
approach for the construction of portable, wearable, and
implantable devices in future applications.

6.2 Outlook

Although considerable progress has been made, the develop-
ment of OFET biochemical sensors is still at the stage of lab-

Fig. 12 Integrated OFET biochemical sensing system. (a) Photograph of the printed organic inverter-circuit-based biosensor prototype device with
the display unit and its configuration, composed of a biosensing cell composed of the extended-gate and Ag/AgCl reference electrodes, a two-
stage organic transistor-based inverter circuit with a p-type semiconductor, and a display unit. Reprinted with permission from ref. 140. Copyright
2019, MYU Scientific Publishing Division. (b) The frame and image of a versatile FHI system combining ISOFET technology and an RFID IC with a
passive power supply for diverse bio-sensing. Reprinted with permission from ref. 144. Copyright 2021, IEEE.
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oratory validation, and there are many challenges to be over-
come in terms of practical applications or the launch of com-
mercial products.

6.2.1 Scalable integration. For the miniaturization of OFET
biochemical sensors, the main limits may be the miniaturi-
zation of SEs and REs in the sensing portion. The miniatur-
ized solid-state SEs have been reported with various func-
tions but the research on REs is insufficient. As REs are
requied to provide a stable interface potential for the sensing
system, their stability are very important for the overall stabi-
lity of the sensing chip, and their miniaturization also affect
the integration density of the chip.41,149 The manufacture of
miniaturized solid state REs with high stability during
measurement is essential for the integration of OFET
sensing chips.

6.2.2 High throughput multiplex sensing in arrays. One
advantage of the OFET biochemical sensor is its great poten-
tial for multiple sensing with array circuits. This is very attrac-
tive for biochemical analysis as different indicators often need
to be measured simultaneously to draw reliable conclusions
and mitigate false results. For the application of multiplexed
sensing arrays, the uniformity and repeatability of OFET bio-
chemical sensors need to be addressed, and low-cost, high-
throughput manufacturing needs to be achieved. In this
regard, Guo’s group has been working on the exploration of
multi-channel OFET sensing arrays. With the development of
the soft-contact coating method, the fabrication of high
throughput OFET arrays presents excellent uniformity.12 Based
on this, they have realized the construction of multi-channel
ISOFET array tags.33,34,144 However, the results reported so far
are mainly based on discrete integration of OFETs with SEs
and REs, which leads to low density and poor robustness of
the integrated chip and is not suitable for large-scale array pro-
duction. The development of high throughput multiplexed
sensing chips based on monolithic integration may be the way
forward for sensing arrays.

6.2.3 Integration of microfluidic platforms. The develop-
ment of microfluidic technology leads to the evolution of bio-
chemical analytical procedures.150 The introduction of micro-
fluidic systems in other electrochemical sensors has already
brought significant benefits, such as greatly reduced sample
volumes and the convenience of continuous and rapid in situ
measurement of targets,88,151 especially for multi-sensor
arrays.152 However, there are few reports on the introduction of
microfluidic platforms into OFET biochemical sensors. This
may be due to the fact that most OFET sensor chips are
assembled based on discrete components, limiting their inte-
gration with microfluidic systems. The design of OFET bio-
chemical sensor chips that are well-matched to microfluidic
systems is vital for their future development in practical
applications.
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