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By tailoring the neighboring-conductive-channel organic layer
using a plasma-assisted-interfacial-grafting method, we introduced
a molecular antenna onto the surface of organic transistors to enable
direct interaction between the semiconductors in the conductive
channel and the target analytes in solution. The specific interaction
provides the OTFT with sensitive adenosine triphosphate (ATP)
detection ability, which represents a step forward toward low-cost,
flexible, and high throughput organic electronic biosensors.

Introduction

Motivated by the urgent demand for advanced environmental
monitoring and real-time healthcare diagnostic devices, the
development of low-cost and flexible electronic sensors has
attracted tremendous interest."” Organic thin-film transistors
(OTFTs) offer a unique sensing platform by combining signal
transduction and amplification to enable tunable sensing
ability while maintaining a high signal-to-noise ratio.®*° More
importantly, their compatibility with biosystems and solution-
processing techniques make OTFTs theoretically suitable for
low-cost bioelectronic applications.”'* Benefiting from these
features and recent developments in functional OTFTs, the effective
detection of biological species including DNA sequences and anti-
bodies has been realized."”™® Despite these achievements, the
construction of novel sensitive and selective OTFT-based biosensors
is still highly desired, due to the limitation associated with weak and
non-specific molecular interactions between semiconductors in the
conductive channel and biological analytes in solutions.'”®

The introduction of bio-species onto the surface of the
functional layer in the OTFT can serve as a general strategy to
partly overcome the aforementioned issue. Till now, surface
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Conceptual insights

Endowing organic thin-film transistors (OTFTs) with biosensing functions
can open up novel opportunities for flexible and low-cost bioelectronic
devices. To meet this critical requirement, the construction of OTFTs with
well-designed biological-electronic interfaces is highly desired, but remains
a challenge. We introduced a molecular antenna onto the surface of OTFTs
by tailoring the neighbouring-conductive-channel organic layer using an
in situ plasma-assisted-interfacial-grafting method. The functionalized
interface can enable direct interaction between the semiconductors in the
conductive channel and the target analytes in solution, which allows the
detection of ATP with prominent selectivity, good reproducibility, and a low
detection limit of 0.1 nM. More importantly, the sensing device can be built
in a flexible array for high throughput biosensing application and even
powered by commercial batteries. These excellent sensing properties make
the molecular-tailored OTFTs a powerful platform toward portable and
wearable medical diagnostic elements.

modification of both the organic semiconductor layer and the
gate electrode has been utilized to fabricate selective bio-sensing
devices."” As an example, Lai et al. and Minamiki et al. developed
organic transistors with gate electrodes functionalized by
complementary DNA probes and streptavidins for the selective
detection of DNA or antibodies."*"® Interestingly, these kinds
of devices possess good stability in solutions since the organic
semiconductors are encapsulated by a dielectric layer. In spite
of this advantage, the separate nature of the conductive channel
and analytes hinders the direct interactions needed for prominent
sensing performance.

The molecular design of organic semiconductors incorporating
bio-functional groups is considered to be a straightforward strategy
to enable an inherent semiconductor-analyte interaction.”®>'
However, the introduced bio-functional groups usually trap
carriers, leading to a relatively low signal amplification ratio
and sensing performance. The realization of prominent OTFT-
based biosensors thus relies on the construction of devices with
both high mobility and well-designed biological-electronic
interfaces to bridge the gap between semiconductors and biological
species." Typical approaches to build bio-functional interfaces

This journal is © The Royal Society of Chemistry 2018
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in OTFTs have focused on the deposition of binding sites on the
surface of organic semiconductors followed by the covalent
immobilization of receptors. As representative examples, Bao
et al. and Knoll et al. have recently put forward a series of
binding sites, such as maleic anhydride (ppMa) and gold
nanoparticles, for immobilization onto the surfaces of organic
semiconductors. This therefore allows the covalent attachment
of different receptors for the sensitive detection of DNA and
proteins."'*?? In spite of these exciting achievements, further
enhancement of the interaction is limited by the sandwiched
“molecular gap” between the surface semiconductor layer and
the conductive channel (1-3 layers) located at the dielectric/
organic layer interface,”>>* and the “interaction boundary”
between the surface molecular layer and the receptor separated
by the binding sites. This makes the construction of OTFTs with
well-located and high quality biological-electronic interfaces a
key issue for state-of-the-art biosensors.

The in situ molecular tailoring of the neighboring-conductive-
channel layer (NCCL) can, in principal, minimize the afore-
mentioned molecular gap and enhance the semiconductor-
receptor interaction, while maintaining efficient charge transport
properties. This fine-tailoring strategy, however, can be hardly
utilized to fabricate prominent OTFT-based biosensors because
most organic films cannot survive the conventional chemical
modification processes. Herein, we demonstrate OTFTs with a
group-tailored NCCL by using a plasma-assisted in situ micro-
damage interfacial grafting (PIMIG) approach. The chemically
modified NCCL, together with the immobilized receptors, function
as the sensing antenna for the devices. It therefore contributes to
the selective detection of ATP with a low detection limit of 0.1 nM,
and allows for high throughput low-voltage detection under
bending conditions. The results demonstrate promising applications
of molecular-antenna-tailored OTFTs as portable biosensors.
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Bottom-gate top-contact OTFTs were fabricated using a
conventional method (see the ESI{). The diketopyrrolopyrrole
(DPP)-based polymer, poly-(diketopyrrolopyrrole-terthiophene)
(PDPP3T), was selected as the organic semiconductor owing to
its prominent performance in different OTFT applications.>*™®
A few PDPP3T layers and a tailored NCCL were functionalized
as the conductive channel and the sensing antenna, respectively
(Fig. 1a). Since the mobility reached a plateau at a minimum
thickness of 8-10 nm (Fig. S1, ESIT) and 1-2 molecular layers are
required for in situ surface modification and receptor binding,
the active layer thickness of the sensing devices is controlled to
be 12 nm. 50 nm SiO, was utilized as the dielectric layer to
ensure low voltage and stable operation in solutions. Pristine
devices exhibit mobility in the range of 0.3-0.6 cm> V"' s~ and
show clear FET characteristics with well-defined linear and
saturation regimes (Fig. S2, ESIt).

The in situ surface modification of the NCCL with specific
binding groups is a prerequisite for receptor implantation and
also for the construction of the so-called molecular antenna.
Plasma treatment was employed not only because of its ability
to generate active groups,”®° but also because it relies on the
etching of the semiconductor, which can be used to control the
location of the functional interface. Fig. 2a shows the mobility
of the fabricated OTFTs upon plasma treatment at different
treatment powers and exposure times. It is worth noting that
the conductive channel can be etched upon oxygen plasma
treatments of high treatment power and long exposure time. As
a result, mobility decreases upon increasing the treatment
power from 24 to 48 W and increasing the exposure time from
1 to 4 min. When the treatment power is maintained at 48 W
for 4 min, the device suffers a dramatic decrease in mobility
from 0.5 to 0.06 cm® V™' s ', In comparison, plasma treatment
with a power of 24 W only results in a slight decrease in

Fig. 1 (a) Schematic of an OTFT with a tailored molecular antenna for in situ bio-receptor grafting. The inset circle illustrates the molecular antenna of
the modified device and a biological antenna of a butterfly. For the molecular antenna-tailored device, the receptor-modified semiconducting layer can
bind with specific analytes to enable efficient and selective signal transduction. The signal recognition and signal transmission functionality are similar to
the functions of a typical biological antenna. (b) The molecular structure of PDPP3T. (c) Schematic illustrations of the PIMIG approach to introduce
binding groups and subsequently immobilize enzymes onto the surfaces of organic semiconductors.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Relative mobility changes of the OTFTs upon O, plasma treatment
at different treatment powers and exposure times. (b) Transfer curves for
pristine, O, plasma treated (24 W, 2 min), and enzyme modified OTFTs.
XPS spectra and static contact angle for (c) pristine, (d) O, plasma treated
(24 W, 2 min), and (e) the enzyme immobilized PDPP3T film.

mobility with 60-90% of the initial performance retained, even
after 4 min of treatment. It is worth noting that mobility over
0.4 cm” V™' s can be consistently obtained when the exposure
time is fixed at 2 min, which is the critical point to ensure both
high device performance and well-located binding groups on
the NCCL. More importantly, the approach is applicable for
different organic semiconductors, such as pentacene and
NDI(20D)(4¢tBuPh)-DTYM2 (n-type) (Fig. S3, ESIt). These results
clearly demonstrate that the fine-tuned plasma treatment can
provide a simple but efficient approach to enable in situ inter-
facial modification of OTFTs.

X-ray photoelectron spectroscopy (XPS) characterization was
performed to reveal the category of the functional groups
generated by the plasma treatment. Fig. 2c and d show the
XPS spectra of the pristine and plasma-treated films. The C 1s
peak in the pristine film contains four components centered at
284.7, 285.3, 285.8, and 287.3 eV, corresponding to C-C, C-S,
C-N, and C=0 species, respectively. In the case of the plasma-
treated film, both COOH (289.3 eV), C-O (286.5 eV) and shifted
C—0 (287.6 eV) groups can be identified (Fig. 2d). These results
are consistent with plasma-induced surface oxidation. It should
be noted that the intensity of the carboxyl peak (289.3 eV)
increased when the power was enhanced from 8 to 24 W.
However, a further increase in treatment power above 24 W
results in no further increase in carboxyl intensity (Fig. S4,
ESIt). This is consistent with the atomic force microscopy
(AFM) results, indicating that obvious plasma-induced decreases
in thickness occurred at a treatment power higher than 24 W
(Fig. S5, ESIT) and this led to a significant decrease in mobility.
Since the devices do not suffer from dramatic decreases in
mobility with a treatment power of 24 W, the top 1-2 molecular
layers of PDPP3T were tailored with binding groups. The
phenomenon can be further supported by ultraviolet photo-
electron spectroscopy (UPS) analysis, which shows the disappearance
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of the characteristic HOMO peak of PDPP3T, due to the disruption
of the conjugated backbones of the surface layers (Fig. S6, ESIt).
More importantly, the COOH group content of the treated surface
reached 11.2%, which is higher than that of the C-O (8.2%) and
C—0 groups (8.7%). The high density of COOH groups on the
PDPP3T surface, together with their high activity, can enable
receptor immobilization, paving the way for various biosensing
applications.

ATP, known as the “molecular unit of currency” for nearly
all metabolic processes and an indicator used to evaluate
neural activity, is considered as the direct energy source found
in all forms of living organisms.>'"** Therefore, the sensitive
and specific detection of ATP is of great significance. To date,
various transistor-type ATP sensing devices have been developed
successfully. However, most of these devices are based on inorganic
materials, such as silicon, carbon nanotubes, or even graphene.*°
OTFT-based ATP sensors are highly desired currently because they
exhibit not only combined signal transduction and amplification,
but also good flexibility for many wearable applications.*® Here, we
employed a commercialized hydrolytic enzyme, apyrase, as the
receptor for ATP detection. In order to utilize the plasma-
treated NCCL as the sensing molecular antenna, we covalently
attached the enzymes onto the plasma treated semiconductors
to enable specific interaction between organic semiconductors
and analytes.

The successful biological functionalization process was
characterized by XPS, AFM, and contact angle measurements.
Upon the immobilization of enzymes, the emergence of peaks
assigned to C-NH (286.2 eV) and O—C-NH (288.3 eV) groups
was observed, indicating the covalent bonding of the enzymes
(Fig. 2e). This is further verified by the AFM images (Fig. S7a,
ESIY), since the treated PDPP3T layer is densely covered with
nanoparticle-type structures (features of approximately 2-3 nm
in height). Moreover, enzyme functionalization induces an
increase in contact angle from 44.1° to 63.5° (Fig. 2d and e).
Notably, both the XPS and AFM results suggest that enzyme
modification was completed within one hour (Fig. S7 and S8,
ESIT). Longer exposure time only results in physical absorption
that can be easily removed by a typical cleaning procedure. As a
result, the mono-enzyme-layer-modified NCCL can serve as the
sensing antenna for PDPP3T-based OTFTs (Fig. S7d, ESIt).

The device performance of the modified OTFTs was char-
acterized to evaluate its suitability for sensing application. As
shown in Fig. 2b, the enzyme-functionalized OTFTs suffer from
only slight changes in mobility upon modification, since mobilities
of up to 0.33 em® V' s7' (70% of the pristine value) can be
obtained. The decrease in mobility should be attributed to the traps
generated by the penetration of water or ions into the conductive
channel during the aqueous modification process. It should
be noted that a high on/off ratio (~10%) and low threshold
voltage (Vi) (~—1 V) were obtained when the device was
operated in solution, where a fixed source-drain bias of —1 V
was applied to avoid the electrolysis of electrolytes and the gate
electrode.

To investigate the sensing performance of the molecular
antenna-tailored OTFTs, Ipg was monitored upon addition of

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Real-time /Ips response of an apyrase functionalized device upon exposure to ATP solution with concentrations ranging from (a) 1 nM to 10 uM
(the blue line and the /ps response of an untreated PDPP3T device to ATP is represented as the black line), and (b) 0.1 to 5 nM. (c) Reproducibility of Al/ly
of the sensing device to 1 nM ATP prior (left) and after (right) rinsing in pure sensing media. (d) Statistical Al/l versus ATP concentration for five devices. (e
and f) Real-time Al/ly of the device upon exposure to ATP, ADP, and AMP at a concentration of 1 pM.

ATP solutions at different concentrations in a buffered medium
(HEPES, 0.1 mM, pH = 7.0). 5 mM CaCl, was added into the
medium because Ca>" activates the enzyme. Fig. 3a and b show
the Ing response upon exposure of the device to ATP. The Ig
response increases steadily with increasing ATP concentration
from 0.1 nM to 10 pM. For example, 10 nM ATP resulted in an
almost 20% increase in Ipg, while a remarkable increase in Ing
(~150%) was obtained at a concentration of 1 uM (Fig. 3a). In
contrast, no obvious current changes were observed in the control
experiments performed using devices without a molecular antenna
or with an active layer thickness of over 20 nm (Fig. 3a and Fig. S9,
ESIt). This thus indicates the critical role of the tailored NCCL in
our sensing OTFTs. In particular, the detection limit of our devices
was found to be 0.1 nM (Fig. 3b), which was about 15 times higher
than the root-mean-square (RMS) of the noise level in A,
(~0.2%) (the detection limit was defined as the critical point
when the signal reached over three times the RMS*®). Interestingly,
it is six orders of magnitude lower than the previously published
result (~100 puM) for an apyrase functionalized inorganic
transistor,®> and 10> times lower than a recently published
nanometric OFET-based ATP biosensor.*® A Langmuir-Hill iso-
therm model was utilized to fit the relationship between AI/I,
and ATP concentrations based on a statistic result (Fig. 3d). The
result is consistent with that of an isothermal adsorption
process similar to several previously published receptor-based

This journal is © The Royal Society of Chemistry 2018

transistor biosensors.">'>*"*> [t is worth noting that Ipg

increased linearly with the logarithm of ATP concentrations
from 10 nM to 10 uM. The relative current change reached 75%
per decade of ATP concentration. This excellent sensing perfor-
mance makes the device suitable for the sensitive detection of
bio-species in aqueous solutions.

Reproducibility and selectivity are important attributes for
electronic sensors. To test the reproducibility of PDPP3T-based
sensing devices, we studied the current response of the OTFTs
upon repeated exposure to a solution containing a low concen-
tration of ATP (1 nM). The device exhibited good reproducibility
with comparable current response upon repeated exposure to
the same solution (Fig. 3c). Moreover, adenosine diphosphate
(ADP) and adenosine monophosphate (AMP), two analogues of
ATP, were employed to probe the selectivity of the devices. As
shown in Fig. 3e, the devices exhibited a much lower response
to both ADP and AMP solutions in the concentration range of
0.1-1 uM. For example, 1 puM ATP brings on a large current
change of 196.98%, while ADP and AMP at the same concen-
tration only cause a small current response of lower than 20%
(19.28% and 0.32%, respectively) (Fig. 3f). Since apyrase
degrades ATP to ADP and successively to AMP with discriminative
substrate selectivity to the three analytes,>>** a good ATP detection
selectivity of the enzyme-modified sensing devices can therefore be
achieved.

Mater. Horiz., 2018, 5, 240-247 | 243
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When the OTFTs operate in the linear regime, the current
change of the devices at constant Vps and Vgs can be written as:

AIDS AO’DS ANh A,ulin ANhA,u“n
2/bs _ = DM, 2P Th T in
Ipso  opso Nho  Mino  Nnoking

1)

where Ag/oy, AN/N, and Au/p, are the relative changes in
conductivity, carrier density and mobility, respectively, due to
the recognition of ATP. Therefore, changes in the carrier
concentration and mobility dominate the current response
upon exposure to analytes. To identify the mechanism, the
transfer curves before and after ATP exposure were measured
(Fig. 4a). Notably, the introduction of 10 pM ATP leads to an
obvious shift in Vi, (~0.45 V) and a moderate increase in
mobility (from 0.13 to 0.19 em® V™' s7"), implying that ATP
exposure induces changes in both carrier concentration and
mobility.

It is a well-known fact that protons can be generated during
the ATP degradation process,®>** which can affect the charge
transport behavior. To verify this mechanism, we measured the
PH responses of the untreated PDPP3T devices (Fig. S10a, ESIT).
The current was found to increase linearly when the pH values
decreased from 7.0 to 4.0 (Fig. S10b, ESIT). The current change
was further demonstrated by the transfer curves at different pH
levels (Fig. 4c). The increased proton concentration leads to
improved mobility and a slight shift in Vy,. Since a much larger
response to ATP (~300% for 10 puM) than that to a high
concentration of protons (<100% at pH = 6.0, Fig. S10c (ESIT),
the generated protons can be consumed when the pH level is
lower than 6.0 due to the equilibrium of orthophosphate®’) is
observed, the proton sensing mechanism is not sufficient to
account for the entire current response.

View Article Online
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Given that the electrostatic interaction between the receptor
and charged analyte is a fundamental process that can dominate
signal transduction,'®*32*434¢ we propose two successive steps
that are responsible for the detection of ATP (Fig. 4d). In the first
step, the specific ATP-apyrase interaction induces the transfer of
negative charge from ATP to the modified surface. It therefore
induces positive charges in the channel via a field-effect mechanism
and results in obvious changes in Vy,.*” In the second step, protons
can be released during the ATP degradation process and they
accumulate near the conductive channel owing to an applied gate
field."” Interestingly, the accumulated protons can fill the traps in
the conductive channel and contribute to the increase in mobility.

To validate the proposed first-step mechanism, sodium
dodecyl sulfate (SDS) was utilized to introduce negative charges
and thereby simulate the binding process of ATP. As expected,
the addition of SDS leads to a positive shift of Vy, while
maintaining constant mobility in the enzyme-modified device
(Fig. 4b), indicating that changes in the carrier concentration
due to the field-effect induced positive charges in the channel
region.'®**8 Ag a result, the functionalized devices display an
obvious increase in Ipg upon exposure to SDS (Fig. S10d, ESIT),
and achieved almost 230% in Al/l,. Since the introduction of
negative charges only contributes to the variation in Vy, rather
than mobility, this confirms that the ATP detection results from
a sensing mechanism involving two combined processes. More
importantly, the distance between the conductive channel and
the analytes in the solution dominates the field-effect-induced
changes in the carrier concentration and trap-filling effect in
the conductive channel.

The ultra-thin PDPP3T-based OTFT with a molecular
antenna has two features that facilitate the sensitive and

i V=1V 1.24 V=1V
1.04
Fresh medium ——pH 6
——— With 1mM SDS, g_ 0.84 pH7

Fig. 4 Transfer curves of an apyrase functionalized device (a) operating in fresh medium and upon exposure to 10 uM ATP, (b) before and after exposure
to 1 mM SDS. (c) Transfer curves of an untreated PDPP3T device upon exposure to a gradient pH-adjusted buffer solution. (d) Schematic illustration of the

proposed sensing mechanisms of the ATP biosensor.
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selective detection of ATP. First, the distance between the
conductive channel and the analytes in the solution dominates
the field-effect-induced changes in the carrier concentration
and the trap-filling effect in the conductive channel. The
molecular-antenna-tailored OTFTs can minimize the interaction
distance and facilitate improvement in sensing performance.
Secondly, the device-based PDPP3T possesses prominent device
performance and stability even in solutions with a moderate
proton level. It can thus ensure a high signal amplification ratio
that results in excellent sensitivity.

In general, OTFTs for different sensing applications require
the incorporation of various specific receptors. Therefore, tuning
the molecular antenna is an important task. To assess the
general applicability of the proposed device for different sensing
applications, another commercial enzyme, catalase, was covalently
immobilized onto the surface of PDPP3T for H,0, detection. H,O,
sensors based on organic electrochemical transistors (OECTS)
utilizing the intrinsic electrochemical activity of H,O, have been
reported with a detection limit ranging from 10 nM to 0.6 pM.**~>>
However, a ppb (~ 30 nM) level OTFT-based H,0, sensor has not
been achieved. Our catalase-tailored device displays excellent
sensing performance with a Langmuir isotherm relationship
between H,0, concentration and the current response. A 70%
decrease in Ips can be obtained when the devices are exposed to
5 ppm H,O0,, while the devices without a molecular antenna
display only a slight increase in Ips (10%) even at a higher
concentration of 10 ppm. Interestingly, an effective detection of
1 ppb H,0, was achieved with a fast response time of few seconds
(Fig. S11, ESIY). This result indicates that the facile modulation of

c Concentration Al (%)

1000
= 1nM 1nM
- -100
L e e
@ *: “ ’\.«.Ga\e -10
o PR 1nM 1nM

-1
-0

Concentration A1 (%)
d 000

1nM  10nM

T 10 100 1000
Concentration/nM

Fig. 5 Photograph of (a) a 6 x 6 sensing array on a flexible substrate and

(b) battery-powered flexible sensing array. Al/lo mapping of four devices

upon exposure to ATP solutions with (c) a fixed concentration of 1 nM, and

(d) varied concentrations from 1 nM to 1 uM. (e) Al/lg upon increasing ATP

concentration.
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the molecular antenna in accordance with the needs of the
desired sensing properties can be achieved.

Since OTFTs can be fabricated in large-area scale via solution
processing techniques on different substrates, our devices hold
considerable promise for low-cost flexible sensors. This advan-
tage is particularly important for portable medical diagnostic
sensors, which are often intended for high throughput parallel
processing of multiple samples on the same chip. As a demon-
stration, we fabricated a 6 x 6 sensing matrix with an area of
8 x 8 cm” on a polyethylene terephthalate (PET) substrate
(Fig. 5a). All the devices exhibited typical transistor behavior
with mobility around 0.1 ecm® V™' s~ " and showed a prominent
sensing ability at a Vps and Vs of ——1.0 and ——3.0 V, respectively
(Fig. S12 and S13a, ESIY). By virtue of the low operating voltage, the
flexible array can be driven by two commercial batteries (Fig. 5b
and Fig. S13b, ESI¥).

Fig. 5¢ shows the current responses of four devices. Similar
to devices on silicon substrates, the four different OTFTs exhibit
comparable current change upon exposure to ATP solutions
with a fixed concentration of 1 nM, implying the real-time
calibration ability of the sensing array. The calibrated devices
can thus be utilized to achieve high-throughput detection of
ATP at concentrations ranging from 1 nM to 1 uM (Fig. 5d and
e). This is clearly demonstrated by the increase in A/l from 1%
at a concentration of 1 nM to 100% at 1 uM. Notably, the
sensing array can operate at an operating voltage of 3 V under
bending conditions, which is especially important for high
throughput and flexible sensing applications.

Conclusion

In conclusion, we report on OTFTs with a binding-group-
tailored NCCL by employing a PIMIG approach. The modified
surface enables the covalent immobilization of an enzyme that
serves as a ‘“molecular antenna”, which can enable direct
interaction between semiconductors in the conductive channel
and the ATP in solution. The minimized molecular gap and
decreased interaction boundary enhances the specific semi-
conductor-antenna-analyte interaction, leading to the selective
detection of ATP with a low detection limit of 0.1 nM. More
importantly, the prominent flexibility and good performance
uniformity allows its successful application in flexible sensing
arrays. Combined with the potential large-area production of
flexible OTFTs and the general applicability of this method, the
results emphasize the promising applications of OTFTs in
portable medical diagnostic sensors.
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