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ABSTRACT: Organic field-effect transistors (OFETs) are considered
as one of the cost-effective biosensor devices with rapid detection
capabilities and multiparameter responses. However, the functionaliza-
tion processes on normal organic devices might impact the device
performance for its further sensitive and reliable sensing applications.
Herein, we develop a novel organic material, 2,6-bis(4-formylphenyl)-
anthracene (BFPA) for use as the protective and functional layer of
OFET-based biosensors, enabling ultrasensitive determination of
alpha-fetoprotein (AFP) with femtomolar accuracy in human serum.
By monitoring changes of the source—drain current (I4) and threshold
voltage (V) electrical signals, the device exhibits improved reliability
in detecting AFP biomarkers and is able to differentiate between liver
cancer patients and healthy individuals. Featuring label-free determination, shorter analysis time, and lower sample volume, this
ultrasensitive and reliable OFET-based biosensor displays numerous advantages over traditional strategies such as enzyme-linked
immunosorbent assay and electrochemiluminescence immunoassay, demonstrating that the proposed OFET-based biosensors have
broader analytical and clinical applications for early liver cancer diagnosis.
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B INTRODUCTION electrical performance over a prolonged period in the presence
Organic field-effect transistor (OFET)-based sensors' ¢ are .of a prote.cting gel lay.er.22 Nonetheless, challenges 51.1ch as .the
considered as advanced biosensing platforms due to their introduction of functional groups on normal organic devices
inherent capability for multiparameter accessibility, facile remain to be addressed for further sensitive and reliable
fabrication, rapid detection, and potentially low-cost applica- sensing applications. Recently, two typical approaches to OSC
tion to solution processing. Specifically, OFETs show great functionalization have been considered, offering more efficient
technological potential for sensing biochemical rnolecules,7’8 ways to bind specific receptors for sensitive OFET-based
monitoring cell activity,” and tracking drug activity'® in health biosensors. The most common strategy involves synthesis
treatments. Moreover, OFET-based biosensors can be processes. Miao and co-workers™ tailored a variety of
integrated into large-scale manufacturing using flexible and functional groups onto OSCs, which provided a general
high temporal resolution arrays for health monitoring sensing platform for highly sensitive and selective detection of
appliances.'"'* Nevertheless, such biosensors have major streptavidin. A second strategy depends on chemical
limitations: for example, the performance of most organic modifications to introduce functional groups such as
semiconductors (OSCs) degrades rapidly when exposed to aldehyde,” amino,” and carboxyl goups®>”” on OSCs to
moisture.”” Therefore, the choice of suitable OSC materi- create a bridge for the immobilization of biological receptors
als" ™" is of great importance for improving the performance through bioconjugation chemistry. Zhu and co-workers”’
of OFET-based biosensors. Polymer OSCs, especially DPP- introduced a molecular antenna onto organic devices using a

based 7-conjugated polymer OSCs,"”~*" exhibit excellent shelf-
life under ambient conditions through the rational design of
their backbone structures and alkyl side chains. The main
advantages of DPP-based #-conjugated polymer OSCs are
their mechanical flexibility and large-area preparation through
simple solution-processing methods, e.g., spin-coating, ink-jet,
or silk-screen printing. In addition, the alkyl chain exposed to
the surface of the polymer is hydrophobic, which protects the
carrier transport in a solvent environment. For instance,
polymer-based OFET devices have been shown to resist
degradation for more than 1 week and may retain their original

plasma-assisted interfacial-grafting technique. This specific
interaction results in determination of adenosine triphosphate
with excellent selectivity, good reproducibility, and low
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detection limits. However, complicated synthesis and chemical
functionalization processes lead to an unpredictable decrease
in OFET performance. In addition, although such single-signal
sensing strategies have demonstrated good results in clinical
diagnosis, there is a strong desire to develop more reliable
OFET-based biosensors with multiparameter responses, e.g,,
source—drain current (I) and threshold voltage (V)
electrical signals for further biomedical applications.

In this work, we report the development of an ultrasensitive
and reliable OFET-based biosensor modified with 2,6-bis(4-
formylphenyl)anthracene (BFPA) materials and its application
to determine the concentration of AFP biomarkers in clinical
early liver cancer diagnosis. BFPA materials are used to
maintain device performance as the protective layer and
efficiently immobilize antibody receptors as the functional
layer. Our results demonstrate that the limit of detection can
reach as low as femtomolar (fM) levels through monitoring the
changes of Iy, and Vy, electrical signals. Featuring short
analytical time, less sample volume, and high accuracy, the
proposed ultrasensitive and reliable label-free OFET-based
biosensor exhibits competitive detection abilities with tradi-
tional methods such as the enzyme-linked immunosorbent
assay (ELISA) and electrochemiluminescence (ECL) immuno-
assay, thereby providing a new detection platform for liver
cancer.

B EXPERIMENTAL SECTIONS

Chemicals and Materials. 2,6-Dibromoanthracene, 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde,
and tetrakis(triphenylphosphine)palladium were purchased
from Bide pharmatech Co., Ltd., Tianjin, China. The alpha-
fetoprotein (AFP) ELISA kit was purchased from Wuhan
Youersheng Trading Co., Ltd., Hubei, China. Ethanolamine
(EA) was purchased from 3A Chemicals Co., Ltd., Tianjin,
China. Human serum albumin (HSA), AFP antigens, and AFP
antibodies were purchased from MyBioSource Inc., Vancouver,
USA. Fluorescein-labeled AFP antibodies were obtained from
Abcam Co., Ltd., Tianjin, China. Phosphate buffer solution (1
X PBS, pH = 7) was prepared in the lab using 137.00 mM
NaCl, 8.10 mM Na,HPO,-12H,0, 2.70 mM KCI, and 1.50
mM KH,PO,.

Apparatus. Nuclear magnetic resonance (NMR) spectra
were recorded using a Bruker ADVANCE 400 NMR
spectrometer. An AEI-MSS50-MS spectrometer was used for
molecular weight determination. The number-average molar
mass (M,) and dispersity (D) of the PDVT-8 polymer were
measured using PL-GPC220 gel permeation chromatography.
Confocal laser scanning microscopy (CLSM) images were
obtained using a Zeiss LSM 800. Atomic force microscopy
(AFM) images were captured in tapping mode in air using a
Bruker Dimension Icon. X-ray photoelectron spectroscopy
(XPS) measurement was performed using an Axis Ultra DLD
(Kratos, UK) ultrahigh vacaum photoelectron spectroscope
with Al Ka radiation (1486.6 eV). The optical density in
ELISA kit test was measured at 450 nm.

Fabrication of BFPA-Modified OFETs. The PDVT-8
polymer was prepared via Stille coupling polymerization'® in
Figure S1, and BFPA was synthesized by the Pd-catalyzed
Suzuki coupling reaction”® in Figure S2. Full details of these
processes are provided in the Supporting Information. The
fabrication process of the OFET-based biosensor is illustrated
in Figure la. The heavily n-doped SiO,/Si substrate was first
cleaned with deionized water, piranha solution, and isopropyl
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Figure 1. Schematic representation of the bottom-gate and bottom-
contact OFET-based biosensors. (a) Fabrication of OFET-based
biosensors. (i) Au source and drain electrodes are deposited on OTS-
modified SiO,/Si substrates; (ii) PDVT-8 film is spin-coated as the
charge transport layer; (iii) BFPA functional layer is modified on the
device as the functional layer; (iv, v) AFP antibodies are immobilized
to form the receptor layer for the determination of target AFP
biomarkers. (b) Chemical structure of the organic molecules (BFPA
and PDVT-8). Their synthetic routes are shown in Figures SI and S2.
(c) Schematics showing surface modification (iii) to immobilize
antibodies as receptors (iv) for the determination of target AFP
biomarkers (v).

alcohol and treated with oxygen plasma. Subsequently, the as-
obtained substrate was modified with octadecyltrichlorosilane
(OTS) by conventional vapor deposition” at 120 °C for 2 h,
and extra OTS was removed using hexane, trichloromethane,
and isopropanol. Thereafter, 30 nm gold source (S) and drain
(D) electrodes were deposited on the substrate. Afterward, the
PDVT-8 solution (5 mg/mL in chlorobenzene) was spin-
coated and then annealed on a hotplate to enhance the
morphology and firmness of the polymer film. Finally, a thin
protective and functional BFPA layer was modified on the
device to maintain its performance in Figure S3 and guarantee
efficient immobilization of AFP antibodies as receptors in
Figure 2.

Determination of AFP Biomarkers in Human Serum.
Human serum is an ideal sample for biological and medical
applications because it provides considerable information
about various disease hints released from the human bodies.
First, we followed a standard operating procedure for real-
sample pretreatment.’’ To determine AFP biomarkers in
human serum, EA-capped OFETs were measured at least five
times to ensure stable electrical signals. Thereafter, pretreated
serum samples from three volunteers were evaluated by the
proposed OFET-based biosensors. The obtained results were
consistent with both the commercial ELISA kit and ECL
immunoassay in early liver cancer diagnosis, demonstrating
that the proposed OFET-based biosensors have potential
applications for point-of-care diagnosis.
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Figure 2. Morphological characteristics of the BFPA functional layer
by CLSM. (a) Typical CLSM image exhibiting dark fluorescence
without the BFPA functional layer before antibody immobilization.
(b) Typical CLSM image exhibiting blue fluorescence with the BEPA
functional layer before antibody immobilization. (c) Typical CLSM
image exhibiting dark fluorescence without the BFPA functional layer
after antibody immobilization. (d) Typical CLSM image exhibiting
green fluorescence with the BFPA functional layer after antibody
immobilization.

B RESULTS AND DISCUSSION

The integration of the OFET device and functional layer in the
fabrication of OFET-based biosensors plays a leading role in
analytical chemistry. The resulting nontoxic functional
layer"*'~** exhibits several desirable benefits such as (i) facile
and convenient modification, (ii) stable and quick responses,
(iii) high specific surface area, (iv) excellent universality with a
wide range of recognition elements, and (v) possibilities of
surface reset via a simple polishing step. Herein, a novel
material, BFPA, was synthesized for the protective and
functional layer required to maintain device performance as
well as eflicient receptor immobilization for biological
applications. The devices were achieved simply according to
the following process: (i) Au source and drain electrodes are
deposited on OTS-modified SiO,/Si substrates; (ii) PDVT-8
film is spin-coated as the charge transport layer; (iii) the BFPA
functional layer is modified on the device, providing a
moderate distribution of aldehyde groups for antibodies
immobilization; (iv, v) AFP antibodies are immobilized to
form the receptor layer and then capped with 10 nM EA to
reduce nonspecific adsorption. The efficiency of the prepared
materials was measured by monitoring changes of Iy, and Vy
electrical signals after the incubation of the target AFP
biomarkers. Device fabrication, structural formulas of the
materials, and binding mechanism are illustrated in Figure 1.

Morphological Studies of the BFPA Functional Layer.
Prior to electrochemical studies, confocal laser scanning
microscopy (CLSM) was employed to characterize the BFPA
functional layer. As shown in Figure 2, the immobilization
properties of AFP antibodies are significantly improved
through the modification of the BFPA material. For instance,
the unmodified PDVT-8 film exhibits dark fluorescence in
Figure 2a, whereas that shown in Figure 2b exhibits the
expected blue fluorescent light (Figure S4), denoting complete
surface functionalization of the BFPA functional layer.
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Fluorescein-labeled AFP antibodies were also used to confirm
the successful antibody immobilization on the surface of the
BFPA functional layer. The unmodified film exhibits dark
fluorescence in Figure 2c, whereas in Figure 2d, the PDVT-8
film exhibits the expected green fluorescent light due to
antibody immobilization. Therefore, the large-area modifica-
tion of the BFPA functional layer has the potential for further
efficient immobilization of antibodies as receptors.
Electrochemical Characterization of BFPA-Modified
OFETs. The electrical characteristics of BFPA-modified
OFETs were tested using a Keithley 4200SCS. To improve
the quality of the PDVT-8 film, there is an annealing surface
treatment process (170 °C, 10 min) before deposition of the
BFPA functional layer. The operational mechanism of the
device can be explained as follows: when a gate voltage is
applied, carriers are induced at the interface between the
PDVT-8 layer and the SiO, dielectric layer, forming a
conductive channel. The carriers are then driven from the
source electrode to the drain electrode under the source—drain
voltage. In our experiments, the transfer characteristics of the
saturation regime were measured by sweeping the gate voltage
(Vg) between 10 and —60 V while maintaining a constant drain
voltage constant of —60 V. The observed transfer curves shown
indicated that the number of carriers could be controlled by an
externally applied V, in Figure 3, resulting in gate-tunable
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Figure 3. Electrochemical characteristics of BFPA-modified OFETs.
(a) Transfer characteristics of BEPA-modified OFETs. The black dots
denote I, (b) Output characteristics of BFPA-modified OFETs. Ve
ranges from 0 to —60 V with a step of —10 V. (c) Spatial distribution
of mobility in the saturation regime. (d) Influence of BFPA
thicknesses on the performance of the OFET devices. All the
measurements are performed 10 times, and the data points are the
average over the three replicates, while error bars are the relevant
standard deviations.

charge transport characteristics. Black dots indicate the leakage
current (Igs). Further characterization was achieved by
measuring the output curve in Figure 3b by sweeping V,
from 0 to —60 V with a step of —10 V, resulting in a clear
transition from a linear regime to a saturation regime. The
average carrier mobility was 0.18 cm® V™! 57!, with a maximum
hole mobility of 0.24 cm* V™' s, as shown in Figure 3c. This
may be expressed as Iy, = W/tCi(Vg — V4)?/2L, where C, = 10

nF cm™? was employed in all mobility calculations.”
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Additionally, we investigated the impact of the BFPA
functional layer on device performance (Figure 3d), the results
of which show that mobility remains stable under various
thicknesses of the BFPA functional layer, denoting limited
degradation of device performance (Figure S3). Considering
the optimization results, a thickness of 20 nm BFPA functional
layer was chosen to modify the device with smaller standard
deviations. The observed nondestructive phenomenon on
device performance can be explained as follows: the PDVT-8
material serves as the charge transport layer while the BFPA
material serves as the protective and functional layer. It has
been confirmed that the effective thickness of the PDVT-8
conducting channel is approximately 4 nm.'® Herein, the
optimized film thickness of the PDVT-8 channel layer was
found to be 25.01 nm (Figure SS), i.e., considerably greater
than 4 nm. This result indicates that the thickness of the BFPA
functional layer does not influence charge transportation.
Furthermore, the stability of the OFET-based biosensor was
tested under 20 measurements in Figure S6 with excellent
reproducibility, indicating that the uniform and ordered
PDVT-8 polymer film could maintain stable operation in the
aqueous phase with the proposed BFPA material used as the
protective and functional layer.

Immobilization of Antibodies as Receptors on the
BFPA Functional Layer. To convert BFPA-modified OFETs
into biosensors, antibodies specific to AFP biomarkers are first
immobilized on the BFPA functional layer as receptors. All
measurements were performed after enough rinsing with 0.01x
PBS (phosphate-buffered solution, pH = 7) to improve the
reproducibility of sensors. The immobilization process was
optimized using atomic force microscopy (AFM) to determine
the attachment and coverage of AFP antibodies. OFETs
functionalized with AFP antibodies were incubated for 1 h with
a concentration of 50 yig/mL. Afterward, the chips were rinsed
with 0.01X PBS to remove excess antibodies followed by DI to
clean the salts from the OFET surface and finally dried with
argon for AFM characterization. Figure 4 confirms the

30.0 nm
H=44.21 nm H=4
Before _5_pr_n_ After §p_m -30.0 nm
10.0 nm
-15.0 nm

Figure 4. Morphological characteristics of the antibody immobiliza-
tion by AFM. (a) Typical AFM image showing the height of 44.21 nm
before antibody immobilization. (b) Typical AFM image showing the
height of 49.74 nm after antibody immobilization. (c) Typical AFM
image exhibiting a root mean square roughness of 3.99 nm before
antibody immobilization. (d) Typical AFM image exhibiting a root
mean square roughness of 4.30 nm after antibody immobilization.
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immobilization of the AFP antibodies on the BFPA functional
layer. The changes of thickness were measured at several
different locations while a single step was shown as a
representative plot. The relative height increased from 44.21
to 49.74 nm after the immobilization of the AFP antibodies in
Figure 4a,b, which was consistent with earlier reports.24 In
addition, the surface roughness of the antibody-conjugated film
also increased from 3.99 to 4.30 nm in Figure 4c,d, suggesting
the effective immobilization.”> Moreover, successful antibody
immobilization was further affirmed by XPS measurements.
Before antibody immobilization, no detectable nitrogen (N 1s)
signal was present (Figure S7, black line). After immobiliza-
tion, the signal was greatly enhanced (Figure S7, red line) as a
result of the presence of nitrogen-rich proteins. Combined,
these pieces of evidence suggest the successful immobilization
of AFP antibodies.

Electrical Responses to Target AFP Biomarkers.
Hepatocellular carcinoma is a tumor disease characterized by
acute onset, high incidence, and high mortality rate.*’
Overexpressed AFP biomarkers act widely as indicators of
this disease.”” Thus, the determination of these biomarkers is
crucial for clinical early liver cancer diagnosis.”® By virtue of
the efficient immobilization with the protective and functional
BFPA layer as well as unique properties of OFETs with
multiparameter electrical signals, we have designed an
ultrasensitive and reliable OFET-based biosensor for early
liver cancer diagnosis. The output electrical signals are affected
by biochemical reactions between antibodies and antigens
before transduction and then amplified by this OFET-based
biosensor. In the present work, determination was achieved by
monitoring changes of I;, and Vy, electrical signals after AFP
biomarker incubation. The response may be evaluated directly
as follows: A\I = (I —1,)/I, and /\Vy, = V — V,, where I and
V are the electrical signals measured after AFP biomarkers
incubation, and I; and Vj are the electrical signals measured
before AFP biomarkers incubation. To reduce nonspecific
binding events, antibody-immobilized OFETs were capped
with 10 nM EA prior to the incubation of target samples. Our
results demonstrate decreased Iy, (32.08%) and negatively
shifted V, (3.72 V) after a 1 ug/mL AFP antigen solution was
incubated in the sensing region. In the controlled device, both
the Iy, and Vy, electrical signals are negligible in 1 pg/mL HSA,
confirming that I, and Vi, electrical signals contribute to
specific anti-AFP/AFP binding events (Figure Sab). For
further quantitative detection, this OFET-based biosensor was
investigated by monitoring I, and Vy, electrical signals of
various concentrations of AFP biomarkers, ranging from 10
pg/mL to 1 ug/mL. The responses indicate limits of detection
of 45 fM for I4 as the sensing signal and 53 M for Vy, as the
sensing signal in Figure Sc,d. Their sensitivity is also greatly
enhanced relative to our previously reported biosensors™” as a
result of the introduction of the protective and functional
BFPA layer. This indicates that the prepared OFET-based
biosensors have promise as clinical detectors within the
detection limit lower than the cut-off value.*” Furthermore,
havin% multiparameter electrical signals, the BFPA functional
layer"’ exhibits excellent reliability for monitoring target AFP
biomarkers in complex human serum samples, as well as for
differentiating liver cancer patients from healthy individuals.

Mechanism of the OFET-Based Biosensor. Electrical
output responses are strongly dependent on protein charges at
different pH values. Specifically, the isoelectric point (pI) of
the AFP biomarker occurs at 4.9. At pH values greater than the
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Figure S. Electrical responses of the proposed OFET-based
biosensors. (a) Sensing behavior of the Iy electrical signal in response
to various analytes (1X PBS, 1 ug/mL AFP, and 1 ug/mL HSA). (b)
Sensing behavior of the Vy, electrical signal in response to various
analytes (1x PBS, 1 pg/mL AFP, and 1 pg/mL HSA). (c) Linear
fitting curve of the Iy electrical signal at different concentrations of
AFP biomarkers. (d) Linear fitting curve of the Vy, electrical signal at
different concentrations of AFP biomarkers. All the measurements are
performed 10 times, and the data points are the average over the three
replicates, while error bars are the relevant standard deviations.

pl, there is a high density of COO™ in the anti-AFP/AFP
complex (Figure 6a), resulting in weak electrostatic inter-

(@) Anti-AFPIAFP in pH=7 (b),,
W 2 w2, Z 1.0 After
2 g o) WK S < : AFP addition
BFPA Functional Layer =] 0.8
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> 8™ AFP addition
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Figure 6. Schematic mechanism of OFET-based biosensors. (a)
Model for immune detection when the target AFP biomarker is
diluted in 1X PBS at pH = 7. (b) Changes of I, and Vj, electrical
signals in response to 1 yg/mL AFP biomarkers.

actions between the channel region and surface charges.
Therefore, there is a notable decrease in the Iy electrical signal
and a negative shift in the V}, electrical signal compared with
the baseline (black line) following the reaction with target AFP
biomarkers (red line) in Figure 6b. This decrease in I can be
attributed to depleted holes in the channel region resulting
from higher levels of negative charges acting as channel traps;
this makes the device harder to turn on, causing Vy, shifts to a
negative direction. It is well-known that charge screening
effects occur when detecting charges exceed the Debye length
(Ap).* In this work, AFP antigen and antibody interactions
require salts to maintain bond stability; therefore, significant
charge screening effects might occur at short A, = 0.7 nm in 1X
PBS.** To further guarantee the effective detection, the
Donnan effect is proposed,44 in which proteins are considered
as a charged molecule layer on the device and small ions can
shuffle between the 1X PBS and proteins. Following the
incubation of biomarkers, the redistribution of ions at the
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interface creates a detectable change in the interfacial potential.
Therefore, biomolecules could then be detected via surface-
charge sensing devices, such as OFETs.

Clinical Applications in Human Serum. Taking into
consideration the above mechanism, further investigations
were performed in order to demonstrate the applicability and
reliability of OFET-based biosensors. The AFP ELISA kit test
is a widely used strategy to screen men with high AFP levels in
early liver cancer diagnosis. Typically, the ELISA kit requires
two kinds of antibodies that recognize separate epitopes on the
target antigen and bind simultaneously to the biomolecule.
Nevertheless, the label-based ELISA method relies on long-
time experimental procedures, hindering early cancer diag-
nosis. Hence, the rapid detection of biomarkers in human
serum based on label-free OFET-based biosensor is especially
important for clinical applications. Herein, pretreated samples
collected from three volunteers were first measured by
commercial AFP ELISA kits and then analyzed by this
proposed OFET-based biosensor. It was shown that the
results were both consistent with the commercial AFP ELISA
kits as well as with the clinical monitoring values based on the
ECL immunoassay (Table S1). Moreover, the concentrations
of AFP biomarkers from liver cancer patients were significantly
higher than those from healthy individuals in Figure 7,

(a) (b) 4 _
-30 Cancer patients ?cer Paﬂs .
) ™~ ° <3 1
< 20 o / Cut-off value 2; : Cut-off value
e I
< -0 \ < I
Healthy individuals 1 Healthy individuals
BT Pz P P1__P2 P3

Figure 7. Clinical applications of OFET-based biosensors. (a)
Determination of AFP biomarkers in human serum samples with Iy
as the sensing signal. (b) Determination of AFP biomarkers in human
serum samples with Vi, as the sensing signal. All the measurements
are performed 10 times, and the data points are the average over the
three replicates, while error bars are the relevant standard deviations.

indicating that OFET-based biosensors can also distinguish
liver cancer patients from healthy individuals. Combined with
the above observations, OFET-based biosensors are shown to
have remarkable potential for early liver cancer diagnosis.
Featuring ultrasensitivity (fM level), a dual-signal response (I
and V), shorter analysis time (40 min), and lower sample
volume (20 uL), this novel OFET-based biosensor has
numerous advantages relative to traditional strategies and is a
reliable diagnostic platform for monitoring early liver cancer.

B CONCLUSIONS

In summary, combining the inherent electrical signals of
OFETs and the intrinsic physicochemical properties of
biomarkers, we proposed a novel OFET-based biosensor
using BFPA material as the protective and functional layer for
ultrasensitive and reliable determination of AFP biomarkers
down to the femtomolar level (45 fM for I4 as the sensing
signal and 53 fM for V,; as the sensing signal) in human serum.
Furthermore, thanks to its multi-parameter electrical signals,
the device exhibits improved reliability in monitoring target
AFP biomarkers in human serum and it can differentiate
between liver cancer patients and healthy individuals.
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Featuring label-free determination, shorter analysis time (40
min), and lower sample volume (20 L), this proposed OFET-
based biosensor displays numerous advantages over traditional
strategies such as the ELISA and ECL immunoassay,
suggesting that this OFET-based biosensor might serve as a
reliable tool in early liver cancer diagnosis.
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