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g r a p h i c a l a b s t r a c t
� The biosensor based on organic elec-
trochemical transistor is designed for
detection of sialic acid in serum
samples.

� The recognition of sialic acid to ami-
nophenylboronic acid on gate elec-
trode leads to the change of channel
current.

� The designed biosensor shows excel-
lent selectivity toward sialic acid.

� The biosensor realizes the evaluation
of sialic acid levels in practical sam-
ple analysis.
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Sialic acid usually locates at the terminal of glycoproteins and glycolipids on cell surface. Compared to
normal cells, cancer cells generally express much more sialic acid residues, and the sialylation of cell
surface proteins or lipids is related to the progression of tumors, which leads to high expression of serum
sialic acid in cancer patients. This work used an organic electrochemical transistor as the sensing plat-
form to design a simple and suitable device for sensitive and convenient detection of sialic acid level in
serum samples. The transistor-based biosensor consisted of three typical drain/source/gate Au electrodes
on a glass substrate and a polymer membrane to serve as conducting channel between source electrode
and drain electrode. The gate electrode was modified with carboxylated multi-wall carbon nanotubes to
covalently bind 3-aminobenzeneboronic acid, which specifically recognized sialic acid to change the
effect gate voltage of the transistor, and thus produced the signal of drain-source channel current for
sensitive detection of sialic acid ranging from 0.1 to 7 mM. The novel biosensor possessed excellent
specificity for distinguishing normal and cancer people. The detection results of serum samples from
lung cancer patients demonstrated the excellent performance of the transistor-based biosensor, showing
the potential application in clinical diagnose.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Glycans and glycoproteins are involved in many physiological
processes such as proliferation, differentiation, growth and
apoptosis [1e5]. Sialic acid (SA) usually locates at the nonreducing
terminal of the glycoproteins and glycolipids on cell surface [6,7].
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When normal cells pathologically change, the glycolipids and gly-
coproteins on cell membrane are vast synthesized and abnormally
transformed, which leads to the overexpression of SA residues on
cell surface and high SA level in serum samples of tumor patients.
Many reports have indicated that the SA level in blood serum is
closely related to the occurrence, development and transfer of tu-
mors [8e11]. Therefore, SA has been adapted as a kind of biomarker
for clinical tumor diagnosis [12e15], and many methods have been
established for the detection of serum sialic acid level by using
surface-enhanced Raman scattering [16,17], colorimetric [18],
quartz crystal microbalance [19], localized surface plasmon reso-
nance [20], liquid chromatography-tandem mass spectrometric
[21] and electrochemical [22e25] techniques. The enzyme linked
immunosorbent assay (ELISA) kit has also been commercialized for
this purpose. Although some methods are highly sensitive, they
have still some disadvantages such as complex pretreatment of
blood samples or multiple dilution. Thus sensitive and convenient
biosensing methods for detection of sialic acid level in serum
samples are still in urgent demand.

Organic electrochemical transistors (OECTs), as a new genera-
tion of sensing platforms, have shown great potential in bio-
detection applications [26,27]. The OECT is typically consisted of
three electrodes named drain, source, gate electrodes respectively,
and a conducting channel, which connects the drain and source
electrodes and can be prepared with conductive polymers. The
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfo-
nate) (PEDOT:PSS) has been widely used as the channel polymer
owing to its stability, biocompatibility and high conductivity.
Usually, the OECTs show high sensitivity under relatively low
working voltage (less than 1 V) [28,29]. Moreover, the OECT devices
are low-cost, easy to fabricate, biocompatible and flexible. Thus it is
promising to develop the portable OECT based biosensors for sen-
sitive and convenient detection of biomolecules. Some researchers
have used OECTs as sensing platform to propose several devices for
monitoring of human biological signals [30e33]. The OECT-based
biosensors have also been reported for the detections of electro-
chemically active molecules such as hydrion [34], dopamine [35],
uric acid [36], glucose [37,38], epinephrine [39], gallic acid [40],
amino acid [41] and acetylcholine [42], due to the change of the
effect gate voltage of the transistor upon the occurrence of electron
transfer between the target molecules and gate electrode, which
sensitively changes the drain-source channel current. Interestingly,
the interaction between gate electrode and some inactive mole-
cules, macromolecules or small particles, such as cortisol [43], DNA
[44], proteins [45], bacteria [46], cell [47], antibody [48] and glycans
[49], can also change the effect gate voltage of the transistor
through different mechanisms to produce the drain-source channel
current signal. Thus the corresponding OECT-based biosensors have
been widely reported.

In this paper, we proposed a simple strategy for the preparation
of specific OECT-based biosensor. The basic constitution of the
OECTs was drain/source/gate electrodes made with chromium/gold
thin layer and the PEDOT:PSS membrane that covered on drain/
source area to serve as conducting channel. To achieve the specific
detection of sialic acid level in clinical serum samples, 3-
aminophenylboronic acid (APBA) that can quickly link 1,2- or 1,3-
diols of monosaccharides by boronic acid-based ligation [50,51]
was bounded on gate electrode surface with carboxylated multi-
wall carbon nanotubes (MWCNT-COOH). Upon the specific bind-
ing of SA to APBA covalently immobilized on the gate electrode, the
electron transfer impedance increased greatly, which changed the
voltage between the electrolyte/channel and gate/electrolyte in-
terfaces, thus caused the change of drain-source channel current.
The advantages of OECTs and the excellent performance of the
designed OECT-based biosensor for the detection of SA level in
practical serum samples demonstrated its great potential in clinical
application.

2. Experimental

2.1. Materials and reagents

Multi-wall carbon nanotubes (MWCNTs) were supplied by
XFNANO Materials Tech Co., Ltd (Nanjing, China). APBA, SA, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich (USA). PEDOT:PSS (Clevios™, PH 1000) was provided by
Heraeus (Germany). Acetone, isopropanol, dimethylsulfoxide
(DMSO), glycerin, Tween 20, nitric acid and sulfuric acid with
analytical grade were produced by Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). The photoresist with its developer
(AZ514) and the metal etchant were purchased from Suzhou Cchip
Scientific Instrument Co., Ltd (China). The commercial ELISA kit for
SA detection was purchased from Jin Yibai Biological Technology
Co., Ltd (Nanjing, China).

2.2. Apparatus

The drain-source channel currents were measured by connect-
ing the three electrodes to Keysight B1500A semiconductor
analyzer (USA). The Zeta potentials were measured using a 90 Plus
DynaPro NanoStar (Brookhaven Instrument Corporation, USA). The
electrochemical impedance spectra (EIS) were obtained from the
Princeton Parstat MC 1000 (USA). Kurt J. Lesker PVD75 E-beam
evaporation system (USA) was used to deposit the Cr/Au layer on
glass substrate. The lithography process was accomplished on SUSS
MA6-SCILL mask aligner along with a nanoimprinting system
(Germany). The Harrick plasma cleaner PDC-002 was used for ox-
ygen plasma treatment (USA). The KW-4A spin-coater was pro-
vided by Beijing SETCAS Electronics Co., Ltd (China). Scanning
electron microscope (SEM) (JEOL Model JSM-6490, Japan) was used
to characterize the nanomaterials and the biological modification
on the gate electrode.

2.3. Fabrication of OECT

The OECTwas preparedwith a typical patternmethod, as shown
in Fig. 1A. In brief, the Cr adhesion layer and the Au layer were
successively deposited on a glass substrate by E-beam evaporation.
The total size of the devicewas 1.1 cm� 1.2 cm, and the thickness of
Cr and Au layers were 10 and 100 nm, respectively. The three
electrodes were patterned through a lithography way using posi-
tive photoresist (AZ514) and the designed photomask. The Au gate
electrode was set as 1 � 1 mm2, 2 � 2 mm2 and 3 � 3 mm2,
respectively. After the patterned device was washed with acetone
and treated with oxygen plasma, PEDOT:PSS solution containing 5%
glycerin and 5% DMSO (V/V) was spin-coated on the device at
3600 rpm for 35 s to form a thin film, following an annealing
process in vacuum drying oven at 120 �C for 1 h. The conducting
channel covered on drain/source area was formed by dissolving the
PEDOT:PSS film coated on other area with isopropanol in the help
of protection tape. The width and length of the OECT channel were
0.2 and 6 mm, respectively.

2.4. Modification of gate electrode

MWCNTs were firstly pretreated with the mixture of HNO3/
H2SO4 (1:3 V/V) by refluxing overnight at 140 �C. The mixture was
centrifuged at 13,000 rpm for 15 min and washed with 0.01% V/V
Tween 20 till the pH of final washing solution was neutral. The



Fig. 1. Schematic illustration of (A) OECT fabrication, (B) OECT-based biosensor preparation and sialic acid sensing. (C) Recognition reaction between APBA and SA on biosensor
surface.

Fig. 2. (A) Zeta potential of MWCNT, CNT, APBA-CNT and SA-APBA-CNT. (B) EIS of bare
and different modified gate electrodes in 10 mM pH 7.4 PBS containing 0.1 M KCl and
5 mM K4[Fe(CN)6]/K3[Fe(CN)6] (1:1). Frequency range: 100 kHz to 0.01 Hz; amplitude:
10 mV. SEM images of (C) CNT and (D) SA/APBA/CNT modified gate electrodes.
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expected carboxylated MWCNTs (MWCNT-COOH, named CNT) was
re-dispersed as 1 mg/mL dispersion for future use.

9 mL of CNT dispersion was dropped on gate electrode
(3 � 3 mm2) surface to form a firm thin film at room temperature
(Fig. 1B). Then 9 mL of the mixture of 5 mM EDC and 5 mMNHS was
dropped on the CNT modified gate electrode and incubated at 4 �C
for 4 h to activate the carboxyl groups. Finally, 9 mL of 50 mM APBA
solution was dropped on the gate electrode for another 2 h at 37 �C
to covalently immobilize APBA on the gate electrode. After rinsing
the modified gate electrode with pH 7.4 phosphate buffered solu-
tion (PBS), the specific OECT-based biosensor for SA was obtained.
To keep the same loading capacity on unit area, 4 and 1 mL of above
dispersion or solution were dropped on the gate electrodes with
area of 4 and 1 mm2 for biosensor preparation, respectively. The
biosensor was examined with the transfer curve at a drain voltage
of 50 mV as the gate voltage varied from 0 V to 1.2 V and the source
electrodewas connected to ground, representing the source voltage
was zero.

2.5. Sialic acid detection

10 mM pH 7.4 PBS containing sialic acid was used for mea-
surements of drain-source channel current. After 10-min incuba-
tion, the drain-source channel current was recorded as a time
function at a gate voltage of 0.9 V, while the drain voltage was fixed
at 50 mV, and the source electrode was connected to ground. The
steady response at 300 s was used for SA detection.

3. Results and discussion

3.1. Design of OECT-based SA biosensor

To achieve the specific detection of sialic acid, this work firstly
immobilized APBA on gate electrode surface for the preparation of
OECT-based biosensor. Upon the addition of sialic acid sample, the
immobilized APBA could quickly recognize the target molecule by
boronic acid-based ligation to 1,3-diols of SA (Fig. 1C). The immo-
bilization of APBA was performed by covalently linking the eNH2

group to activated carboxyl group of carboxylated MWCNTs film in
the presence of EDC and NHS (Fig. 1B). The large specific surface
area and excellent electrical property of MWCNTs provided the
advantages for loading of APBA and highly sensitive detection of
electronic signal for SA. Upon the specific binding of SA to APBA on
gate electrode, the electron transfer impedance increased greatly,
which caused the voltage change between the electrolyte/channel
and gate/electrolyte interfaces, and thus the variation of drain-
source channel current. Here the recognition process influenced
the electron transfer impedance of the gate electrode, which indi-
cated that the proposed OECT-based biosensor worked in the non-
Faradaic regime [25,52].
3.2. Characterization of modified gate electrode

The Zeta potentials were firstly detected to examine the charge
change during the continuous treatments of carbon nanotubes for
carboxylation, APBA binding and recognition to sialic acid (Fig. 2A).
The pretreatment of MWCNTs with HNO3/H2SO4 could generated
carboxyl groups on the surface of carbon nanotubes, thus the Zeta
potential became more negative. After the linkage of APBA to
MWCNT-COOH (CNT), the presence of negatively charged boronic
group led to more negative Zeta potential, which became less
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negative after the recognition of SA to immobilized APBA owing to
the boronic acid-based ligation of SA.

The EIS was also used to confirm the modification process of
gate electrode (Fig. 2B). After carboxylated MWCNTs were coated
on the gate electrode, the electron-transfer resistance increased
due to the repulsion between K4[Fe(CN)6]/K3[Fe(CN)6] probe and
negatively charged electrode surface. After APBAwas linked to CNT
modified gate surface, the electron-transfer resistance became
larger owing to the presence of hydrophobic phenyl group and
negatively charged boronic acid at pH 7.4, which blocked the
electron transfer and further increased the repulsion between
K4[Fe(CN)6]/K3[Fe(CN)6] and electrode surface, respectively. After
the recognition of SA to immobilized APBA, the electron-transfer
resistance obviously increased due to the formation of relatively
more hydrophobic boric ester and the steric hindrance.

Themorphology of themodified gate electrodeswere illustrated
with the SEM images. When the CNT was dropped on the gate
electrode, the surface structure of CNT film was well-dispersed in
the form of small bundles or single tubes (Fig. 2C). After the binding
of APBA and SA onto CNT modified gate electrode, the surface
morphology became slightly rough (Fig. 2D). Since APBA and SA
were relatively small molecules, the effective immobilization of
APBA and SA on the gate electrode could not cause the obvious
change of surface morphology of carbon nanotubes except that the
tube structure became plumper.
3.3. Sialic acid detection with OECT-based biosensor

The OECT-based sensor with the gate area of 9 mm2 showed the
typical transfer curve in PBS electrolyte with the channel current
Fig. 3. (A) Transfer and transconductance curves of the OECT-based sensor with PBS as
electrolyte. (B) Drain-source channel current responses to SA addition in PBS at
different gate voltages. (C) Relative channel current change (DI/I0) toward SA addition
at different gate voltages. (D) Response of CNT or APBA/CNT modified gate electrodes
to PBS and addition of SA in PBS. (E, F) Current response (DI/I0) at different concen-
trations of CNT (E) and APBA (F) modified on the gate electrode.
change of 1 order of magnitude when the gate voltage varied from
0 to 1.2 V (Fig. 3A). The transconductance, which could be extracted
from the differentiation of channel current to gate voltage, reached
the maximum value of 0.9 mS at 0.9 V, indicating that the designed
transistor-based sensor could show the best performance with the
gate voltage of 0.9 V (Fig. 3A).

To further verify above result, the biosensor was tested at the
gate voltage of 0.3 V, 0.6 V and 0.9 V in PBS containing different
concentrations of SA. Upon the addition of 2.5, 5 and 8 mM SA in
PBS, the channel current continuously increased (Fig. 3B), and all
the maximum relative channel current changes (DI/I0, here I0 is the
steady channel current measured before the addition of SA in PBS)
occurred at 0.9 V (Fig. 3C), which could be used for more sensitive
quantitation of SA. Considering the fact that the gate voltages
higher than 1 V might influence the service life of the device, and
the OECT-based biosensors are generally operated at low voltage
(<1 V), it was reasonable to set the working gate voltage of the
designed biosensor at 0.9 V.

Under the optimized gate voltage, the drain-source currents
were recorded to examine the SA response at different gate elec-
trodes. The device with the APBA/CNT modified gate electrode did
not show obvious response toward the PBS, while the addition of
3.0 mM SA in PBS led to great response, which was much greater
than that at CNT modified gate electrode to the addition of even
6.0 mM SA (Fig. 3D), indicating the specific recognition of APBA to
SA. To obtain the best performance of the designed biosensor, the
loading amounts of CNT and APBA on the gate electrode were also
optimized to be 1.0 mg/mL and 50 mM, respectively (Fig. 3E and F).
Fig. 4. (A) Drain-source channel current response to continuous addition of 0.1, 0.4,
0.5, 1.0, 1.0, … and 1.0 mM sialic acid in 10 mM pH 7.4 PBS with 9-mm2 gate electrode
at a gate voltage of 0.9 V. Inset: enlarged version at low SA concentrations. Plots of
relative channel current change of the OECT-based biosensors with gate electrode area
of (B) 9, (C) 1 and (D) 4 mm2 vs SA concentration in 10 mM pH 7.4 PBS. (E) Plot of
relative channel current change vs SA concentration, and the data are from (A). (F) Plot
of change of effective gate voltage at 9-mm2 biosensor vs SA concentration. Inset: SA
concentration ranging from 0.1 to 7.0 mM.



Fig. 5. (A) Responses of the OECT-based biosensor upon addition of 5 mM (a) glucose,
(b) mannose, (c) lactose, (d) fructose, (e) sucrose, (f) maltose, (g) galactose, (h) ribose
and (i) SA. (B) Responses of the OECT-based biosensor upon addition of (a) 5 mMDA, (b)
50 mM AA, (c) 300 mM UA and (d) 2 mM SA.
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The drain-source channel current response of the OECT-based
biosensor with gate electrode area of 9 mm2 upon continuous
addition of sialic acid was examined at the gate voltage of 0.9 V
(Fig. 4A). After adding SA into PBS, the channel current increased
immediately, indicating the rapid recognition process of APBA to
SA. With the increasing SA concentration, the current continuously
increased, and trended to a maximum value due to the saturated
binding of the surface boronic acid by SA. Generally, the response of
OECTs is proportional to the ratio of width to length of the channel
and is sensitive to the gate voltage. To prove the response mecha-
nism, three OECTs with the same W/L ratio and the gate electrode
area of 9 mm2, 4 mm2 and 1 mm2 were prepared for SA sensing
(Fig. 4B, C and 4D). The OECT-based biosensor with the gate area of
9 mm2 exhibited the maximum relative channel current change at
different SA concentrations, which should be attributed to themore
loading of CNTs along with the immobilized APBA for binding more
SA on the surface of gate electrode, which led to larger increase of
the electron transfer resistance and decrease of gate voltage be-
tween the electrolyte/channel and gate/electrolyte interfaces when
it worked in non-Faradaic regime. Interestingly, the responses at all
these biosensors showed abrupt increase when the SA concentra-
tion became higher than 7 mM and then trended to the maximum
value at the SA concentrations higher than 12 mM, which led to
similar sigmoid curve. The biosensor with the gate area of 9 mm2

exhibited the linear response range in the concentration range from
0.1 mM to 7.0 mM (R2 ¼ 0.999) (Fig. 4E), which was located in the
total SA content of 0.3 and 0.45 mM in urine samples for bladder
tumor and glomerulonephritis, and 1.77e4.84 mM in serum sam-
ples for gastrointestinal tract, breast, chronic lymphocytic
leukaemia, stomach, colorectal, gallbladder, thyroid, oral, endo-
metrial and lung cancer, respectively [53]. Generally, the SA level of
normal people is 1.6e2.9 mM [13], while in the serum samples of
lung cancer patients it is higher than 3 mM [53]. Obviously, the
proposed OECT-based biosensor could be used for direct detection
of SA levels in practical serum samples of lung cancer patents. As
Table 1
SA analysis in serum samples comparing with commercial ELISA kit.

Sample No. Proposed method/mM

1 (Lung cancer) 3.73
2 (Lung cancer) 3.97
3 (Lung cancer) 3.51
4 (Lung cancer) 4.72
5 (Lung cancer) 4.37
6 (Normal) 1.55
7 (Normal) 1.96
8 (Normal) 1.57
9 (Normal) 1.76
10 (Normal) 2.17
mentioned above, the variation of drain-source channel current
was caused by the change of the effective gate voltage (DVgeff)
owing to the specific binding of SA to APBA on gate electrode. The
DVgeff could be exacted from the current change and the transfer
curve, and the DVgeff towards the SA concertation exhibited the
sigmoid curve, while the DVgeff showed the linear response in the
same concentration range from 0.1 to 7.0 mM with the slope of
11.37 mV/mM (Fig. 4F).

3.4. Selectivity of OECT-based biosensor

To ensure the practical application of the proposed biosensor,
the recognition selectivity of APBA to SA was studied by the
response of the biosensor to SA and different interferents. After
5 mM saccharides such as glucose, mannose, lactose, fructose, su-
crose, maltose, galactose and ribose was added in the detection
solution, respectively, the OECT-based biosensor showed negligible
response, while the addition of SA led to obvious increase of
channel current (Fig. 5A), confirming the recognition specificity
between APBA and SA at pH 7.4 [54] on the gate surface and the
selectivity of the designed biosensor toward SA. Considering the
fact that many other physiological interferents such as dopamine
(DA), ascorbic acid (AA) and uric acid (UA) exist in the serum
samples, DA, AA, UA and SA at their natural concentrations [55,56]
were added into PBS to simulate the practical serum environment.
The designed biosensor did not show any response to these inter-
ferents under the optimized conditions (Fig. 5B).

3.5. Sample analysis

To evaluate the application potential of the proposed OECT-
based biosensor, the detections of SA in practical serum samples
of lung cancer patients and normal people were performed. After
50 mL10 mM pH 7.4 PBS and 10 mL serum sample were directly
dropped on the OECT-based biosensor to incubate for 10 min, the
drain-source channel current at a gate voltage of 0.9 V and a drain
voltage of 50 mV was recorded, and the response at 300 s was
collected. The results were compared with those from the com-
mercial ELISA kit. As listed in Table 1, the OECT-based biosensor
gave acceptable results with the relative errors ranging from 6.84 to
8.39%. Here, the detectable range of ELISA kit is 30e700 ng/L, which
is far lower than the SA level in serum samples, thus the serum
samples were million-fold diluted for ELISA test. The slight higher
values obtained with the biosensor resulted from the dilution step
in ELISA. Thus the proposed biosensor was an ideal platform for
sialic measurement in clinical diagnosis.

4. Conclusions

This work designs a simple and convenient biosensing device
for the detection of SA levels in serum samples. The OECT-based
Reference method/mM Relative error/(%)

3.48 7.18
3.68 7.88
3.27 7.34
4.39 7.52
4.09 6.84
1.43 8.39
1.82 7.69
1.45 8.28
1.64 7.32
2.03 6.90
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biosensor can be fabricated in batch by coating the gate electrode
with carboxylated multi-wall carbon nanotubes and the general
drain/source electrodes with PEDOT:PSS served as channel. After
the recognition element APBA is covalently linked to the carboxyl
group of carbon nanotubes, the obtained biosensor shows selective
response to SA due to the increased electron transfer resistance and
the decrease of gate voltage. The relative change of drain-source
channel current shows a linear dependence on SA concentration
ranging from 0.1 to 7 mM, which locates in the practical levels of SA
in the samples from patients and normal people. The proposed
biosensor possessed the potential as a new portable device for
evaluation of SA levels in clinical diagnose.
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