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Bladder cancer is the most common malignant tumor in the urinary system, with high morbidity,
mortality and recurrence after surgery. However, current bladder cancer urine diagnosis methods are
limited by the low accuracy and specificity due to the low abundance of bladder cancer biomarkers in the
urine with complex biological environments. Herein, we present a high stability indium gallium zinc
oxide field effect transistor (IGZO-FET) biosensor for efficient identification of bladder cancer biomarkers
from human urine samples. The recognition molecular functionalized IGZO-FET biosensor exhibits stable

f(ceg)vords: electronic and sensing performance due to the large-area fabrication of IGZO thin-film FET. Owing to the
Field-effect transistors excellent electrical performance of IGZO-FET, the IGZO-FET biosensor exhibits high sensitivity and
NMP22 extremely low detection limit (2.7 amol/L) towards bladder cancer biomarkers. The IGZO-FET biosensor is

also able to directly detect bladder tumor biomarker in human urine with high sensitivity and specificity,

and could differentiate bladder cancer patients’ urine samples from healthy donors effectively. These

results indicate that our designed high-performance biosensor shows great potential in the application of

portable digital bladder cancer diagnosis devices.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Bladder cancer
Urine detection

Bladder cancer is one of the most common urogenital
malignant tumors with extremely high morbidity, mortality and
easy recurrence after surgery [1,2]. The pathological pattern of
bladder cancer is complex, and it is difficult to identify [3].
Currently, cystoscopy is the gold standard for clinical diagnosis of
bladder cancer, but is an uncomfortable and costly invasive
procedure, even associated with urinary tract infections and
different levels of hematuria [4,5]. Since the metabolic environ-
ment of bladder tumor cells is urine, their direct or induced
metabolites will remain in the urine. Some of the metabolites such
as telomerase, nuclear matrix protein and bladder tumor antigen
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have been identified as biomarkers of bladder tumor [6-9]. In this
regard, the bladder cancer liquid biopsy technology would provide
a new way for the painless and noninvasive diagnosis of bladder
cancer [10,11]. However, because of the complex urine composi-
tion and low abundance of biomarkers, the achievement of high
sensitivity and accuracy detection of bladder cancer is significantly
limited.

Recently, field effect transistors (FETs) have been applied to a
variety of biosensors because of their extraordinary electronic
characteristics, such as fast response, miniaturization and circuit
integration [12-15]. The FET-based biosensor can simultaneously
serve as a sensor and an amplifier, causing an obvious channel
current change under a tiny voltage variation, in which high
sensing sensitivity can be attained [16,17]. At present, FETs based
on indium gallium zinc oxide (IGZO-FETs) have attracted great
attention due to the features of simple preparation process, large-
scale fabrication, array formation and high signal stability, and over
the past decades, IGZO-FETs have been widely employed to
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develop commercial displays and nano-biosensors [18-22]. It is
anticipated that the fabrication of a large-area FET array device for
highly sensitive detection and accurate analysis of bladder tumor
biomarkers is a hopeful method to achieve early-stage noninvasive
diagnosis of bladder cancer.

Herein, we present an IGZO-FET biosensor for quantitative
detection of bladder cancer biomarkers from human urine samples
with high stability and sensitivity. The IGZO-FET biosensor
functionalized by nuclear matrix protein 22 (NMP22) antibody
exhibits reliable and sensitive electronic performance due to the
fabrication of uniform and smooth IGZO thin-film and the specific
combination of antibody-antigen. We demonstrate that the
fabricated IGZO-FET biosensor could quantify NMP22 concentra-
tion down to detection limit of 0.0001 pg/mL. Besides, the IGZO-
FET biosensor can be applied to directly quantify bladder cancer
biomarkers in human urine and differentiate bladder cancer
patients’ urine samples from healthy donors.Our designed high-
performance biosensor promises a candidate for potential
applications in postoperative monitoring, therapeutic evaluation,
and personal health management.

The IGZO-FET biosensor array is schematically illustrated in
Scheme 1, in which each FET was composed of a Si/SiO, wafer
substrate, IGZO sensing channel layer, and source/drain electrodes.
For the preparation of IGZO-FET biosensor array, patterned
metallic electrodes (15 nm Cr/50 nm Au) were first deposited as
source/drain electrodes through photolithography and thermal
evaporation on the wafer substrate (1 cm x 1cm Si/SiO, wafer).
Next, a 20nm thick IGZO (In,03:Ga,03:Zn0=1:1:1) sensing
channel was deposited on the patterned metallic electrodes by
RF sputtering via a shadow mask (Fig. S1 in Supporting
information). For the functionalization of IGZO-FET array, a poly
(methylmethacrylate) (PMMA) protection layer was first spin-
coated on the surface of IGZO layer to passivate the Cr/Au source
drain electrode, and to eliminate the contact resistance and avoid
leakage current between the source/drain electrode and the
sensing channel in the sensing measurements. Next, the IGZO
sensing region was exposed by photolithographic process, and
further functionalized by anti-NMP22 through a series of
procedures (Experimental Section in Supporting information). In
short, the (3-aminopropyl)triethoxysilane (APTES) and glutaralde-
hyde were used as cross-linking molecules to immobilize anti-
bodies [23], and lastly, the antibody functionalized IGZO sensing
region was incubated with Bovine Serum Albumin (BSA) to
passivate the sensing surface to reduce non-specific adsorption.

anti-NMP22
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Scheme 1. Schematic illustration of the fabrication of anti-NMP22 functionalized
IGZO-FET biosensor array.

The fundamental structural and electrical characteristics of the
IGZO-FET are shown in Fig. 1 and Fig. S2 (Supporting information).
The scanning electron microscopy image of the IGZO thin film
clearly indicates the smooth surface of the uniform IGZO layer and
the thickness of IGZO layer is about 20 nm (Fig. 1a). The drain
current-gate voltage, I4-V, transfer curve was measured in air and
at the drain voltage (Vq4) of 1V (Fig. 1b). The field effect mobility
(ure) was calculated using the following equation to evaluate the
performance of IGZO-FET [24,25]:

gl dly L
K = WYy Cox — dVgWV4Cox

where L and W are the channel length (80 wum) and width
(240 pm), Cox is capacitance per unit area, and g, is the
transconductance of IGZO-FET. The maximum value of g,,, obtained
by the I4-V, curve is 0.0025 mS. Consequently, the calculated pugg of
the FET with 20 nm IGZO channel is 24.2 cm? V- ! s, which is the
highest prz among the prepared FETs with different thickness of
IGZO channel layers by controlling sputtering time (Fig. S3 in
Supporting information). It indicates that the prepared IGZO-FET
exhibits excellent electrical properties. Furthermore, in order to
investigate the stability of the IGZO-FET device, we carried out
electrical performance tests on nine IGZO-FETs on the same Si/SiO,
substrate (Fig. 1c). It can be seen that the I4-Vy transfer curves
originated from different IGZO-FET devices are basically consis-
tent, indicating that the IGZO-FET devices exhibit stable electrical
performance. The excellent electrical stability of IGZO-FET is due to
the uniform IGZO layer over large-area. The above results
demonstrate that the IGZO-FET arrays show excellent electrical
performance and confirm its application in accurate and stable
sensing.

The sensing performance of IGZO-FET biosensor towards bladder
cancer biomarkers was then investigated. The modification of
antibody molecules on IGZO-FET is schematically illustrated in
Fig. 2a,and the morphology and structure of IGZO-FET biosensor was
first investigated. The successful surface functionalization of IGZO-
FET can be clearly identified by atomic force microscopy (AFM)
images (Figs. 2b and c). It is observed that the bare IGZO film is
uniform over large-area, which agrees with the SEM images (Fig.1a).
In comparison, the surface roughness of anti-NMP22 conjugated
IGZO film increased distinctly, suggesting that the antibody
molecules were effectively attached to the IGZO surface. The anti-
NMP22 molecules modified on the IGZO-FET specifically interacts
with target NMP22 molecules and then generates an electrical signal
change on the biosensor, thus realizing the specific detection
(Fig.3a). The NMP22 aqueous solution acts as gate dielectric and Ag/
AgCl electrode serves as the gate electrode (Vagagci). Fig. 3b shows
the I4-Vy transfer characteristics of 1GZO-FET biosensor when
exposed to NMP22 solutions with different concentrations. It
appears that the IGZO-FET biosensor exhibits a consistent decrease
in source-drain current with increasing concentration of NMP22
solutions. This observation in channel current variation can be
attributed to the NMP22 protein binding reaction. Specifically,
negatively charged NMP22 protein is specifically linked to its
antibody and forms a complex on the surface of IGZO channel, which
is equivalent to a negative gate on the channel surface. This causes a
decreasein the carrier density and conductance of IGZO channel and
amore positive Vagjagc is required to obtain the same initial current.
Along with the amount of NMP22 protein binding to the sensing
area of IGZO surface increases, the applied negative gate effect
gradually strengthens, inducing the decrease of carrier density and
thus the current of the IGZO-FET biosensor under the same Vag/agcl.
The ratio of drain current change (Aly) to initial value (Iy) versus
NMP22 concentration (Cywmpz2) is plotted in Fig. 3c. As shown in the
curve, Aly/lp exhibits a sharp increase when Cywpa2is increased from
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Fig.1. (a) Cross-section SEM image of the IGZO-FET. Inset: Enlarged SEM image of the IGZO layer. (b) Transfer curve and transconductance curve of the back-gated IGZO-FET
device at V=1 V. (¢) Stability of the back-gated IGZO-FET device at V4=1V. Inset: Photograph of the IGZO-FET array.
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Fig. 2. (a) Schematic illustration of IGZO-FET biosensor functionalized by anti-
NMP22. AFM images of IGZO thin-film (b) before and (c) after anti-NMP22

modification.

0.0001 pg/mL, and finally becomes saturated. The linear detection
range is 0.0001~0.1 pg/mL. In addition, in order to evaluate the
accuracy of the IGZO-FET biosensor, the recovery rate of this method
was calculated. As shown in Table S1 (Supporting information), the
recovery ranges from 96.2%-110.9% over the linear operating range,
suggesting that the IGZO-FET biosensor can be employed to
precisely evaluate the NMP22 target molecules in human urine
samples.

The real-time electrical response of IGZO-FET biosensor towards
NMP22 proteins was then investigated. The schematic diagram of
dynamic sensing measurement is shown in Fig. S4 (Supporting
information). Different concentrations of NMP22 solution were
passed into IGZO-FET at a fixed rate of 0.1 mL/min. From Fig. 3d, it can
be seen that the sensing current variation increases with increasing
concentrations of NMP22 protein and the response speed (5 s)is very
fast, suggesting that the anti-NMP22 molecules modified IGZO-FET
biosensor exhibits high sensitivity. It is also observed that a
0.0001 pg/mL NMP22 solution causes an obvious current change
(1.5 wA), suggesting that the lowest detection limit of the IGZO-FET
biosensor for NMP22 proteinis 2.7 amol/L, which is much lower than
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Fig. 3. (a) Schematic illustration of the specific detection of bladder cancer biomarkers with IGZO-FET biosensor. (b) Transfer characteristics of solution-gated IGZO-FET
biosensor in response to different Cyyp2z (0.0001-10 pg/mL) at Vg =1 V. (¢) Current variation (Aly/lp) of IGZO-FET biosensor versus Cywpzz. (d) Real-time electrical response of
anti-NMP22 modified IGZO-FET biosensor towards different Cyvpzz. (€) Current variation of the anti-NMP22 modified IGZO-FET biosensor in response to nonspecific protein
(CK8, CK18, BSA, streptavidin) and specific NMP22 protein. All the error bars represent the standard deviations of three measurements.
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Fig. 4. (a) Transfer characteristics of solution-gated anti-NMP22 modified IGZO-FET biosensor in response to NMP22 protein in urine samples from bladder cancer patients.
The Vjq is set at 1V. (b) Transfer characteristics of five solution-gated anti-NMP22 modified IGZO-FET biosensors in response to urine samples from a same bladder cancer
patient. The Vq is set at 1 V. (c) Evaluation of the sensing performance of anti-NMP22 modified IGZO-FET biosensor in response to urine samples from bladder cancer patients
and healthy donors. The error bars represent the standard deviations of three measurements.

the concentration of NMP22 protein in the urine of bladder cancer
patients (nmol/L level) [26,27]. In addition, control experiments
were carried out to investigate the specificity and selectivity of our
designed IGZO-FET biosensor (Fig. 3e). It can be seen that a low
concentration (10 pg/mL) of NMP22 solution causes a significant
current response, while the biosensor only exhibits a negligible
current change when treated with high concentration (10 ng/mL) of
nonspecific proteins solution (cytokeratin 8 (CK8), cytokeratin 18
(CK18), bovine serum albumin (BSA) and streptavidin). These results
indicate that the IGZO-FET biosensor provides a high selective
recognition ability to target proteins and low binding affinity to
nonspecific molecules, further ensuring the application of biosen-
sors to detect target molecules in complex environments.

To investigate the applicability of the IGZO-FET biosensor in
clinical diagnosis, a further test with real urine samples was
performed. As shown in Fig. 43, there is a significant change in the
current signal when the biosensor was subjected to urine samples
from bladder cancer patients. Besides, similar results were
obtained when five anti-NMP22 modified IGZO-FET biosensors
were employed to test the same patient's urine sample simulta-
neously (Fig. 4b). These measurements verify that the prepared
IGZO film is uniform over large area, and this uniformity is
necessary to ensure the reproducibility and reliability of IGZO-FET
biosensor. The amounts of NMP22 protein in urine samples from
different individuals were further detected and calculated
according to the linear relationship of Algy/ly versus Cnmp2z
(Fig. 4c and Fig. S5 in Supporting information). It is worth
mentioning that the urine samples were diluted to ensure that the
concentration of NMP22 located in the linear detection range of
our IGZO-FET biosensor. It can be seen that the protein
concentration in urine from the bladder cancer patients are much
higher than those from healthy donors. Additionally, the sensing
performance of our IGZO-FET biosensor is generally consistent
with the traditional ELISA method (Table S2 in Supporting
information), indicating that the IGZO-FET biosensor shows great
potential for application in bladder cancer diagnostics.

In conclusion, we have designed a recognition molecular
conjugated IGZO-FET biosensor to detect bladder tumor biomarker
in real urine samples. The prepared IGZO thin film is homogeneous
and uniform over large-area. This uniform structure enables a
stable electrical signal of IGZO-FETs. After modification with anti-
NMP22, the IGZO-FET biosensor is able to detect NMP22 protein
with high sensitivity and selectivity, and the detection limit is
down to amol/L level. More importantly, our fabricated IGZO-FET
biosensor can be applied to monitor target molecules in complex
urine samples, and to differentiate the urine samples from bladder

cancer patients and healthy donors by quantifying the amount of
NMP22 protein. This design of high performance IGZO-FET
biosensor suggests a strategy to realize early-stage bladder cancer
digital diagnosis.
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