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Bladder cancer is one of the commonest malignant tumors of urinary system with high recurrence. However, currently developed
bladder cancer urine diagnosis methods are hindered by the low detection sensitivity and accuracy. Herein, a molybdenum
disulfide (MoS,) nanosheets-based field effect transistor (FET) sensor array was constructed for simultaneous detection of
multiple bladder cancer biomarkers in human urine. With the excellent electronic property of MoS, and the high specific
identification capability of recognition molecules, the proposed biosensor array could simultaneously detect nuclear matrix
protein 22 (NMP22) and cytokeratin 8 (CK8) with a wide linear range of 10°-10" g mL ™" and an ultra-low detection limit of
0.027 and 0.019 aM, respectively. Furthermore, this highly sensitive and specific MoS, FET sensor array could be used to
identify bladder cancer biomarkers from human urine samples. This designed high-performance biosensor array shows great

potential in the future diagnosis of bladder cancer.
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1 Introduction

As one of the commonest malignant tumors in the urinary
system, the incidence of bladder cancer is the second highest
in the urological malignancies [1,2]. Currently, cystoscopy
and tissue biopsy are the gold standards for bladder cancer
diagnosis, while these processes bring great pains to patients
due to its high invasiveness [3,4]. Recently, liquid biopsy has
been considered as alternative candidates of cystoscopy and
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tissue biopsy in clinical diagnosis benefiting from its pro-
minent characteristics such as non-invasiveness and the
ability to avoid diagnosis deviation originated from tissue
heterogeneity [5-7]. Liquid biopsy could detect disease
biomarkers from various kinds of body fluids such as blood,
urine, saliva, and sweat [8—11]. As we know, bladder is a
human organ with urine storage capability and the metabolic
environment of bladder is urine, thus the occurrence and
development of bladder cancer is closely relevant to the
components of urine [12]. In this regard, bladder cancer urine
diagnosis would bring hope for non-invasive early-stage
bladder cancer diagnosis. Recently, the optical and electro-
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chemical biosensors have been developed to detect a series
of bladder cancer urinary biomarkers such as bladder tumor
associated antigen, nuclear matrix protein 22 (NMP22), the
cytokeratins (CKs) and telomerase [13-20]. However, the
composition of urine is very complex and currently devel-
oped liquid biopsy diagnosis methods rely on the detection of
a single biomarker with low detection sensitivity and accu-
racy [21,22]. To this end, the development of an efficient
approach to enable the simultaneous sensitive detection of
multiple bladder tumor biomarkers is extremely necessary to
realize the diagnosis of bladder cancer.

Field effect transistor (FET) is an electrical device which is
composed of source/drain electrodes and semiconductor
channel materials [23]. The FET electrical sensors exhibit
prominent characteristics such as high sensitivity, ultra-fast
response, and low limit of detection [24]. Owing to these
advantages, FET-based biosensors constructed from carbon
nanotubes, Si nanowires, graphene and transition-metal di-
chalcogenides have been developed to detect a range of
disease biomarkers such as viruses, cancer biomarkers, small
molecules, and pathogens [25-28]. Among the nanomater-
ials used to build FET biosensors, molybdenum disulfide
(MoS,) exhibits excellent electrical properties including a
direct bandgap, an excellent on/off ratio and high carrier
mobilities at room temperature [29,30]. Besides, the well-
developed chemical vapor deposition (CVD) provides a
controlled method to grow high-quality and large-area MoS,
nanosheets at a reasonable cost [31]. By controlling the
materials synthesis and device fabrication processes, a MoS,
FET sensor array with multi-channel sensing units that are
capable of detecting multiple biomarkers could be con-
structed to increase the detection sensitivity and accuracy
[32].

In this work, we constructed a MoS, nanosheets-based
FET sensor array for the simultaneous detection of two types
of bladder cancer biomarkers in human urine with high
sensitivity, specificity and accuracy (Scheme 1). Specifi-
cally, two types of recognition molecules with high specific
binding affinity to specific biomarkers were conjugated on
different MoS, nanosheets sensing channels to achieve si-
multaneous detection. The specific binding of target bio-
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markers to the recognition molecules functionalized MoS,
device would cause an obvious change in the channel cur-
rent, consequently achieving quantitative detection of two
types of biomarkers. Because of the excellent electrical
characteristics of MoS, and the high specific identification
capability of recognition molecules, the MoS, FET biosensor
array can reliably detect bladder cancer biomarkers NMP22
and cytokeratin 8 (CK8) with an ultralow detection limit of
0.027 and 0.019 aM, respectively. More importantly, the
MoS, FET sensor array could also realize highly sensitive
and specific capture and detection of bladder cancer bio-
markers from human urine samples, demonstrating that the
rationally designed multi-channel sensor array could be
routinely used for the detection of complex samples with
high sensitivity and accuracy. Our design of high perfor-
mance MoS, FET biosensor array for the detection of blad-
der cancer biomarkers suggests a potential strategy for the
achievement of personalized healthcare.

2 Experimental

2.1

Ethyl alcohol, acetone, anisole, glutaraldehyde solution,
potassium hydroxide, polymethyl methacrylate (PMMA),
(3-aminopropyl)-triethoxysilane (APTES) and methyl me-
thacrylate were purchased from Sinopharm Chemical Re-
agent Co., Ltd. (China). Bovine serum albumin (BSA) and
phosphate buffer saline (PBS, 1%, pH 7.4) were bought from
Shanghai Yuanye Bio-Technology Co., Ltd. (China). RIPA
cell lysis buffer was purchased from Shanghai EpiZyme
Biotechnology Co., Ltd. (China). NMP22, anti-NMP22,
CK8 and ani-CK8 were purchased from Abcam (Shanghai)
Trade Co., Ltd. (China). The MoS, nanosheets were pro-
vided by Shanghai OnWay Technology Co., Ltd. (China). All
the human urine samples of bladder cancer patients and
healthy donors were provided by Union Hospital of Wuhan
and Wuhan University (China). All three bladder cancer
patients belong to non-muscle invasive bladder urothelial
carcinoma. Bladder cancer patients No. 1-3 were carcinoma
in situ (Stage pTis), low-grade papillary urothelial carcinoma
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Schematic illustration of MoS, nanosheets-based FET sensor array for simultaneous detection of NMP22 and CKS8 (color online).
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(Stage pT1) and high-grade papillary urothelial carcinoma
(Stage pTl1), respectively. Ultrapure water was used
throughout the experiment.

Ethical approval: All procedures performed in studies in-
volving human participants were in accordance with the
ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards.

2.2 Instruments

The morphology of MoS, nanosheets is characterized by an
optical microscope (Olympus BX1M, Japan) and a scanning
electron microscope (SEM; Zeiss Merlin Compact, Eng-
land). The height of the MoS, nanosheet was measured using
an atomic force microscopy (AFM; Bruker Dimension
ICON, USA). Raman spectra were recorded using a micro-
scopic confocal Raman spectrometer (Renishaw inVia +
Plus, England) with a 532 nm laser. The source/drain elec-
trodes array was prepared by an electron beam lithography
system (JEOL 6510 with NPGS, Japan) and an ultra violet
lithography device (ABM. Inc., USA). Thermal evaporation
was performed by a thermal evaporation device (Jiashuo
JSD-300, China). The electrical characteristics of MoS, FET
were tested by a semiconductor analyzer (Agilent 4156B,
USA).

2.3 Transfer of MoS,

The MoS, transfer method is improved according to a pre-
viously reported method [33]. Specifically, a drop of 4%
PMMA anisole solution was dropped on the MoS,
nanosheets grown on the SiO,/Si substrate and the substrate
was heated to 100 °C to promote the curing of PMMA/MoS,
film. Then, the PMMA/MoS, layer was detached from the
substrate by exposing the substrate into a bath of 0.2 M KOH
solution to etch the SiO, for 1 h. After that, the PMMA/MoS,
membrane was cleaned with deionized water three times to
remove residual KOH and transferred onto the sensing
window of the target substrate with prefabricated electrode
patterns. Finally, the target substrate was heated to 80 °C to
strengthen the binding force between MoS, and substrate.
The MoS, FET array was then obtained after removing the
PMMA layer with acetone.

2.4 Fabrication of MoS, FET sensor array and bladder
cancer biomarkers detection

The functionalization of antibodies was only performed on
the active channel surface to improve the detection sensi-
tivity and avoid signal interference. We first passivated the
source/drain electrodes by spin-coating a layer of PMMA
onto the array and opened an 8 umx8 um sensing area in the

channel using electron beam lithography [27]. Then, the
device was functionalized with APTES and glutaraldehyde
as reported [34]. After that, 10 uL anti-NMP22 solution
(50 pg mL™") and 10 pL anti-CK8 solution (2 pg mL ™) were
dropped on different sensing windows of the device re-
spectively and the device was incubated at 4 °C overnight to
facilitate the efficient functionalization. In the end, 10 pL
BSA solution (0.01 g mLﬁl) was dropped onto the sensing
windows for 1 h at 4 °C to passivate the sensing surface and
reduce nonspecific adsorption [21]. As for the NMP22 and
CK8 detection, the sample solution was dropped on the
sensing windows for 5 min to ensure that the association/
dissociation reaction between antigen and antibody reaches
equilibrium. Then, the electrical sensing performance was
measured after rinsing the device with PBS three times to
remove unreacted proteins and drying with nitrogen.

2.5 Pretreatment of human urine samples

The urine pretreatment method was adopted according to a
previously reported method [35]. Specifically, urine samples
collected from bladder cancer patients and healthy donors
were centrifuged for 10 min at 850xg and 4 °C and the su-
pernatant was discarded. Then, the samples were washed
with PBS and centrifuged for 5 min at 2,300xg and 4 °C to
collect the precipitation. It is worth mentioning that the
collection of precipitation is used to ensure efficient cell lysis
in the next step and reduce the matrix interference originated
from supernatant. Subsequently, 200 uL iced lysis buffer
was added into each sample and the samples were incubated
on an ice bath for 30 min. The bladder tumor cells in the
precipitate were lysed and protein biomarkers were released.
In the end, the samples were centrifuged for 20 min at
10,000xg and 4 °C, and the supernatant with protein bio-
markers was collected and stored at —80 °C for further de-
tection. When detecting the bladder cancer biomarkers in the
urine sample, the pretreated samples were diluted 10°% with
PBS.

3 Results and discussion

3.1 Characterization of MoS, nanosheets

The CVD grown MoS, nanosheets were used for the pre-
paration of MoS, sensor array devices. Figure 1(a, b) and
Figure S1 (Supporting information online) show the optical
micrographs and SEM images of MoS, nanosheets, respec-
tively. It can be seen that the MoS, triangular crystals with
uniform sizes are evenly deposited on a SiO,/Si substrate.
The side length of each MoS, triangular crystal is about
20 um, and this large dimension facilitates the efficient
functionalization of recognition molecules. Figure 1(c)
shows the AFM image and the corresponding quantitative
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Figure 1 (a) Optical micrograph and (b) SEM image of the MoS, nanosheets. (c) AFM image of the MoS, nanosheet. Inset: the corresponding quantitative
height profile of the MoS, nanosheet. (d) Raman spectrum of the MoS, nanosheet. (e) Transfer characteristic curve of MoS, FET (Vps=1 V). (f) Output
characteristic curve of MoS, FET (Vgs, from —60 to 60 V, step=14 V) (color online).

height profile of a single MoS, nanosheet. The measured
thickness of the MoS, nanosheet is approximately 1.4 nm,
indicating that the MoS, nanosheet is composed of two
stacked MoS, layers [36,37]. Additionally, the Raman shift
difference of 20.8 cm ' between Elzg and A, peaks also
verifies that the material prepared is bilayer MoS, nanosheet
(Figure 1(d)) [38]. This thin MoS, nanosheet is beneficial for
the large carrier concentration variation and thus the high
sensitivity of the biosensor [39]. The electrical character-
istics of the back-gated MoS, FET were tested with a SiO,
gate dielectric layer. The transfer characteristic curve (Figure
1(e)) shows that the drain current (/) increases with the
increase of back-gate bias voltage (V) under a given drain-
source voltage (Vps=1 V), consistent with the characteristics
of n-type semiconductors [40]. The mobility and on/off
current ratio of the MoS, FET were determined to be
19.4cm’ V's™" and 107 respectively. The output char-
acteristic curve (Figure 1(f)) demonstrates the linearity be-
tween Ipg and Vg, suggesting the excellent contact between
the electrodes and MoS, nanosheet.

3.2 Construction of MoS, FET sensor array

To fabricate the MoS, FET sensor array, we first prepared the
Cr/Au electrode patterns on SiO, (300 nm)/Si substrate by
photolithography and thermal evaporation as shown in Fig-
ure 2(a). The device was comprised of an array of four
sensing windows, each of which could be used to detect a
kind of biomarker without interference from each other.
Then, the CVD grown MoS, nanosheets were transferred to
the middle region of the sensing windows with the assistance
of a PMMA polymer layer. Subsequently, the source/drain
electrodes were prepared in contact with MoS, nanosheets to
build FET channels by electron beam lithography and ther-

Figure 2 (a) Photograph of the electrode array on the SiO,/Si substrate.
(b) Magnified optical micrograph image of MoS, FET device (color on-
line).

mal evaporation, as displayed in Figure 2(b). It is worth
mentioning that several parallel MoS, FET sensing units
could be fabricated in each sensing window to enable a
multi-channel biosensor and minimize the detection varia-
tion of one sensing window. Next, in order to explore the
ability of the MoS, FET sensor array to detect bladder cancer
biomarkers, we modified two specific antibody molecules
(anti-NMP22 and anti-CK8) correspondence to FDA-
approved bladder cancer biomarkers (NMP22 and CKS8) on the
FET channels [41,42]. The successful surface functionali-
zation of antibody molecules can be validated by the three-
dimensional AFM images of anti-NMP22 and anti-CK8
immobilized MoS, nanosheets (Figure S2). From the AFM
images, it can be seen that the heights of the anti-NMP22 and
anti-CK8 modified MoS, nanosheets increase to 6.1 and
10.3 nm, which is higher than that of MoS, nanosheets.

3.3 Detection of bladder cancer biomarkers

The detection of NMP22 and CK8 molecules were carried
out on two different sensing windows of MoS, FET sensor
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array and the corresponding Ing-Vgg response curves are
shown in Figure 3(a, b). It can be observed that as the con-
centrations of NMP22 and CK8 increase from 10" to
10° mg mL ", the Ipg of MoS, FET/anti-NMP22 and MoS,
FET/anti-CK8 gradually decreases. The decrease of Ipg
could be explained by the specific binding of negatively
charged NMP22 and CK8 with antibodies immobilized on
the surface of biosensor. According to the “pH memory
theory”, the dried proteins retain their ionization state and
chargeability as that in the aqueous solution (PBS buffer)
[43]. The pH (7.4) of PBS we used is higher than the iso-
electric point (pI) of NMP22 (5.53) and CK8 (5.52), and
therefore these two investigated proteins are negatively
charged at this environment. Consequently, the increase of
negatively charged target protein molecules on the n-type
MoS, channel reduces the effective gate field under positive
gate bias conditions, thereby reducing carrier density and /g
[44]. The variation of Ipg depends on the amount of target
molecules binding on the device surface. Figure 3(c, d) re-
presents the variation of calibrated sensing responses (Alpg/
1) versus NMP22 concentration (Cyppzo) and CK8 con-
centration (Ccgg). Here, Alpg/I, refers to the relative Ing
change of antibody functionalized MoS, sensor before and
after binding with target molecules at a fixed Vg of 100 V.
From the curve, it also can be seen that the linear working
range of our designed MoS, sensor for target bladder cancer
biomarkers is 10 °~10 ' pgmL™" (Figure S3). The limit of
detection (LOD) of the MoS, FET/anti-NMP22 and MoS,
FET/anti-CK8 biosensor for NMP22 and CKS8 could reach as
low as 1 agmL ™.

3.4 Specificity of MoS, FET sensor array

The specificity and selectivity of our MoS, FET sensor array
were investigated by imposing the corresponding antibody
molecules functionalized MoS, FET sensor towards specific
target protein molecules and nonspecific protein molecules
(Figure 4(a, b)). It can be observed that the antibody mole-
cules functionalized MoS, FET sensors show a high current
response for specific target protein molecules, while the
sensing response towards non-target protein molecules is
extremely low, suggesting that our designed MoS, FET
sensor exhibits high selectivity. The excellent sensing per-
formance suggests that our designed MoS, FET sensor could
be used in highly sensitive and selective quantification of
trace amount of bladder cancer biomarkers.

3.5 Application of MoS, FET sensor array in human
urine samples detection

The clinical applicability of MoS, FET sensor array was
investigated by detecting the sensing performance of MoS,
FET sensor array for bladder cancer biomarkers from human
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Figure 3 (a, b) Schematic and Ipg-Vs response curves of MoS, FET
sensor array towards NMP22 and CKS. (c, d) The variation of calibrated
sensing responses (Alpg/ly, relative change of /g measured at a fixed Vg of
100 V) versus NMP22 and CK8 concentrations. Error bars indicate stan-
dard deviation of triplicate tests from different devices. Inset: schematic
drawing of the binding of target bladder cancer biomarkers on MoS, FET
sensor device (color online).
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Figure 4 Calibrated sensing responses (Alpg/l;) of (a) MoS, FET/anti-
NMP22 biosensor and (b) MoS, FET/anti-CK8 biosensor towards specific
and nonspecific proteins (color online).

urine samples. As illustrated in Figure 5(a), the pretreated
urine samples from 3 bladder cancer patients and 3 healthy
donors were exposed on the MoS, FET sensor array, and the
capture of target protein molecules would induce a current
variation of MoS, FET sensor. The amount of target bladder
cancer biomarkers in human urine could be calculated by the
calibrated sensing response curves and the fitting equations
of Alpg/ly—Cravpry and Alng/Ii—Cexs (Equations S1 and S2,
Supporting information online). From Figure 5(b), it can be
seen that the concentrations of bladder cancer biomarkers in
bladder cancer patients are higher than that of healthy do-
nors, suggesting that the MoS, FET sensor could effectively
differentiate bladder cancer patients from healthy donors. In
order to evaluate the accuracy of the MoS, FET sensor array,
the recoveries of the measurements were calculated. As
shown in Table S1 (Supporting information online), the re-
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Figure 5 (a) Schematic illustration of the MoS, FET sensor array for simultaneous detection of NMP22 and CK8 in human urine samples. (b) The content
of NMP22 and CKS8 in urine samples from bladder cancer patients and healthy donors measured with MoS, FET sensor array. P represents bladder cancer
patients and C represents the healthy donors. Nos. 1-3 represent different samples. For example, “P1” represents a urine sample from bladder cancer patient

No. 1 (color online).

coveries of our method to detect NMP22 and CKS8 were
95.9%-97.3% and 93.1%-104.9%, respectively. The con-
centrations of NMP22 and CKS8 in human urine samples
obtained by MoS, FET sensor array are in good agreement
with the cutoff values of ELISA methods reported in the
literatures (Table S2) [45,46]. The applicability of MoS, FET
sensor array in human urine samples with complex biologi-
cal environment suggests the potential of MoS, FET sensor
array in the diagnosis of bladder cancer. To achieve this goal,
extensive detection of diverse urine samples and exploration
of the differences of the biomarker concentrations in patients
with different stages of bladder cancer, patients with benign
bladder disease and healthy people combined with clinical
diagnosis analysis should be performed systematically in the
future work.

4 Conclusions

In conclusion, we constructed a MoS, FET sensor array for
the quantification of multiple biomarkers of bladder cancer.
The MoS, FET sensor array exhibits high sensitivity and
specificity towards bladder cancer biomarkers. The detection
limits of MoS, FET sensor array towards NMP22 and CK8
could reach as low as 0.027 and 0.019 aM, respectively. The
MoS, FET sensor array also shows excellent sensing per-
formance towards human urine samples and could effec-
tively differentiate bladder cancer patients from healthy
donors. Our designed high performance MoS, FET sensor
array suggests a promising approach for the diagnosis of
bladder cancer in the future.
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