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Bladder cancer is one of the most common malignant tumours 

in the urinary system with a high and rising trend of mortality [1–

3]. Timely diagnosis of early-stage bladder cancer remains the 

contributing bottleneck due to its complex pathological types and 

nonspecific symptoms [4,5]. Urine, as the metabolic 

microenvironment of bladder tumour cells, contains abundant 

bladder cancer biomarkers, providing an alternative strategy for 

non-invasive diagnosis of bladder cancer [6,7]. Currently, 

researchers have identified numerous types of bladder cancer 

biomarkers in urine including DNA [8], RNA [9], proteins [10,11], 

tumour cells [12], and metabolites [13]. Particularly, microRNA 

(miRNA) plays a crucial role in cell metastasis, development, 

proliferation, apoptosis and carcinogenesis, and it was 

immediately excreted into urine via the metabolism of bladder 

tumour cells in case of bladder carcinogenesis [14–16]. Therefore, 

the quantitative detection of bladder cancer-associated miRNA in 

human urine is an effective strategy to achieve non-invasive 

diagnosis of early-stage bladder cancer. However, currently 

developed bladder cancer urine biomarkers diagnosis methods are 

hindered by low detection reliability due to extremely low 

abundance of bladder cancer-related miRNA in complex urine 

environments [17,18]. Consequently, the exploration of a highly 

reliable approach for the detection of trace miRNA in human urine 
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is of vital importance for the diagnosis and postoperative of 

bladder cancer.   

Nano-biosensors constructed by nanomaterials have been 

comprehensively employed for the detection of disease-relevant 

biomarkers [19–21]. As a type of nano-biosensors, field effect 

transistors (FETs) exhibit prominent electrical performance, ease 

to be miniaturized and integrated [22,23]. Owing to its intrinsic 

amplification feature, FET biosensors could generate a significant 

electrical signal response under a tiny local microenvironment 

change, therefore demonstrating tremendous potential in highly 

sensitive detection of disease-relevant biomarkers. In the FET 

biosensors, semiconductor channel nanomaterials play a central 

role in the determination of device performance. Currently, zero- 

dimensional nanoparticles [24,25], one-dimensional nanowires 

[26], and two-dimensional nanosheets [27–29] have been utilized 

as semiconductor channel nanomaterials of FET biosensors. 

Among which, two-dimensional indium gallium zinc oxide (IGZO) 

shows the advantages of ease to be scalable and high stability, 

promising its potential as channel nanomaterial of FET biosensors 

[30,31]. To this end, the development of a highly sensitive and 

selective IGZO FET biosensor is expected to achieve highly 

sensitive detection of bladder tumour-associated biomarkers and 

realize early diagnosis of bladder cancer. 
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Bladder cancer is the most common malignant tumours with high morbidity, mortality and 

recurrence. However, currently developed detection methods for bladder cancer-associated urine 

biomarkers is hindered by their extremely low abundance. Hence, the exploration of a highly 

sensitive and selective approach for the detection of trace bladder cancer-associated biomarkers 

in human urine is of vital importance for the diagnosis of bladder cancer. Herein, we developed a 

highly reliable indium gallium zinc oxide field effect transistor (IGZO FET) biosensor for the 

detection of bladder cancer-related biomarker microRNA. The single-stranded DNA-

functionalized IGZO FET biosensors exhibit high sensing reproducibility and stability with an 

ultralow detection limit of 19.8 aM. The device could also be used for quantitative detection of 

trace microRNA in human urine samples and can effectively distinguish bladder cancer patients 

from healthy donors. The development of high performance IGZO FET biosensors presents new 

opportunities for the achievement of early-stage diagnosis of bladder cancer. 
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Scheme 1 Schematic illustration of ssDNA-IGZO biosensors for 

miRNA detection. 

Herein, we report the fabrication of a highly sensitive and 

selective IGZO FET biosensor for the detection of bladder cancer 

nucleic acid biomarker in human urine (Scheme 1). Considering 

the uniform and smooth structure of IGZO with excellent electrical 

performance, the single-stranded DNA-functionalized IGZO 

(ssDNA-IGZO) FET exhibits high sensitivity, specificity and 

sensing reproducibility in the detection of microRNA-21 

(miRNA-21), with an ultralow detection limit of 19.8 aM. With 

the ability to detect trace miRNA-21 in human urine, the IGZO 

FET biosensors could be employed to effectively differentiate 

urine samples between bladder cancer patients and healthy donors. 

Our designed IGZO FET biosensors provide a powerful tool for 

the development of a nanotechnology platform to achieve early 

diagnosis of bladder cancer, as well as demonstrate great potential 

in personal health management. 

The fabrication route of IGZO biosensors is schematically 

illustrated in Fig. S1. In brief, the source (S) and drain (D) 

electrodes are fabricated by ultra-violet lithography and 

thermal evaporation to form patterned metallic electrodes on 

a 4 in. wafer (Fig. S2). Then, the IGZO channel was directly 

deposited on patterned metallic electrodes by a radio 

frequency sputtering system via a shadow mask. The cross-

section scanning electron microscopy (SEM) image of the 

IGZO channel clearly shows a smooth surface and the 

thickness of IGZO layer is about 20 nm (Fig. 1a), which is 

consistent with the thickness measured by atomic force 

microscopy (AFM) (Fig. 1b). After that, the surface of IGZO 

is passivated with polymethyl methacrylate to minimize gate 

current leakage, side electrochemical reaction, and work-

function modulation. The IGZO sensing area was exposed by 

electron beam lithography, and further covalently decorated 

with single-stranded DNA probes to achieve ssDNA-IGZO 

biosensors.  

To identify whether the IGZO biosensors could be used for 

detecting biomarkers, the fundamental electrical performance 

of IGZO FET was investigated (Fig.1 and Fig. S3). The Id-Vg 

transfer characteristic of back-gated IGZO FET presents n-

type transistor behavior with a highest field-effect mobility 

(uFE) of 8.3 cm2 V–1 s–1 and a current on/off ratio of 107 (Fig. 

1c). It is worth mentioning that the uFE of IGZO is relevant to 

the thickness of the deposited IGZO channel and the uFE of 

IGZO channel prepared by 20 min sputtering time reaches the 

highest uFE (Fig. S3). The Id-Vd output characteristic of the 

IGZO FET suggests that the uFE is effectively controlled by 

Fig. 1 (a) Cross-section SEM image and (b) AFM image of IGZO 

channel. Inset of (b) Corresponding quantitative height profile of 

IGZO channel. (c) Transfer characteristics and transconductance 

of IGZO FET at Vd = 2 V. (d) Performance stability of eight 

IGZO FETs at Vd = 2 V. Inset: Photograph of a IGZO FET. 

Vg (Fig. S4). To explore the stability of our designed IGZO 

FETs, eight IGZO FET devices were prepared on a same 

substrate and the transfer characteristics were recorded (Fig. 

1d). It can be seen that the Id-Vg curves of eight IGZO FETs 

are highly consistent, indicating that the IGZO FETs exhibit 

high reliability and performance uniformity. Since bladder 

cancer biomarkers are presented in body fluid, the electrical 

performance of IGZO FET in solution environment was 

investigated. It can be seen that the on-state current and on/off 

ratio remain almost the same with those of back-gated IGZO 

FETs (Fig. S5). The above results demonstrate that the 

excellent electrical performance of IGZO FET was well 

maintained, promising their application in highly sensitive 

and reliable biosensing. 

The IGZO FET with outstanding stability and high on/off 

ratio was designed to construct ultrasensitive biosensors for 

the detection of bladder cancer associated miRNA-21. To 

achieve selective detection of bladder cancer biomarkers, the 

surface of IGZO was covalently modified with single-

stranded DNA (ssDNA) that is specific for miRNA-21 with 

the assistance of linker molecules (Scheme 1, Table S1), 

forming ssDNA-IGZO. In order to confirm the feasibility of 

surface functionalization, we used AFM to analysis the 

morphology of IGZO FET biosensors before and after probe 

DNA modification (Fig. 2a and Fig. 2b). It can be seen that 

the surface of unmodified IGZO is smooth, while the surface 

roughness of ssDNA-IGZO increased dramatically, 

indicating that ssDNA probes were successfully fixed on the 

IGZO surface. The successful immobilization of ssDNA 

probes can be further validated by an obvious Id drop of IGZO 

FETs that is originated from the negative gate effect of 

negatively charged ssDNA molecules (Fig. 2c). 

To identify the biosensing performance of ssDNA-IGZO 

FET biosensors, the Id-Vg curves were recorded after the 

devices were incubated with different concentrations of 

miRNA-21 for 30 min. As indicated in Fig. 2c, ssDNA-IGZO 

FET biosensor exhibits a drain current decrease of 7.8 μA 

upon hybridizing miRNA-21 with a concentration of 10–16 M 

and then shows a consistent decrease in Id as the concentration  



 

Fig. 2 Detection of miRNA-21 using ssDNA-IGZO FET biosensors. AFM images and schematic diagram of IGZO FETs (a) before 

and (b) after probe ssDNA modification. (c) Transfer characteristic curves of solution-gated ssDNA-IGZO FET biosensors in response 

to miRNA-21 with concentrations increase from 10–16 to 10–9 M. Vd = 0.1 V. (d) The relationship and (Inset of d) the linear curve 

between the current response of ssDNA-IGZO FET biosensors and the log concentration of miRNA-21 ranging from 10–16 to 10–7 M. 

Vg = 0.5 V and Vd = 0.1 V. (e) Selectivity of ssDNA-IGZO FET biosensors toward miRNA-21 (10 pM) and 1 nM of single-mismatched 

miRNA-21 (denoted as SM-miRNA-21), double-mismatched miRNA-21 (denoted as DM-miRNA-21), miRNA-15, and miRNA-16, 

respectively. (f) Real-time response of ssDNA-IGZO FET biosensors to different concentrations of miRNA-21. All the error bars 

represent the standard deviations of three measurements.  

of miRNA-21 increases from 10–16 to 10–9 M. The decreased 

drain current can be originated from the accumulation of 

negative surface charge in n-type IGZO channel upon the 

binding of negatively charged miRNA-21 chains. In this 

regard, the binding of negatively charged miRNA-21 is 

equivalent to negative charge gating of ssDNA-IGZO, 

resulting in the decrease of Id. The response of ssDNA-IGZO 

FET biosensors to miRNA-21 is defined as ΔI/Io, where ΔI 

represents the change of Id before and after miRNA-21 

hybridization, and Io is the initial current of ssDNA-IGZO 

FET biosensors. Fig. 2d plots the relationship between current 

response and the logarithm concentrations of miRNA-21. It 

can be seen that ΔI/Io exhibits a linear increase as the 

concentration of miRNA-21 increases from 10–16 M to 10–12 

M and then gradually reaches saturation above 10–12 M (Fig. 

2d). According to 3s/σ criterion (s, standard deviation of 8 

blank samples; σ, slope of linear work curve), the detection 

limit of ssDNA-IGZO FET biosensors is calculated to be 19.8 

aM, which is much lower than previously reported miRNA 

detection methods such as fluorescence and electrochemical 

methods (Table S2). Furthermore, control experiments were 

performed to determine the selectivity of ssDNA-IGZO FET 

biosensors. As shown in Fig. 2e, the current response of 

ssDNA-IGZO FET biosensor towards an extremely low 

concentration (10 pM) of miRNA-21 chain is as high as 

59.1%. In contrast, the current variation of ssDNA-IGZO 

FET biosensor is extremely low even when the device was 

exposed to mismatched miRNA with a high concentration of 

1 nM (Table S1). These results indicate that the fabricated 

ssDNA-IGZO FET biosensors exhibit high selectivity toward 

target miRNA-21 over mismatched RNA chains.  

The real-time detection was also performed to determine 

the sensitivity of ssDNA-IGZO FET biosensors (Fig. 2f). 

Specifically, a series of miRNA-21 with different 

concentrations was injected onto the surface of ssDNA-IGZO 

FET biosensors at a fixed rate of 0.1 mL min–1. The Id 

gradually decreases with continuously injecting of miRNA-

21. Particularly, when the solution containing 10–16 M 

miRNA-21 was initially injected, the current decreased by 7.2 

μA, which is in highly agreement with the current variation 

depicted in Fig. 2c. With the increase of the concentration of 

miRNA-21, the current response decreases due to gradually 

saturation of hybridized miRNA-21. The fast response speed 

and high sensitivity of the ssDNA-IGZO FET biosensors 

provide the possibility for its application in real-time 

biomarker analysis. The biosensing experiments clearly 

demonstrate that the ssDNA-IGZO FET with excellent 

electronic performance could be utilized as high sensitivity 

and selectivity biosensors for the detection of bladder cancer 

biomarkers in complex body fluid environment. 

To investigate the applicability of IGZO FET biosensors in 

real environments, we detected miRNA-21 that is extracted 

from human urine samples (Fig. S6). As depicted in Fig. 3a, 

the current variation of bladder cancer patient samples is 

significantly higher than that of healthy donors. In order to 

give a clear comparison, we tested urine samples from 

different individuals (6 bladder cancer patients and 6 healthy 

donors, respectively) and then calculated the quantity of  



 

Fig. 3 Detection of human urine samples with ssDNA-IGZO FET biosensors. (a) Transfer characteristics of ssDNA-IGZO FET 

biosensors in response to miRNA-21 in human urine samples of bladder cancer patients and healthy donors at Vd = 0.1 V. (b) Evaluation 

of miRNA-21 expression quantity in 6 bladder cancer patients (denoted as B1, B2, B3, B4, B5, B6) and 6 healthy donors (denoted as 

H1, H2, H3, H4, H5, H6) with ssDNA-IGZO FET biosensors. The error bars represent the standard deviations of three measurements. 

(c) Statistical analysis of miRNA-21 quantity to differentiate bladder cancer patients and healthy donors. 

miRNA-21 based on the linear curve of ΔI/Io versus miRNA 

21 concentration (Fig. 3b and Fig. 3c). From the calculated 

results, it can be concluded that the expression level of 

miRNA-21 in bladder cancer patient samples is much higher 

than that of healthy donors, which is in accordance with 

upregulated expression theory reported in literature [32]. 

These results also clearly indicate that the device could 

effectively differentiate urine samples between bladder 

cancer patients and healthy donors. Additionally, the ssDNA-

IGZO FET biosensors exhibit excellent reproducibility in 

eight parallel detections of a same urine sample (Fig. S7). 

With the ability to detect low abundance miRNA-21 in human 

urine samples, the IGZO FET biosensors are expected to 

detect various kinds of biomolecules or cells in complex 

environment by functionalizing the corresponding probe 

molecules on the biosensors. 

In conclusion, we developed IGZO FET biosensors with 

high sensitivity and selectivity to detect trace miRNA in 

human urine samples. The excellent electrical properties of 

IGZO FET and the uniform IGZO over large-area enable the 

high sensitivity and reproducibility of IGZO biosensors. 

Functionalized modification of specific ssDNA probes 

endows IGZO FET biosensors with high selectivity for real-

time quantification of miRNA-21 with a detection limit of 

19.8 aM. Particularly, our designed ssDNA-IGZO FET 

biosensors realize the ultra-sensitive detection of miRNA-21 

extracted from human urine and could effectively 

differentiate urine samples between bladder cancer patients 

and healthy donors. The development of high stability IGZO 

FET biosensors opens new opportunities for reliable and 

efficient diagnosis of early-stage bladder cancer. 
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