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ABSTRACT: Portable point-of-care testing (POCT) is currently drawing
enormous attention owing to its great potential for disease diagnosis and
personal health management. Electrochemical biosensors, with the intrinsic
advantages of cost-effectiveness, fast response, ease of miniaturization, and
integration, are considered as one of the most promising candidates for
POCT application. However, the clinical application of electrochemical
biosensors-based POCT is hindered by the decreased detection sensitivity
due to the low abundance of disease-relevant biomolecules in extremely
complex biological samples. Herein, we construct a flexible electrochemical
biosensor based on single-stranded DNA functionalized single-walled carbon
nanotubes (ssDNA-SWNTs) for high sensitivity and stability detection of
miRNA-21 in human urine to achieve bladder cancer (BCa) diagnosis and
classification. The ssDNA-SWNT electrodes with a 2D interconnected network structure exhibit a high electrical conductivity, thus
enabling the ultrasensitive detection of miRNA-21 with a detection limit of 3.0 fM. Additionally, the intrinsic flexibility of ssDNA-
SWNT electrodes endows the biosensors with the capability to achieve high stability detection of miRNA-21 even under large
bending deformations. In a cohort of 40 BCa patients at stages I−III and 44 negative control samples, the constructed ssDNA-
SWNT biosensors could detect BCa with a 92.5% sensitivity, an 88.6% specificity, and classify the cancer stages with an overall
accuracy of 81.0%. Additionally, the flexible ssDNA-SWNT biosensors could also be utilized for treatment efficiency assessment and
cancer recurrence monitoring. Owing to their excellent sensitivity and stability, the designed flexible ssDNA-SWNT biosensors in
this work propose a strategy to realize point-of-care detection of complex clinical samples to achieve personalized healthcare.

With the ability to realize rapid and low-cost detection of
biological samples, portable point-of-care testing

(POCT) has attracted enormous interest in the future
evolution of personal healthcare and the achievement of
health management in resource-limited settings.1−4 Typically, a
POCT device lies on the integration of circuit and microfluidic
technologies with a biosensor that could detect target
biomolecules and export thermal, optical, or electrical
signals.5−12 Electrochemical biosensors could convert chemical
and biological molecules information into readable electrical
signals through the interaction between electrodes and
analytes. Owing to their intrinsic advantages of cost-
effectiveness, fast response, ease of miniaturization, and
integration, electrochemical biosensors show great potential
in POCT applications.13−15 However, the clinical POCT
applications of electrochemical biosensors are hindered by the
decreased detection sensitivity and reliability in extremely
complex biological samples with low-abundance target
biomolecules.16,17 Consequently, the development of electro-
chemical biosensors with high sensitivity and stability is of
great significance for clinical POCT applications.18−20

As the key element of electrochemical biosensors, the
sensing electrode that was directly in contact with target
biomolecules plays key roles in determining the detection

sensitivity and stability.21−23 The sensing electrodes with high
electrical conductivity and mechanical flexibility could enable
efficient and stable electrochemical signal conduction even
under mechanical deformations, thus ensuring detection
sensitivity and stability.24−26 One-dimensional (1D) nano-
structures, such as nanowires and nanotubes, are supposed to
offer straightforward nanochannels for fast electron transport,
promising their excellent electrical conductivity.27,28 Besides,
1D nanostructures could be cross-linked into two-dimensional
(2D) network structured electrodes with low contact
resistance, thus offering an electrical conduction pathway to
achieve high sensitivity in clinical POCT applications.29,30

More importantly, the interconnected network structure could
transfer loading strain effectively under large bending
deformation to ensure the mechanical integrity and electrical
conductivity of the whole structure.31,32 In this regard, 2D
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flexible network structured electrodes that were cross-linked by
conductive 1D nanowires might offer a pathway to achieve
high sensitivity and stability point-of-care detection of complex
clinical biological samples.
Here, we construct a flexible ssDNA-SWNT electrochemical

biosensor for high sensitivity and stability detection of cancer-
relevant miRNA-21 in human urine samples to achieve bladder
cancer (BCa) diagnosis and classification (Scheme 1). The 2D

interconnected network structured ssDNA-SWNT electrodes
with excellent conductivity enable the ultra-sensitive detection
of miRNA-21 with a detection limit of 3.0 fM. Additionally, the
intrinsic flexibility of ssDNA-SWNT electrodes can help
maintain the electrical conductivity of the 2D interconnected
network structure, ensuring the high stability detection of
miRNA-21 even when the electrode was exposed to large
bending deformations. The excellent detection reproducibility
promises the potential of flexible electrochemical electrodes in
POCT applications. Because urinary miRNA-21 is closely
related to the progression and metastasis of BCa,33 the
relationship between urinary miRNA-21 levels and the status
of BCa was investigated with the ssDNA-SWNT electrodes. In
a cohort of 40 BCa patients at stages I−III and 44 negative
control samples, the constructed ssDNA-SWNT biosensors
could detect BCa with a 92.5% sensitivity, an 88.6% specificity,
and classify the cancer stages with an overall accuracy (ACC)
of 81.0%. With excellent detection sensitivity and stability, the
ssDNA-SWNT biosensors can be adopted for treatment
efficiency assessment. Overall, the design of flexible network
structured ssDNA-SWNT electrochemical biosensors offers
efficient strategies for point-of-care detection of complex
clinical biological samples to achieve personalized diagnosis
and surgical management.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Ethanol, acetone, hydrogen

peroxide (H2O2, 30%), concentrated nitric acid (HNO3, 65−
68%), N-hydroxy succinimide (NHS, 98%), and 1-ethyl-(3-
dimethylamino-propyl) carbodiimide hydrochloride (EDC,
98%) were purchased from Sinopharm Chemical Reagent
Co. Ltd. Dimethylbenzene (C8H10), ferrocene (C10H10Fe),
sublimated sulfur (S, 99.99%), methylene blue (MB), urea
(CH4N2O), uric acid (C5H4N4O3), glucose (C6H12O6),
ascorbic acid (C6H8O6), and 2-(N-morpholine) ethyl sulfonic
acid buffer solution (MES, 500 mM, pH = 6.1) were obtained
from Aladdin (Shanghai, China). Polyvinyl chloride (PVC)
tapes (thickness, 0.15 mm) were purchased from Junye
Adhesive Tape Technology Co., Ltd. (Shenzhen, China).

The phosphate-buffered saline (PBS, 50 mM, pH = 7.4) was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd. All
reagents were used without further purification. Deionized
water (resistivity of 18.25 mΩ) was used throughout all the
experiments. All the nucleotides were purchased from Sangon
Biotechnology (Shanghai, China), and the corresponding
sequences are listed in Table S1.
Apparatus and Characterizations. The morphology and

microstructures of the SWNT electrodes were characterized by
a high-resolution field emission scanning electron microscope
(FEI Verios 460, America) and transmission electron
microscopy (TEM) (JEOL, JEM-2100, Japan). Atomic force
microscopy (AFM) (Park nx10, Korea) was used to character-
ize the surface and thickness of the ssDNA-SWNT electrodes.
The attenuated total reflection Fourier transform infrared
(ATR−FTIR) analysis was performed on a Bruker PMA 50
infrared spectrometer. The laser confocal Raman spectra of the
SWNTs and ssDNA-SWNT electrodes were collected by a
Renishaw inVia-Plus Raman microscope with excitation at 532
nm. The hydrophilic/hydrophobic of SWNT-based electrodes
was measured using the contact angle OCA20 (Dataphysics,
Germany). The pattern of electrode arrays was etched by a
plasma cleaner (JSVAC-P200, China). A laser engraving
machine (JL-K3020, China) equipped with a 50 W CO2
laser was used for cutting user-designed PVC tape patterns.
Cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopic (EIS)
measurements were performed by a CHI660E electrochemical
workstation (Chenhua, Shanghai, China).
Synthesis of SWNT Membranes. SWNT membranes

were synthesized by an atmospheric pressure chemical vapor
deposition approach with the mixture solution of dimethyl-
benzene (1 mL) as precursor and ferrocene/sulfur (0.045/
0.001 g) as catalysts according to previous reports.34 H2O2
(30%) and concentrated HNO3 were used to purify SWNT
membranes to remove the impurities. In order to introduce
carboxyl groups, SWNT membranes were immersed in
concentrated HNO3 and acidified for 72 h at 25 °C. The
prepared SWNT membranes were cleaned with deionized
water three times for subsequent use.
Preparation of Flexible SWNT Electrodes. The flexible

SWNT electrode arrays were obtained by oxygen plasma
etching of the SWNT membrane with the assistance of the
PVC template. Specifically, a PVC template with electrode
patterns was designed and fabricated by a laser-etching
technique. The PVC template was then fixed on the surface
of SWNT membranes. Subsequently, an O2 plasma etching
treatment (100 W, 40 Pa) was performed for 20 min to
remove the exposed SWNTs to obtain SWNT electrodes
arrays. Then, Ag/AgCl ink was applied to one of the SWNT
electrodes to serve as the reference electrode. Consequently,
the electrochemical electrodes with SWNTs as working and
counter electrodes, and Ag/AgCl ink-coated SWNTs as
reference electrodes were obtained.
Preparation of ssDNA-SWNT Electrodes. In order to

obtain ssDNA-SWNT electrodes, ssDNA was introduced onto
the SWNT electrodes. Briefly, the SWNT working electrode
was exposed to a mixture solution including 5.0 mL of
deionized water, 1.0 mL of 500 mM MES buffer solution, 2.0
mL of 50 mg/mL NHS aqueous solution, and 2.0 mL of 50
mg/mL EDC solution for 30 min at room temperature to
activate carboxyl groups on the SWNT surface. Then, the
SWNT electrodes were incubated with 1 × 10−5 M ssDNA in

Scheme 1. Schematic Illustration of ssDNA-SWNT
Biosensors for the Detection of BCa-Relevant miRNA-21 in
Human Urine to Achieve BCa Classification
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1.0 mL of PBS buffer for 1 h at 35 °C. ssDNA-SWNT
electrodes were finally obtained after being cleaned by PBS
buffer three times.
miRNA-21 Measurements. To achieve the detection of

miRNA-21 molecules, the ssDNA-SWNT electrodes were
exposed to a series of miRNA-21 solutions with different
concentrations and incubated at 35 °C for 30 min to fully
hybridize miRNA-21 with ssDNA. MB, a typical hybridization
indicator, was used as the signal label to examine the
hybridization degree of nucleotides. Specifically, the electrodes
were immersed into 2 × 10−5 mol/L MB solution and
incubated for 5 min to load the redox tag MB. The
electrochemical response of ssDNA-SWNT electrodes toward
miRNA-21 was measured by DPV with a step increment of 5
mV, an amplitude of 50 mV, and a pulse period from −0.6 to 0
V (vs Ag/AgCl). The recovery of the electrodes was measured
by adding different amounts of miRNA-21 into the human
urine and recording the corresponding electrochemical
response performance.
Clinical Samples Analysis. 50 human urine samples from

BCa patients (40 for the identification of BCa stages, 10 for the
monitoring of BCa status before and after surgical treatment),
14 from prostate cancer (PCa) patients and 6 from cystitis
patients were provided by Union Hospital of Wuhan and
Renmin Hospital of Wuhan University, and 30 human urine
samples from healthy volunteers were collected from the
College of Chemistry and Molecular Sciences of Wuhan
University. All participants sign in the informed consent before
being involved in this study. All procedures performed in this
study involving human participants were in accordance with
the ethical standards of the institutional and/or national
research committee. For the analysis of clinical samples,
miRNA-21 in human urine samples was extracted using a
typical extraction kit for liquid samples (Genebetter R214-50,
China). The extracted miRNA-21 was diluted 40 times in PBS
for electrochemical measurements. Receiver operating charac-
teristic (ROC) curves were constructed for miRNA-21.
Sensitivity describes the probability of the positive test result
when cancer was detected (true positive rate). Specificity
describes the probability of the negative test result when cancer
was not detected (true negative rate). ACC describes the

overall probability that an individual was classified correctly.
The 95% confidence intervals (CIs) were calculated with a
binomial distribution.35

■ RESULTS AND DISCUSSION
Fabrication and Characterization of Flexible SWNT

Electrodes. To achieve high sensitivity and stability detection
of miRNA-21 in human urine samples, the flexible SWNT
electrochemical electrodes were first fabricated as schematically
illustrated in Figure 1a. Briefly, the CVD grown SWNT
membrane was transferred onto a flexible substrate to serve as
the starting material. A user-defined pattern, cut by the laser
engraving technique on a PVC tape, was then attached to the
surface of the SWNTs membrane. Subsequently, an O2 plasma
process was applied to remove the exposed SWNTs and
patterned SWNT electrodes were obtained. The SWNT-based
electrochemical electrodes were fabricated after coating Ag/
AgCl ink onto one of the SWNT electrode surfaces to serve as
the reference electrode. The flexible ssDNA-SWNT electrodes
could be readily scaled up because there is no fundamental
limitation in fabricating a large-area uniform SWNT
membrane. As shown in Figure 1b, the SWNT-based
electrochemical electrodes with three electrodes including a
reference electrode, a working electrode, and a counter
electrode were fabricated. The SWNT-based electrochemical
electrodes could sustain large bending deformations without
compromising the structural integrity, indicating that the
SWNT electrodes exhibit excellent mechanical flexibility
(Figure 1c). Scanning electron microscopy (SEM) and TEM
characterizations were utilized to investigate the morphology
and structure of the fabricated SWNT electrodes. As shown in
Figures 1d and S1, the SEM and TEM images of the SWNT
electrode clearly reveal the 2D porous interconnected network
structure that is woven by 1D SWNTs. The above results
demonstrate that flexible network structured SWNT electrodes
cross-linked with conductive 1D SWNTs were successfully
fabricated.
Fabrication and Characterization of ssDNA-SWNT

Biosensors. To fabricate ssDNA-SWNT electrochemical
biosensors, the recognition molecules ssDNA with the
capability to identify target miRNA-21 in human urine samples

Figure 1. Fabrication and characterization of SWNT electrodes. (a) Schematic illustration of the fabrication process of flexible SWNT-based
electrochemical electrodes. (b) Photograph of the SWNT-based electrochemical electrodes. (c) Optical image of the SWNT-based electrochemical
electrodes under bending deformations. (d) SEM image of the SWNT electrodes.
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were functionalized on the working electrode of flexible
SWNT-based electrochemical electrodes. As schematically
illustrated in Figure 2a, the SWNT working electrode was
first treated with concentrated HNO3 to introduce carboxyl
groups on the SWNT surface. Then, amine-terminated ssDNA,
to identify miRNA-21, was conjugated with carboxyl groups on
the SWNT working electrodes through the formation of amide
bonds. To investigate the conjugation efficiency of ssDNA on
the SWNT working electrode, ATR−FTIR spectroscopy was
performed. As shown in Figure 2b, the peak of the anti-
symmetric phosphate backbone (νas PO4−) ascribed to ssDNA
appears at 1182 cm−1 in the spectra of ssDNA-SWNTs. In
addition, the presence of peaks at 1530 and 1620 cm−1

assigned to amide II and amide I indicate the formation of
amide bonds after ssDNA modification.36,37 These results
suggest that ssDNA probes were successfully functionalized on
the SWNT working electrode. The hydrophobic/hydrophilic
characters of the SWNT working electrode were evaluated
with contact angle measurements. As shown in Figure 2c, the
ssDNA-SWNT and SWNT electrodes exhibit average contact
angles of 79.3 and 128.4°, respectively, suggesting that the

attachment of ssDNA enables the SWNTs to be hydrophilic.
The hydrophilic characters of the ssDNA-SWNT electrodes
would facilitate the efficient detection of biomolecules in a
liquid environment.38 After the modification of ssDNA, the
SWNT working electrodes exhibit an average thickness of 75
nm, as shown in the AFM height profile (Figure S2).
Moreover, the SWNT working electrodes maintain the porous
network structure well after conjugation with ssDNA (Figure
S3). The Raman spectra of ssDNA-SWNT electrodes in Figure
S4 shows negligible peak shifts compared with bare SWNT
electrodes, indicating that the intrinsic structure of SWNTs
retains after ssDNA modification.39 The above structure
characterizations of the ssDNA-SWNT working electrodes
demonstrate that the network structure of SWNTs electrodes
was well maintained after ssDNA immobilization.
Electrochemical Characterization of ssDNA-SWNT

Electrodes. The electrochemical performance of ssDNA-
SWNT electrodes was evaluated by CV in the presence of 5
mM ferrocyanide/ferricyanide ([Fe(CN)6]4−/[Fe(CN)6]3−).
The scan rate was fixed at 50 mV/s. As shown in Figure 3a,
compared to bare SWNT electrodes, the flexible ssDNA-

Figure 2. Fabrication and characterization of ssDNA-SWNT biosensors. (a) Schematic illustration of the fabrication process of ssDNA-SWNT
working electrodes. (b) ATR−FTIR spectra of the flexible ssDNA-SWNTs (blue) and bare SWNTs (red) electrodes. (c) Contact angles of flexible
ssDNA-SWNTs and SWNT electrodes.

Figure 3. Electrochemical characterization of ssDNA-SWNT electrodes. (a) CV and (b) EIS curves of the ssDNA-SWNT (blue) and SWNT (red)
electrodes.
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SWNT electrodes exhibit a decreased peak current, which can
be attributed to electrostatic repulsion between negatively
charged ssDNA and [Fe(CN)6]3−.40 In addition, EIS was
performed to track the changes in the charge transfer resistance
(Rct) of the ssDNA-SWNT electrodes. As shown in Figure 3b,
the flexible ssDNA-SWNT electrode exhibits an enlarged
diameter compared with that of bare SWNT electrodes in the
high-frequency region, indicating that the Rct of SWNT
electrodes was increased after the modification of ssDNA.
The electrical conductivity of the flexible ssDNA-SWNT
electrodes plays a critical role in the signal conduction of
electrochemical biosensors.41 As shown in Figure S5, it can be
calculated that the absolute value of the slope of the current−
voltage (I−V) curve is 25.4 mA/V. Accordingly, the
conductivity of the flexible ssDNA-SWNT electrode was
calculated to be 3.1 × 105 S/m, which is superior to previously
reported electrodes such as indium tin oxide (1.9 × 104 S/
m),42 graphene (5.5 × 104 S/m),43 and inorganic graphene
analogues (5.0 × 102 S/m).44 With excellent electrical
conductivity, the fabricated ssDNA-SWNT electrodes are
promising for the highly sensitive detection of miRNA-21.

Detection of miRNA-21. The occurrence and develop-
ment of BCa are associated with miRNA-21 in human
urine.45−48 The capability of flexible ssDNA-SWNT biosensors
for miRNA-21 identification was investigated as schematically
illustrated in Figure 4a. To be specific, the miRNA-21 targets
could be hybridized with the complementary ssDNA on the
SWNTs via the formation of Hoogsteen base pairs. MB was
adopted as redox tags to examine the hybridization degree of
nucleotides. In the presence of miRNA-21 targets, the
interaction between the redox tag MB and the flexible
ssDNA-SWNT electrode weakened owing to the reduced
exposed bases in ssDNA, resulting in a decrease in the
response current of MB on the electrode, thus realizing the
detection of miRNA-21 (Figure S6).49 Before the miRNA-21
measurements, the measurement conditions including hybrid-
ization time, hybridization temperature and concentration of
MB were optimized (Figure S7). Under the optimized
conditions, DPV measurements were carried out with the
constructed flexible ssDNA-SWNT electrochemical biosensors.
As displayed in Figure 4b, the current signal intensity decreases
with the increase of miRNA-21 concentration. Meanwhile, the

Figure 4. miRNA-21 detection performance evaluation. (a) Schematic illustration of the detection of miRNA-21 with flexible ssDNA-SWNT
biosensors. (b) DPV curves of flexible ssDNA-SWNT biosensors toward different concentrations of miRNA-21. (c) Calibration curve of flexible
ssDNA-SWNT biosensors for miRNA-21. (d) Current responses of flexible ssDNA-SWNT biosensors toward target miRNA-21 and interfering
molecules including SM miR-21, DM miR-21, TM miR-21, miRNA-15, and miRNA-16. (e) Current intensity of flexible ssDNA-SWNT biosensors
for miRNA-21 under different bending deformations.
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linear relationship between the current signal intensity and the
logarithmic of miRNA-21 concentration indicates that the
dynamic range is 10−14 to 10−9 M (Figure 4c). Specifically, the
linear regression equation could be expressed as follows: ΔI/I0
= 0.0608 log c + 0.8849, with a correlation-coefficient value R2

of 0.9997. The detection limit is calculated to be 3.0 fM (limit
of detection (LOD) = 3 Sb/m, Sb represents the standard
deviation of blank signals, m represents the slope of the fitted
curve), and this value is particularly lower than the miRNA-21
level (∼pM) in BCa patients. To evaluate the detection
performance of flexible ssDNA-SWNT biosensors, the
detection limit was compared with previously reported
biosensors (Table S2). It can be seen that the flexible
ssDNA-SWNT biosensors in our work show excellent
sensitivity with an extremely low LOD of 3.0 fM compared
with previously reported luminescence and electrochemical
biosensors for miRNA-21 detection.
Considering the complexity of biological samples, the

selectivity of ssDNA-SWNT biosensors was investigated. To
be specific, SM miR-21, DM miR-21, TM miR-21, miRNA-15,
and miRNA-16 were chosen as the interfering molecules. As
shown in Figures 4d and S8, the interfering molecules with a
concentration of 10−9 M all show considerable low electro-
chemical current responses compared with that of target
miRNA-21, suggesting that the flexible ssDNA-SWNT
biosensors exhibit high selectivity for target miRNA-21 over
mismatched sequences. Besides, the electrochemical response
of ssDNA-SWNT biosensors toward interfering molecules
such as carbamide, uric acid, glucose, and ascorbic acid in
complex urine environments is negligible, further demonstrat-
ing the excellent selectivity of flexible ssDNA-SWNT
biosensors for miRNA-21 detection (Figure S9).

To assess the reliability of the ssDNA-SWNT biosensors for
miRNA-21 identification, the detection stability, reproduci-
bility, and recovery were investigated. As shown in Figure 4e,
the electrochemical response of flexible ssDNA-SWNT
biosensors toward miRNA-21 remains stable after bending at
different angles, which can be ascribed to the porous
networked structure of the flexible ssDNA-SWNT biosensors.
Also, after storage for different time intervals, the ssDNA-
SWNT biosensors maintain a relatively stable electrochemical
response, further proving the excellent stability of the
biosensors (Figure S10). These results validate that the
constructed flexible ssDNA-SWNT biosensors exhibit excellent
detection stability, and this feature could satisfy the require-
ments of portable, wearable, remote, and timely detection
characteristics in practical POCT applications. The reprodu-
cibility was investigated by testing a same miRNA-21 sample
with five ssDNA-SWNT biosensors. As shown in Figure S11,
the standard deviation of five parallel tests is 4.63%, suggesting
that the ssDNA-SWNT biosensors exhibit excellent detection
reproducibility. The recovery investigations were performed by
adding a series of miRNA-21 with concentrations of 0.1, 1, 10,
100, and 1000 pM into human urine samples to estimate the
potential of flexible ssDNA-SWNT biosensors for miRNA-21
detection in real samples (Figure S12). The measured recovery
rate varies between 95.6 and 107.0% (Table S3). The above
investigations indicate that the flexible ssDNA-SWNT
biosensors show great potential for miRNA-21 detection in
practical biological samples.
Clinical Samples Measurements and Cancer Classi-

fications. Urinary miRNA-21 plays a crucial role in the
development, progression, and metastasis of BCa, and it shows
an upregulated expression in the urine of BCa patients.50,51

Figure 5. Analysis of urinary miRNA-21 levels in clinical samples. (a) DPV curves of flexible ssDNA-SWNT biosensors toward human urine
samples from healthy individuals and BCa patients at stages I, II, and III. (b) Calculated miRNA-21 concentration of human urine samples from
healthy individuals, PCa patients, and BCa patients at stages I, II, and III. (c) Heat map of miRNA-21 profiles in a cohort [n = 50; i.e., 30 for BCa
patients at stages I, II, and III (10 per cancer stage), 10 for PCa patients, and 10 for healthy individuals]. (d) ROC curve of the flexible ssDNA-
SWNT biosensors in differentiating negative control samples and BCa patients. (e) Confusion matrix summarizing the cancer classification results
in a validation cohort. (f) Measured miRNA-21 concentration before and after surgical treatment with flexible ssDNA-SWNT biosensors.
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Therefore, the detection of urinary miRNA-21 level is crucial
for the pathological evaluation and prognosis monitoring of
BCa. To investigate the clinical application potential of flexible
ssDNA-SWNT biosensors, human urine samples from 40 BCa
patients at stages I−III and 44 negative control samples
(including 30 from healthy individuals and 14 from PCa
patients) were collected and investigated (Tables S4−S7). As
shown in Figure 5a, the electrochemical response of flexible
ssDNA-SWNT biosensors differs among BCa patients and
healthy individuals, demonstrating that the flexible ssDNA-
SWNT biosensors could be utilized to identify miRNA-21 in
human urine samples. The whole detection process for clinical
urine samples just needs 20 min. Based on the electrochemical
response and the calibrated response curves in Figure 4c, the
concentration of miRNA-21 in human urine samples was
calculated and summarized in Figure 5b and Table S8. As
shown in Figure 5b, the average concentration of urinary
miRNA-21 is higher in BCa patients than in negative control
samples. Because the clinical symptoms of PCa and BCa are
similar, the urinary miRNA-21 in the corresponding human
urine samples measured by ssDNA-SWNT biosensors is also
plotted in Figure 5b. It can be observed that the urine samples
in BCa patients show an obviously increased miRNA-21 level
compared with that of PCa, suggesting that ssDNA-SWNT
biosensors could achieve preliminary differentiation between
PCa and BCa. The reason lies in the fact that the bladder
tumor cells were directly in contact with urine and the bladder
tumor relevant biomarkers could be released into urine
pathologically, while the prostate tumor cells were blocked
by urethral mucosa and early PCa is generally difficult to break
through the urethral mucosa to release biomarkers into urine.
As PCa progresses, locally advanced PCa is aggressive and
destructive to urethral mucosa, and PCa relevant biomarkers
would be released into urine. The ssDNA-SWNT biosensors
could not distinguish between cystitis patients and BCa
patients well due to the difficulty in accurately identifying
different diseases with a single biomarker (Figure S13).50,52

From Figure 5c, it can be observed that the miRNA-21
concentration increases with the BCa stages, which is
consistent with the upregulated expression theory of
BCa.45,50 This result suggests that the flexible ssDNA-SWNT
biosensors might be utilized to give a discrimination. To clearly
investigate the differentiation capability of the flexible ssDNA-
SWNT biosensors, the ROC analysis was performed (Figure
5d). A cutoff value (15.00 ng/mL) that could maximize the
detection sensitivity and specificity was exploited for the
differentiation of BCa and negative controls. As indicated in
Figure 5d, the flexible ssDNA-SWNT biosensors show a
sensitivity of 92.5%, a specificity of 88.6%, an ACC of 90.5%,
and an area under the curve of 0.965 for BCa versus control.
The ACC of 90.5% is much higher than that of 62.5%
measured with the clinical fluorescent in situ hybridization
(FISH) technique (Table S9). Subsequently, the cancer stages
classification results were summarized into a confusion matrix.
As shown in Figure 5e, 82.4, 61.5, and 70.0% of stages I, II, and
III BCa could be accurately identified and an overall ACC of
81.0% (95% CI: 76.7−85.3%) was obtained for cancer stages
classification. It is worth mentioning that the higher
identification ACC for stage I BCa compared to stage II and
stage III BCa is due to the fact that the miRNA-21 expression
level is significantly improved in BCa patients compared with
that of negative controls, while the miRNA-21 levels between
different cancer stages overlapped to some extent. The above

results validate that the constructed flexible ssDNA-SWNT
biosensors show the capability for cancer staging.
BCa is a type of cancer with a high recurrence rate after

surgical treatment.53−55 Hence, the monitoring of BCa patients
is of vital importance to improve the survival rate.56 The
monitoring of BCa associated miRNA-21 in human urine
samples might offer a pathway to achieve BCa prognosis. In
this regard, the response performance of flexible ssDNA-
SWNT biosensors toward urine samples from BCa patients
before and after surgical treatment was investigated (Table
S10). As shown in Figures 5f and S14, the concentration of
miRNA-21 of all the investigated BCa patients obviously
decreases after surgical treatment compared with that of before
surgical treatment (P < 0.05, paired two-sided t-test). This
result indicates that the flexible ssDNA-SWNT biosensors
could provide an efficient strategy for treatment efficiency
assessment and cancer recurrence monitoring. The flexible,
portable, and highly sensitive ssDNA-SWNT biosensor design
strategies in this work provide insights for practical POCT
applications to achieve the prediction, diagnosis, monitoring,
and staging of cancer.

■ CONCLUSIONS
In summary, a flexible ssDNA-SWNT electrochemical
biosensor was established for high sensitivity and stability
miRNA-21 detection in complex clinical urine samples to
achieve BCa diagnosis and classifications. Owing to the 2D
interconnected network structure with high electrical con-
ductivity and flexibility, the ssDNA-SWNT biosensors enable
the highly sensitive and stable detection of miRNA-21 even
under large bending deformations. A detection limit of 3.0 fM
and a wide linear range from 10−14 to 10−9 M were achieved
with the flexible ssDNA-SWNT biosensors. Besides, the
flexible ssDNA-SWNT biosensors exhibit excellent selectivity
in the detection of miRNA-21. With excellent detection
performance, the flexible ssDNA-SWNT biosensors could
realize efficient miRNA-21 detection in complex clinical urine
samples, showing a sensitivity of 92.5%, a specificity of 88.6%,
and an ACC of 90.5% for BCa versus negative control.
Additionally, the flexible ssDNA-SWNT biosensors could
classify the cancer stages with an overall ACC of 81.0%.
Moreover, our constructed flexible ssDNA-SWNT biosensors
could also provide a way for treatment efficiency assessment
and cancer recurrence monitoring. The flexible ssDNA-SWNT
biosensors with high sensitivity offer an affordable, accessible
solution for point-of-care detection and are promising in
achieving the goal of health management and personalized
medicine.
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