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ABSTRACT: An electrochemical sensing platform for biomarker detection in complex serum samples with unique long-term
antifouling performance was constructed, based on newly designed multifunctional peptides containing anchoring, doping, linking,
and antifouling sequences. The designed peptides were first attached onto an electrode surface with the assistance of the anchoring
sequences, and the negatively charged doping sequences as dopants for conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) were then precisely doped into the electropolymerized PEDOT to form a conducting and stable substrate, leaving the
linking and antifouling sequences exposed on the PEDOT substrate surface. The linking sequence of the peptide between the doping
and antifouling parts was designed to be beneficial for enhancing the antifouling performance. After the biorecognizing probe
immobilization, the obtained biosensor was able to detect targets with a low limit of detection of 2.3 fM and high specificity in
complex biological fluids. More importantly, the electrochemical biosensor exhibited incomparable long-term antifouling
performances over previous reports and retained their antifouling capabilities for 20 days, indicating a promising feasibility of this
design strategy for the construction of biosensors and bioelectronics to be used or implanted in real biological systems.

The rapid, accurate, and specific detection of disease
markers directly in serum has promising application to

clinical diagnosis.1,2 Among the current assaying methods,
electrochemical biosensors have attracted increasing attention
due to their high sensitivity, specificity, and low cost.3,4 The
main challenge for biosensors to be used in complex biological
media is the severe nonspecific adsorption or fouling on the
sensing interfaces, which makes them passivated or even lose
selection performance.5 Great efforts have been devoted to
resolve this difficult problem. 6-Mercaptohexanol (MCH)6 or
bovine serum albumin (BSA)7 was often introduced to
biosensor interfaces as a blocking regent, respectively, to resist
the fouling effect. Unfortunately, MCH cannot resist fouling in
human blood serum, which is rich in various proteins, although
it has a certain antifouling capability to decrease single protein
adsorption.8 BSA has certain antifouling properties in serum,
but it will reduce the sensitivity of biosensors.2

Recently, poly(ethylene glycol) (PEG) and zwitterionic
materials are widely used in the fabrication of antifouling
biosensors.2,9 PEG, the “gold standard” of antifouling
polymers, has many mature commercial derivatives, which
are broadly used in sensors and electronics.4,10,11 However,
poor antioxidation ability limits their long-term application.12

More importantly, in many cases, they cannot present excellent
antifouling performance in human blood serum. Zwitterionic
materials (such as carboxybetaine, phosphorylcholine, and
sulfobetaine) have been considered as promising antifouling
materials for the next generation.13−15 They exhibited excellent
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antifouling abilities because they can form hydration shells via
ionic solvation.16,17 But the synthesis of methacrylate derivative
monomers (such as carboxybetaine methacrylate and sulfobe-
taine methacrylate) used for biosensor preparation is complex,
and their commercialized products are generally not available.
Moreover, the reaction conditions of such monomer polymer-
ization are demanding. Therefore, these defects and
deficiencies of the above antifouling materials limit their
application in the construction of low fouling biosensors.
Peptides, which are commonly used in medicine and

biotechnology,18−20 have attracted much attention due to
their unique properties (their structures contain amino and
carboxyl groups) similar to zwitterionic materials.21−24

Furthermore, due to their advantages of flexible function and
shape, easy modification and preparation, and environmental
friendliness, peptides can be designed flexibly according to
requirements.18,25,26 A series of antifouling biosensors based on
zwitterionic peptides have been reported. The sequence of
CPPPPEKEKEKE, possessing negatively charged glutamic acid
(E) and positively charged lysine (K),27 has been demon-
strated to be resistant to cell adhesion,28 human serum,8 and
even whole blood adsorption.3 The zwitterionic CRERERE
peptide sequence has shown good antifouling behaviors, and
the nonspecific adsorption of 1.0 mg mL−1 single-protein
solutions (BSA, lysozyme, and β-lactoglobulin) on its self-
assembled monolayers was below 5.0 ng cm−2 (the commonly
accepted ultralow fouling criterion).29 Recently, our group has
successively designed different peptides with the sequences of
(EESKSESKSGGGGC),30 CPPPPQNQNQNQ,31 and
(CPPPPEK2-(EK)4(EK)) (branched zwitterionic peptide),32

which exhibited excellent antifouling performances and were
successfully applied in low fouling biosensors. However, most
of these antifouling biosensors were not investigated for long-
term applications, and the continuous antifouling capabilities
of peptides32 or sensing interfaces3,8,26,30,33 in complex media
were unknown. Only very few reports about antifouling
biosensors have investigated the long-term antifouling
performances, and it turned out that the antifouling capabilities
were significantly impaired just within a few hours when the
biosensors were continuously soaked in complex biological
media-like serum.31 Therefore, it is critical to develop
biosensors with satisfying long-term antifouling properties, so
as to meet the requirements for practical applications,
especially for implantable sensors or biosensors.
Additionally, peptides are of poor conductivity,3,8 which

greatly limits their application in electrochemical sensors and
biosensors, especially for in vivo detection. The conducting
polymer poly(3,4-ethylenedioxothiophene) (PEDOT), which
is widely investigated because of its unique conductivity,
stability, and biocompatibility, has a wide range of applications
in the construction of biosensors and bioelectronics.34−36 It is
very popular to prepare nanocomposites with excellent
properties by doping PEDOT with electronegative dop-
ants.11,37 In view of this, we have designed a novel
multifunctional peptide with a sequence of CDSDSPPPPAEA-
KAEAK gathering the anchoring, doping, linking, and
antifouling segments, using one cysteine (C) as the anchor
to self-assemble the peptide onto the surface of gold
nanoparticles (AuNPs) electrodeposited on a polished glassy
carbon electrode (GCE) via a Au−S bond. The doping
sequence (DSDS) charged negatively was used as the dopant
for PEDOT electrochemical polymerization, and it can be
exactly doped into the PEDOT to form a conducting thin film,

significantly enhancing the stability and conductivity of the
substrate and enabling the antifouling sequence (AEAKAEAK)
to be exposed on the surface of the PEDOT film. The linking
sequence (PPPP) that connected the doping and the
antifouling sequences is favorable to assist the antifouling
sequence to form a dense antifouling layer.28 In this work,
microRNA 21 (miRNA-21), commonly used as a biomarker
for disease diagnosis and therapy,38 was selected as a typical
target, and its aptamer was further immobilized on the
antifouling peptide to fabricate an antifouling electrochemical
biosensor, which was capable of assaying miRNA-21 in the
serum of breast cancer patients.

■ EXPERIMENTAL SECTION
R e a g e n t s . T h e m u l t i f u n c t i o n a l p e p t i d e

(CDSDSPPPPAEAKAEAK) and the reference peptide
(CPPPPAEAKAEAK) were synthesized (purity >95%) by
Bankpeptide Biological Technology Co., Ltd. (Hefei, China),
and the chromatogram and the mass spectra data of
multifunctional peptides are shown in Figure S1 of the
Supporting Information. The lysozyme (Lys), myoglobin
(Mb), BSA, fluorescein isothiocyanate-labeled BSA (FITC-
BSA), and fluorescein diacetate (FDA) for the surface
nonspecific adsorption experiments were all purchased from
Adamas-beta Reagent (Shanghai, China). The hydrogen
tetrachloroauric (III) acid (HAuCl4·3H2O) and 3,4-ethyl-
enedioxythiophene (EDOT) monomer were purchased from
Aladdin Chemistry Co., Ltd. (Shanghai, China). The miRNA-
21, miRNA-21 aptamer, miRNA-141, let-7a, and miRNA-122
were synthesized by Sangon Co., Ltd. (Shanghai, China), and
the detailed sequences are shown in Table S1. DEPC-treated
ultrapure water (Sangon, Shanghai, China) was used for
dilution of all miRNA solution and patient serum samples.
Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from Sigma Co., Ltd. (Aldrich, St. Louis, MO, USA). Serum
samples from healthy humans and patients with breast cancer
were provided by the Eighth People’s Hospital of Qingdao
(Qingdao, China), and the informed consent for use of the
human serum was obtained. All the sample preparations were
authorized by the institutional review board of the Eighth
People’s Hospital of Qingdao and were performed in
compliance with the institutional guidelines and relevant
laws. Other reagents were analytical reagents and used without
further purification. The water with a resistivity greater than 18
MΩ cm was used throughout the experiment and purified
using a Milli-Q system (Millipore Co., Bedford, MA, USA).
Excluding the supplementary description, the default peptides
used in the experiment were multifunctional peptides.

Apparatus. All electrochemical measurements and experi-
ments were performed with a CHI 660E electrochemical
workstation (Shanghai CH Instrument Co., China) at room
temperature. A three-electrode system composed of a bare or
modified GCE as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a platinum
wire as the auxiliary electrode, was used throughout. Cyclic
voltammetry (CV) and amperometric i-t curve techniques
were used for electrodeposition of AuNPs and PEDOT,
respectively. Biosensor measurements were recorded in
phosphate buffer saline (PBS, 10.0 mM, pH 7.4) containing
5.0 mM [Fe(CN)6]

3−/4− and 0.1 M KCl by differential pulse
voltammetry (DPV), with the potential range from −0.2 to 0.6
V at an amplitude of 50 mV, a pulse period of 0.5 s, and a
potential increment of 4.0 mV.
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X-ray photoelectron spectroscopy (XPS) was performed
using a Thermo ESCALAB 250Xi spectrometer microprobe
(Thermo-VG Fisher Scientific, USA) with a monochromatic Al
Kα X-ray source (hν = 15 kV), and all spectra were
standardized by the value of the C 1s peak (284.6 eV).
Protein adsorption testing was performed by using a TCS-SP5
confocal microscope (Leica, Germany). The hydrophilic
properties of different modified surfaces were measured by
the static water contact angles using a JC2000D1 system
(Shanghai Zhongchen, China). The charges of peptides were
determined by measuring the zeta potential using a Nano-ZS
Zetasizer ZEN3600 (Malvern, Ltd., UK). Circular dichroism
(CD) spectra were recorded on a JASCO J-810 spectropo-
larimeter (Jasco Inc., Japan). In addition, a Vortex 3 shaker
(IKA, Germany) and MST-80 thermostatic incubator (Taitan,
China) were also employed to ensure homogenization of the
solutions and suitable incubation temperature.
Characterization of Designed Peptides. The charges of

the multifunctional peptide and reference peptide were
characterized by the zeta potential. The secondary structure
information of the peptide was examined using CD spectra in
the wavelength range of 190−270 nm with a step width of 0.2
nm, with subtracted buffer spectra from the peptide sample
spectra. The water contact angle was also measured to examine
the hydrophilicity of the surfaces with or without peptides.
Preparation of Antifouling Interface. The fabrication

procedure of the antifouling interface is illustrated in Scheme
1. GCE was successively polished with 1.0, 0.3, and 0.05 μm
Al2O3 slurry and ultrasonically washed with absolute alcohol
and Millipore water for 2 min, respectively. Afterward, the
GCE was immersed in 4 mL of 0.5 mmol L−1 HAuCl4 aqueous
solution containing 0.5 M KNO3 and scanned from −1.5 to 0.5
V at the scanning rate of 50 mV s−1 to electrochemically
deposit AuNPs on the GCE surface (AuNP/GCE). Multi-
functional peptides were self-assembled onto the surface of
AuNPs by soaking the AuNP/GCE in 0.14 mM peptide
aqueous solution for 12 h at room temperature, and the Pep/
AuNP/GCE was obtained after a thorough rinsing with
Millipore water. Subsequently, 7.4 mM EDOT monomers
were dissolved thoroughly in 5 mL of water by ultrasonication
and then electropolymerized onto the surface of the Pep/
AuNP/GCE via an amperometric i-t curve technique at a
potential of 1.0 V for 25 s. As a result, the PEDOT/Pep/
AuNP/GCE with an antifouling interface was prepared.
Immobilization of miRNA-21 Aptamer. Here, 10.0 μL

of 2.0 μM miRNA-21 aptamers modified with carboxyl groups
was added to 10.0 μL of 0.4 M EDC and 0.1 M NHS in PBS

(10.0 mM, pH 7.0) with continuous stirring for 30 min, and
then, the PEDOT/Pep/AuNP/GCE with antifouling peptides
on its surface was incubated in the above mixed solution for 2
h at 37 °C. After thorough rinsing with Millipore water, a
stable biosensor (Apt/PEDOT/Pep/AuNP/GCE) was ob-
tained.

Characterization of Antifouling Performance. Con-
focal laser scanning microscopy with an excitation wavelength
of 488 nm was used to test the protein absorption and cell
adhesion capability of the modified surfaces. Electrodes
modified with AuNPs but without peptides were used as
controls. The modified electrodes were incubated in 1.0 mg
mL−1 FITC-BSA solution for 24 h at 37 °C and thoroughly
rinsed with Millipore water, and then, the fluorescence images
of these electrode surfaces were characterized by confocal laser
scanning microscopy.
Similarly, for the cell adhesion test, three electrodes were

placed in an A549 cell (human lung cancer cells) culture
medium (cell density of 1 × 105 cells mL−1) and incubated in
the humidified cell incubator at 37 °C with 5% CO2 for 24 h,
respectively. Next, 0.10 mg mL−1 fresh FDA was prepared and
used to stain the active A549 cells in the dark for 5 min under
aerobic conditions and washed with Dulbecco’s phosphate
buffered saline (DPBS, Gibco). Finally, fluorescent images
were captured to monitor the adhesion of A549 cells on
electrode surfaces after FDA entering the living cells.

Detection of miRNA-21. The biosensor was incubated in
different concentrations of miRNA-21 in PBS (10.0 mM, pH
7.4) for 45 min at 37 °C, and the changes of electrochemical
signals before and after specific binding with miRNA-21 were
measured by DPV within the range from −0.2 to 0.6 V in PBS
(10.0 mM, pH 7.4) containing 5.0 mM [Fe(CN)6]

3−/4− and
0.1 M KCl. The biosensor was applied to assay targets in 10%
(V/V) serum of three breast cancer patients. The recovery
experiments were carried out to further verify the potential
application of the biosensor in real blood samples.

■ RESULTS AND DISCUSSION

Investigation of Designed Multifunctional Peptides.
It has been reported that hydrophobic interaction and charge
attraction are the key factors for the interface fouling.16,39,40

Therefore, the design of antifouling materials with hydrophilic
and electro-neutral properties may meet the requirements of
antifouling performance. The isoelectric point (PI) of the
designed multifunctional peptide (CDSDSPPPPAEAKAEAK)
is 3.97, and the zeta potential is measured as −38.1 mV (Figure

Scheme 1. Schematic Description of Preparation of Electrochemical miRNA-21 Biosensor Based on Conducting Polymer
PEDOT and Designed Multifunctional Peptide
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1A), which is negatively charged because of the presence of the
doping sequence (−DSDS−). Once the doping sequence is
electropolymerized with the conducting polymer PEDOT, the
antifouling sequence (PPPPAEAKAEAK) will be exposed on
the PEDOT surface. In order to investigate its antifouling
performance, the reference peptide (CPPPPAEAKAEAK) was
also designed and used for characterization. The PI of the
reference peptide is 7.05, and its zeta potential is very close to
0.0 mV (Figure 1A), indicating that the excellent electrical
neutrality and potential antifouling property that can avoid
nonspecific adsorption through charge attraction.
The secondary structure of the reference peptide was

assessed by CD spectroscopy. As shown in Figure 1B, a strong
negative absorption band near 205 nm and a weaker positive
absorption band near 225 nm were observed, indicating a
typical extended polyproline (P)-generated helix conformation.
This result suggested that the reference sequence is favorable
for the peptide to form an organized and dense antifouling
layer on the surface to strengthen its antifouling perform-
ance.28,31

To verify the hydrophilicity of the antifouling sequence, the
static water contact angle was measured on different surfaces.
As shown in Figure 1C, the contact angle of AuNP/GCE is
75.83 ± 1.47°, which is larger than that of the bare GCE
(54.69 ± 1.54°), indicating a hydrophobic property of the
surface. However, after the reference peptide was self-
assembled on AuNP/GCE, the water contact angle signifi-
cantly reduced to 22.94 ± 1.25°, which is consistent with the
excellent hydrophilicity of other reported peptide layers,3,32

showing promising potential antifouling capability.
Construction of Electrochemical Antifouling Biosen-

sor. To confirm the successful modification steps, XPS was
used to characterize the change of the characteristic elements
content on different modified surfaces. On the surface of Pep/
AuNP/GCE, there are two strong photoelectron signals of
AuNPs corresponding to Au 4f7/2 (84 eV) and Au 4f5/2 (88
eV),3,41 respectively (Figure S2A, inset). The signal of S 2p
(162 eV) confirmed that the multifunctional peptide was
successfully self-assembled on the AuNP/GCE surface (Figure
S2A). After the electrodeposition of PEDOT, the signal of N
2s (409 eV) significantly declined, and the signal of the S
element slightly increased (Figure S2B). The signal peak of P
2p (135 eV) appeared after the immobilization of the miRNA-
21 aptamer (a single-strand DNA with phosphate skeleton)
(Figure S2C).4,33 Hence, the element content changes of each
modification step verified the successful deposition or
attachment of AuNPs, peptide, PEDOT, and aptamer.

To further confirm the successful construction of the
biosensor, DPV was further carried out to characterize each
modification step. After AuNPs electrodeposition on the GCE,
the oxidation current signal of the [Fe(CN)6]

3−/4− probe
(Figure 2, curve b) became larger than that of the bare GCE

(Figure 2, curve a), due to the fact that AuNPs greatly increase
the surface area of the electrode and promote electron
transfer.3 The current signal declined significantly after the
self-assembly of the multifunctional peptide onto the AuNP/
GCE (Figure 2, curve c), owing to the poor conductivity and
electronegativity of the peptide, which impeded and repulsed
electron transfer of the probe. However, a remarkably
increased current signal was observed after PEDOT electro-
deposition (Figure 2, curve d), as the substrate composed of
PEDOT and a doping peptide possessed excellent con-
ductivity. Subsequently, the current signal decreased again
followed the immobilization of the miRNA-21 aptamer (Figure
2, curve e) and the specific binding of the miRNA-21 target
(Figure 2, curve f), because the aptamer and miRNA-21 with
negatively charged phosphate skeletons repel the electron
transfer of electroactive probes to the electrode surface.
Therefore, distinct current signal changes of each step indicate
the successful construction of the biosensor, and the signal
changes associated with the specific binding of targets can be
used for the detection of miRNA-21.

Effects of PEDOT Deposition Time on Antifouling
and Sensing Performances. As long as the doping
sequences of multifunctional peptides are exactly and

Figure 1. (A) Zeta potential of the multifunctional peptide and reference peptide. (B) CD spectra of 0.3 mg mL−1 reference peptide in PBS (10.0
mM, pH 7.4). (C) Contact angle images corresponding to GCE, AuNP/GCE, and Reference Pep/AuNP/GCE (from top to bottom), respectively.

Figure 2. DPV responses of different modified electrodes in PBS
(10.0 mM pH 7.4) containing 5.0 mM [Fe(CN)6]

3−/4− and 0.1 M
KCl:(a) bare GCE, (b) AuNP/GCE, (c) Pep/AuNP/GCE, (d)
PEDOT/Pep/AuNP/GCE, (e) Apt/PEDOT/Pep/AuNP/GCE, and
(f) miRNA-21/Apt/PEDOT/Pep/AuNP/GCE.
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completely doped within the electrodeposited PEDOT, the
best antifouling and sensing performance of the biosensor will
be obtained. That is, the performance of the biosensor,
especially the antifouling capability, greatly depends on the
deposition time of PEDOT, as it will control the thickness of
the deposited PEDOT film. Therefore, the effects of different
times of PEDOT deposition on the antifouling and sensing
performance of the biosensor were explored in detail, as shown
in Figure 3. When the deposition time was shorter than 25 s,
part of the negatively charged doping sequences might not be
covered by the PEDOT, and those doping sequences exposed
on the surface will allow protein adsorption due to electrostatic
interactions, leading to poor antifouling performance of the
biosensor. When the PEDOT deposition time was longer than
25 s, the antifouling property was not good either. In this case,
on one hand, part of the antifouling sequences of the
multifunctional peptides may be covered by the deposited
PEDOT, weakening the antifouling capability of the sensing
interface. On the other hand, the proline sequences may also
be covered by the PEDOT, which will reduce the helix
conformation formed by the proline sequence, resulting in a
less compact arrangement of the antifouling sequences and
thus impair the ability of antifouling.28 While at the PEDOT
deposition time of 25 s, the doping sequences were entirely
covered by the PEDOT but kept the linking proline sequences
and antifouling sequences exposed on the surface, correspond-
ing to the best antifouling performance of the biosensor.
Similarly, as shown in Figure 3B, an ideal sensing signal was
also obtained for the biosensor at the deposition time of 25 s.

Investigation of Antifouling Performance. To evaluate
the antifouling property of the PEDOT/Pep/AuNP surface,
cell attachment experiments were carried out using A549 cells.
The surfaces modified with AuNP, Pep/AuNP, and PEDOT/
Pep/AuNP were incubated in A549 cells (1 × 105 cells mL−1)
for 24 h. As shown in Figure 4A, the fluorescent image of the
AuNP-modified surface exhibited serious cell adhesion.
However, after self-assembly of a multifunctional peptide, the
fluorescence intensity observably decreased (Figure 4B),
suggesting that the designed antifouling peptide was able to
prevent the adhesion of cells. Fortunately, the antifouling
performance of the surface was further strengthened after the
electrodeposition of PEDOT (Figure 4C), and few cells were
attached to the PEDOT/Pep/AuNP surface. As PEDOT
totally neutralized the negative charges of the doping sequence
of the multifunctional peptide, leaving the antifouling sequence
exposed on the surface of PEDOT to resist cell adhesion. The
results of the FITC-BSA adsorption tests on the PEDOT/Pep/
AuNP surface (Figure S3) are consistent with those of the cell
adhesion studies, further confirming the excellent antifouling
property of the multifunctional peptide.
Additionally, the antifouling properties of different electrode

surfaces were explored using three single proteins, BSA, Mb,
and Lys, which are negative, neutral, and positive in charge,
respectively. The lower the change rate of the electrochemical
current signal is, the better the antifouling performance of the
electrode surface is. As shown in Figure S4, a clear current
change was observed on the MCH/AuNP/GCE (MCH was
used here as a reference for comparison) after incubation in
single protein solutions for 30 min, while there was only a very

Figure 3. Effects of PEDOT deposition time on the antifouling performance of the biosensor in 25% (V/V) healthy human serum (A) and sensing
response of the biosensor to 10.0 pM miRNA-21 (B). The schematic diagrams in panel (A) correspond to the PEDOT deposition times of 15, 25,
and 30 s, respectively, from left to right. Error bars represent the standard deviations of three repeated determinations.

Figure 4. Fluorescence images of cells attached on (A) AuNP-, (B) Pep/AuNP-, and (C) PEDOT/Pep/AuNP-modified surfaces. All the modified
surfaces were incubated in A549 cells for 24 h at 37 °C.
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tiny signal change on the PEDOT/Pep/AuNP/GCE, indicat-
ing outstanding antifouling performance. A similar antifouling
performance of electrode surfaces can also be seen in
experiments with a series of various concentrations of human
sera. As shown in Figure 5, the current change rate of the

PEDOT/Pep/AuNP/GCE was only 2.86% in undiluted
human serum (100%, V/V). Even more importantly, after
the miRNA-21 aptamer immobilization, the signal change rate
of the Apt/PEDOT/Pep/AuNP/GCE remained very low,
which only changed by 1.74% and 2.50% after soaking in 10%
and 25% (V/V) human sera, respectively. Relevant DPV curves
are shown in Figure S5. These results demonstrate an excellent
antifouling performance of the PEDOT surface functionalized
with the newly designed antifouling peptide sequence, even
after further immobilization of certain biorecognition elements
as biosensing probes.
The long-term antifouling property is a critical factor for

sensors,42 especially those applied for in vivo detection.43 An
assessment of the long-term antifouling performances of
different surfaces in human serum is shown in Figure 6.
After soaking in 25% (V/V) human serum for 8 h, the current
signal change rate of the MCH/AuNP/GCE was as high as
70.84%, while those of the surfaces modified with PEDOT and
multifunctional peptides (PEDOT/Pep/AuNP/GCE and Apt/
PEDOT/Pep/AuNP/GCE) only changed by 2.85% and

4.53%, respectively. This long-term antifouling result is
significantly superior to those of most of the antifouling
biosensors reported in the literatures.31,44 After soaking in
serum for 20 days, the signal of the MCH/AuNP/GCE
unexpectedly changed by about 93.14%, while those of the
PEDOT/Pep/AuNP/GCE and Apt/PEDOT/Pep/AuNP/
GCE only varied by 9.08% and 14.93%, respectively. These
results demonstrate that the PEDOT surface functionalized
with the peptides has superior stability and long-term
antifouling capability.

Detection of Target miRNA-21. To achieve the best
sensing performance of the biosensor, the incubation time for
miRNA-21 to bind with its specific aptamer was studied. As
shown in Figure S6, when the incubation time was 45 min, the
specific binding reached the equilibrium. Under the optimal
experimental conditions, an assessment of the biosensor
response to miRNA-21 with concentrations from 10.0 fM to
1.0 nM was performed (Figure S7). The linear regression
equation is ΔI = −69.55 lg (C) − 4.70, with a correlation
coefficient (R2) of 0.9962 in the concentration range from 10.0
fM to 0.1 nM. The limit of detection (LOD) was estimated as
2.3 fM (S/N = 3), which is lower than or comparable to those
of most previous reports45−52 (Table S2). Such a low LOD of
the biosensor may be ascribed to the advantages of the doping
peptide−PEDOT substrate (with excellent stability, biocom-
patibility, and conductivity) and the antifouling peptide (that is
tightly packed and exhibits outstanding antifouling property),
which provided a low noise signal for higher specific
recognition of miRNA-21.

Specificity and Reproducibility of Biosensor. The
selectivity of the biosensor was evaluated by monitoring its
exposure to different RNAs in the serum, such as miRNA-141,
miRNA-122, miRNA-223, let-7a, one and three mismatched
miRNA-21, and the mixture (Mix) of all these RNAs (Figure
S8). Even at concentrations 100 times the concentration of
miRNA-21, the signal responses of other RNAs are all
significantly lower than that of the specific target miRNA-21,
showing excellent specificity of the biosensor.
Reproducibility is a crucial criterion for the evaluation of

biosensors, and the intra-assay and interassay reproducibilities
of the developed biosensor were investigated with 1.0 pM
miRNA-21. The relative standard deviations (RSD) of the
intrabatch (Figure S9A) and interbatch (Figure S9B) are
0.54% and 1.27%, respectively (n = 5), which showed excellent
reproducibility of the biosensor based on the PEDOT and
multifunctional peptide.

Figure 5. Current signal change rates of MCH/AuNP/GCE,
PEDOT/Pep/AuNP/GCE, and Apt/PEDOT/Pep/AuNP/GCE in a
series of healthy human sera. The current signal change rate is
represented as (ΔI/I0)%, ΔI = I0 − I, where I0 and I refer to the
current signal value before and after incubation of protein. Error bars
represent the standard deviations of three repeated determinations.

Figure 6. Long-term antifouling performance of MCH/AuNP/GCE, PEDOT/Pep/AuNP/GCE, and Apt/PEDOT/Pep/AuNP/GCE in 25% (V/
V) healthy human serum for an extended period. Error bars represent the standard deviations of three repeated determinations.
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Clinical Serum Sample Analysis. To assess the potential
clinical application of the antifouling biosensor, serum samples
from three patients with breast cancer were first tested, and the
recovery experiments were further carried out with miRNA-21
in 10% (V/V) human serum (Table 1). The miRNA-21
concentration in serum samples was obtained by direct
detection with the biosensor, and the recoveries for miRNA-
21 were measured and ranged from 95.80% to 106.16%. These
results indicate the promising potential of the biosensor for
auxiliary clinical detection of cancer biomarkers based on the
newly designed antifouling peptide.

■ CONCLUSIONS
A novel and universal antifouling electrochemical sensing
platform based on the conducting polymer PEDOT and
designed peptides was developed. The multifunctional peptides
and electrodeposited PEDOT can form a stable and
conductive substrate, leaving the antifouling sequence of the
multifunctional peptide exposed on the PEDOT surface.
Compared with conventional antifouling materials, the
prepared PEDOT surface functionalized with an antifouling
peptide displayed excellent antifouling performance, out-
standing electrical conductivity, and long-term antifouling
capability. Low fouling and highly sensitive electrochemical
biosensors were easily prepared through biorecognition probe
immobilization on the antifouling peptide, and the constructed
biosensors were capable of assaying targets in complex
biological media conveniently. In short, the inspired design
of an antifouling strategy based on PEDOT and multifunc-
tional peptides provided a promising way to construct other
biosensors and bioelectronics operating in complex media,
especially for the development of implantable devices
considering the unique long-term antifouling capability.
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