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ABSTRACT: The susceptibility of peptides to proteolytic
degradation in human serum significantly hindered the potential
application of peptide-based antifouling biosensors for long-term
assaying of clinical samples. Herein, a robust antifouling biosensor
with enhanced stability was constructed based on peptides
composed of D-amino acids (D-peptide) with prominent
proteolytic resistance. The electrode was electropolymerized with
poly(3,4-ehtylenedioxythiophene) and electrodeposited with Au
nanoparticles (AuNPs), and the D-peptide was then immobilized
onto the AuNPs, and a typical antibody specific for immunoglo-
bulin M (IgM) was immobilized. Because of the effect of D-amino
acids, the D-peptide-modified electrode surface showed prominent
antifouling capability and high tolerance to enzymatic hydrolysis.
Moreover, the D-peptide-modified electrode exhibited much stronger long-term stability, as well as antifouling ability in human
serum than the electrode modified with normal peptides. The electrochemical biosensor exhibited a sensitive response to IgM
linearly within the range of 100 pg mL−1 to 1.0 μg mL−1 and a very low detection limit down to 37 pg mL−1, and it was able to detect
IgM in human serum with good accuracy. This work provided a new strategy to develop robust peptide-based biosensors to resist the
proteolytic degradation for practical application in complex clinical samples.
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Electrochemical sensors offer a potential application for
early diagnostics and medical monitoring owing to their

high sensitivity, easy processing, and low cost.1,2 The successful
practical application requires them to be long-term sustainable
to resist nonspecific adsorption availably in a complex
biological environment (such as serum, urine, saliva, etc.).3−5

However, satisfying the abilities of both antifouling and long-
time monitoring in situ via electrode surface controllable
modification remains one of the challenges.6

To this end, various physical and chemical strategies were
designed to prevent foulants from attachments based on such
mechanisms including the hydration layer, steric repulsion,
electrostatic repulsion, and surface topography.7 Although the
physical strategies based on a super-hydrophobic surface are
quite stable in aqueous environments by the entropy reduction,
such entropy-driven hydrophobic interactions are irreversible.
To solve this problem, the hydrophilic materials were used by
providing biocompatible antifouling coatings, such as poly-
ethylene glycol-based molecules,8,9 sulfobetaine,10 phosphor-
ylcholine,11 and zwitterionic peptides.12−14 Among them,
peptide-based materials have gained much attention because
of their tunable structural characteristic, biocompatibility, low

toxicity, and ease of synthesis.15 The zwitterionic peptide
flanked alternatively with positively and negatively charged
amino acid such as ER,16 EK,17 and NQ18 offers superior
surface hydration, weak binding with other proteins, and
outstanding antifouling behavior (E: glutamic; K: lysine; R:
arginine; N: aspargine; Q: glutamine). For example, the
zwitterionic peptide composed of E and K has been reported
to resist nonspecific interactions by Nowinski et al.19 and Chen
et al.20

Despite peptides’ favorable antifouling property, the activity
of proteolytic enzymes limits peptide antifouling-based electro-
chemical sensor performance in complicated environ-
ments.21−24 Therefore, the regulation measures extremely
need to improve their tolerance of antifouling coating with
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continuous long-term monitoring in vitro. Until now,
significant strategies to protect biologically active peptides
from enzymatic decomposition have been adopted to enhance
the biological stability of various peptides, such as the
conjugation of cyclization25 and the incorporation of
unnaturally prepared amino acids,26,27 such as D-amino
acid,28 2-aminoisobutric acid,29 and β-amino acid.30 Among
them, D-amino acid is an alternative approach to confer
proteolytic resistance.31 Its stability toward enzymatic degra-
dation with desired activity has progressively gained much
attention.32,33 For example, Tugyi and co-workers26 reported
that the substitutions of D-amino acid at the ends of the L-
peptide (tpTPTGTQtpt) improved the stability of the peptide
to proteolysis and prolonged the biological half-time in human
serum. Lu et al.33 also reported that the application of D-amino
acid in antimicrobial peptides displayed remarkable stability
against proteolytic degradation and mild toxicity. Hong et al.34

indicated that all D-amino acid substitutions enhanced the
activity of antimicrobial peptides in vivo despite the changed
secondary structure of peptides.
Inspired by the above information, it is possible to achieve

continuous long-term monitoring in situ by controllable
construction of a peptide-based electrochemical biosensor
with an excellent antifouling property and favorable resistance
to enzymatic decomposition. In this work, the controllable
strategies of adopting D-amino acid as the hydrophilic core
have been applied to design a linear antifouling peptide
(cppppekekekek) to support the low fouling and robust
biosensing of proteins in human serum. The D-amino acid-
based peptide (D-peptide) was further immobilized on the
AuNPs/PEDOT-modified electrode surface, and the IgM
antibody was subsequently immobilized onto the antifouling
peptide layer to construct the biosensor.17,35 Owing to the
existence of the D-peptide with a good antifouling property, the
developed electrochemical biosensors exhibited long-term
stability and high antifouling performance in human serum.

■ EXPERIMENTAL SECTION
Materials and Reagents. Synthesis of the designed peptide

cppppekekekek and the peptide CPPPPEKEKEKEK (the small letters
and capital letters stand for the D-amino acids and L-amino acids,
respectively) was accomplished by Bankpeptide Biological Technol-
ogy Co. Ltd. (Hefei, China). Human immunoglobulin M (IgM) and
IgM antibody (Ab) were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). Poly(sodium 4-styrenesulfonate) (PSS) and 3,4-
ethyl-enedloxythlophene (C6H6O2S, EDOT) were bought from
Aladdin Biochemical (Shanghai, China). N-Hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
The pure protein bovine serum albumin (BSA), myoglobin (Mb), and
lysozyme (Lys) were provided by Beijing Xinke Zhongjing
Bijotechnology Co., Ltd. (Beijing, China). Fluorescein isothiocyanate
FITC-BSA was offered by Bo Yang Hongda Technology (Beijing,
China). Other analytical chemicals were ordered from the BBI Life
Sciences Corporation (Shanghai, China). Human sera of patients and
healthy persons were donated by the Eighth People’s Hospital of
Qingdao (Qingdao, China). All clinical samples were authorized by
the hospital’s institutional review board and used according to the
laws and guidelines. Ultrapure water was produced by the Milli-Q
water purification equipment (resistivity > 18 MΩ·cm−1).
Apparatus. All electrochemical tests were conducted using CHI

660E electrochemical workstations (Shanghai CH Instrument Co.,
China) at room temperature. A classical three-electrode system
included a glassy carbon electrode (GCE, diameter of 3.0 mm) used
as the working electrode, and the saturated calomel electrode (CHI

150) and the platinum wire worked as the reference and the auxiliary
electrodes, respectively. Cyclic voltammetry (CV) was performed
with a scan rate of 100 mV·S−1, and differential pulse voltammetry
(DPV) measurements were performed in the range of −0.2 to 0.6 V,
with 50 mV amplitude. All electrochemical experiments were
performed in the 10 mM phosphate buffered saline (PBS, pH 7.4)
containing 0.1 M KCl and 5.0 mM [Fe(CN)6]

3−/4−. X-ray
photoelectron spectrometry (XPS) was performed using an
ESCALAB 250Xi spectrometer (Thermo VG Fisher Scientific,
USA). Scanning electron microscopy (SEM) for the characterization
of the modified electrode surface was performed using the SEM
instrument JEOL JSM-7500F (Hitachi High-Technology Co., Ltd.,
Japan). Circular dichroism (CD) data of the peptides were measured
using a JASCO J-810 spectropolarimeter (JASCO Inc., Japan). The
hydrophilicity of the modified surface was recorded with a JC2000D1
Instrument (Zhongchen Instrument Co., Shanghai, China). The
confocal images of protein adsorption were collected using a TCS-
SP5 confocal laser microscope (Leica, Germany). The evaluation of
zeta potential (ζ) was measured using the Zetasizer Nano-ZS
Instrument (Malvern Instruments, USA).

Characterization of D-Peptides. CD spectroscopy to reveal the
peptide’s secondary structure was performed within the range of 190−
300 nm, with 0.5 nm step resolution in peptide solutions (0.3 mg·
mL−1). Peptide charges were evaluated by zeta potential measure-
ments and the utilization of calculation method. The hydrophilic
property of peptide-grafted surfaces was characterized by measuring
the water contact angle.

Fabrication of the AuNPs/PEDOT/GCE Modified Surface.
The bare GCE was polished using Al2O3 powders (0.3 and 0.05 μm,
respectively) and washed with ultrasonication using water, ethanol,
and again water for 2−3 min, respectively. The PEDOT film was
electrodeposited on the GCE by the i−t amperometric electro-
deposition technique (with a potential of 1.0 V, 20 s) in the solution
containing EDOT (0.02 M) and PSS (2.0 mg·mL−1) according to
previous reports.36,37 The subsequent electrochemical formation of
AuNPs was performed using the CV method (−1.5 to 0.5 V, with a
scan rate of 50 mV·S−1, six segments) in 0.5 mM HAuCl4 solution
with 0.5 M KNO3.

38

Preparation of the Electrochemical Biosensor. The biosensor
construction procedure is shown in Scheme 1. The AuNPs/PEDOT/

GCE was incubated in D-peptide solution (0.2 mg·mL−1) for 12 h to
immobilize peptides onto the electrode surface. The electrode was
immersed in the fresh solution of 0.1 M NHS and 0.4 M EDC (adjust
pH to 5.5−6.0 with 0.1 M HCl) for 0.5 h. After washing with water,
the electrode was further incubated for 2 h within IgM antibody
solution (1.0 μg mL−1, in 10 mM PBS with pH 7.4). The prepared
biosensor was stored in the PBS prior to measurement.

Antifouling Performance Evaluation. The antifouling proper-
ties of different electrodes were first assessed using different single
protein solutions, such as negative BSA, positive Lys, and neutral Mb,
respectively. In addition, the antifouling evaluation was also carried
out in complex media of human serum. The DPV signal change rates
of various electrodes were recorded to assess the antifouling
performance after electrode immersion in different protein and

Scheme 1. Schematic Construction Process of the
Antifouling Biosensor
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serum samples for 0.5 h. Similarly, the long-term antifouling
performance was tested in 20% human serum.
Detection of IgM. The electrochemical biosensor was immersed

in IgM solutions or clinical samples for 60 min at ambient
temperature, and after the binding of IgM to the IgM antibody, the
biosensor was rinsed and then immersed in PBS with 5.0 mM
[Fe(CN)]3−/4− to record the DPV response. The DPV responses of
the biosensor before and after target incubation were respectively
recorded. To further assess the utilization potentiality and reliability
of the fabricated biosensor, clinical human sera were analyzed by the
prepared biosensors (considering the biosensor detection range, the
clinical human sera were carefully diluted using 10 mM PBS if
necessary), and the obtained data were then compared with those
tested with the enzyme-linked immunosorbent assay (ELISA) kits.

■ RESULTS AND DISCUSSION

■ PROPERTY INVESTIGATION OF THE DESIGNED
D-PEPTIDE

The chromatography and mass spectra of the D- and L-peptides
are demonstrated in Figures S1 and S2, which verified the
successful synthesis of the peptides. Hydrogen bonding
prevents the surface of the peptide from protein adsorption
and further resists biofouling by the formation of a steric
barrier. Ionic solvation and charge balance strengthen the
hydration of zwitterionic peptides.15 Herein, the peptide
hydration ability was revealed by water contact angle and
peptide charge calculation. As illustrated in Figure S3, the
contact angles of the GCE, the AuNPs/PEDOT, L-pep/
AuNPs/PEDOT, and D-pep/AuNPs/PEDOT-modified elec-
trodes were 65.2°, 45.6°, 24.8°, and 21.4°, respectively. These
results indicated that the D-peptide had similar strong water
binding ability compared with the L-peptide. The calculation
result is displayed in Figure S4A, and the net charge of the
designed peptide was near to zero at pH 7.0. The zeta potential
was measured in the peptide solution (Figure S4B). The zeta
potential was about 7.8 mV for the D-peptide, indicating a
slightly positive charge. The above results indicated that the D-

peptide possessed good hydrophilicity and was nearly neutral,
which is favorable for antifouling applications.
The CD results of the secondary structures of the D-peptide

and L-peptide (0.5 mg·mL−1) in water are shown in Figure 1C.
In stark contrast to the L-peptide, the CD spectrum of the D-
peptide exhibited a strong positive band at about 200 nm and a
negative band at 225 nm.19 This result indicated the formation
of a successive four-polyproline helix structure.39 The
conformation of this rigid structure has a profound effect on
the antifouling property of well-packed peptide layers.19

Investigation of the Biosensor Construction Process.
With regard to the construction of the electrochemical
biosensor, the GCE was electrodeposited with PEDOT and
AuNPs in sequence. The AuNPs/PEDOT film worked as a
conductive substrate, and it also assisted the immobilization of
the peptide. SEM images of the modified electrode surfaces
were recorded (Figure 1A). Clearly, the PEDOT electro-
deposited on the electrode possessed a rough surface, and the
AuNPs with diameters of 20∼50 nm were decorated on the
PEDOT film.
The DPV response curves of various electrodes were

measured in PBS with the redox probe [Fe(CN)6]
3−/4−, as

depicted in Figure 1B. The DPV current of the electrode
increased consecutively after the deposition of conductive
PEDOT and AuNPs, owing to their favorable electrical
conductivity and big surface area, while the peak current
decreased remarkably with the immobilization of the peptide
and the IgM antibody, as the nonconductive biomolecules
hindered the electron transfer. The peak current further
decreased with the specific binding of the IgM, and this current
change provided a useful signal for the target detection.
XPS was employed to check the element change during the

biosensor fabrication process (Figure 1D). The carbon (C),
sulfur (S), and oxygen (O) as typical elements for PEDOT
appeared at 163.88 eV (S2p), 284.68 eV (C1s), and 532.98 eV
(O1s), respectively (curve a), demonstrating the successful
electrodeposition of PEDOT.40 A new peak at 84.03 eV
corresponding to the gold nanoparticles (Au4f) was observed

Figure 1. (A)SEM images of the PEDOT (a) and AuNPs/PEDOT (b) modified electrode surfaces. Insets show the corresponding zoomed images.
(B) DPV curves of (a) bare GCE and GCEs modified with (b) PEDOT, (c) AuNPs/PEDOT, (d) D-pep/AuNPs/PEDOT, (e) Ab/D-pep/AuNPs/
PEDOT, and (f) IgM/Ab/D-pep/AuNPs/PEDOT in PBS with 5.0 mM redox probe [Fe(CN)6]

3−/4−. Inset shows the zoomed part of the Figure.
(C) CD spectra of (a) D-peptide and (b) L-peptide. (D) XPS characterization of GCE surfaces modified with (a) PEDOT, (b) AuNPs/PEDOT,
(c) D-pep/AuNPs/PEDOT, and (d) Ab/D-pep/AuNPs/PEDOT.
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for the AuNPs/PEDOT/GCE (curve b). After the self-
assembly of peptides, a characteristic element of nitrogen
(N1s) appeared at 399.71 eV41 (curve c). Furthermore, the
peak of nitrogen increased distinctly associated with the
immobilization of the IgM antibody (curve d), owing to the
abundant nitrogen element of the antibody. The XPS
characterization also confirmed the successful construction of
the biosensor.
Antifouling Performance Assessment. The antifouling

performances of different electrodes were evaluated through
the measurement of DPV responses before (I0) and after (I)
soaking in biological samples (Pure proteins: Mb with neutral
charge, Lys with positive charge and BSA with negative charge)
for half an hour. As displayed in Figure S5, the DPV peaks of
the bare GCEs sharply decreased after soaking in protein
solutions, mainly due to the adsorption of nonconductive
proteins that blocked the surface of the electrode. The D-
peptide (Figure S5A″, B″, C″) and L-peptide (Figure S5 A‴,
B‴, C‴) modified electrodes displayed outstanding antifouling
performances with less protein adsorption, owing to their
conterminal hydration of E and K amino acids with the
generation of hydrogen bonds and hydrophilic forces through
combining water molecules.42 Given the mirror image of side-
chain orientations in the enantiomeric peptides, the D-peptide
also exhibited a similar closely packed hydration layer, and the
D-peptide and L-peptide exhibited similar antifouling perform-
ances.
The peptide stability has a profound effect on its antifouling

property in a complex environment, especially in clinical
human serum because of the presence of endopeptidase and
exopeptidase, such as trypsin, chymotrypsin, aminopeptidase,
and carboxypeptidase. Compared with the L-peptide, the D-
peptide has enhanced stability because of its proteolytic
resistance.43 Herein, the contrastive antifouling assessment of
D-peptide- and L-peptide-modified electrodes was performed in
human serum, as shown in Figure 2A. Clearly, the D-peptide-
and L-peptide-modified electrodes showed no significant
differences in antifouling performance after incubation in

various human serum samples for 30 min. The signal
suppression of electrodes modified with D- and L-peptides
was only 5.7 and 6.2% after soaking in 20% sera, respectively.
Though it is reported that the introduction of D-amino acid
might lead to some changes in the peptide’s physicochemical
properties, like conformation, solubility, and stability,44 there is
no significant effect on the hydration of the amino and
carboxyl groups and the antifouling performance.
To confirm the advantage of the D-peptide to resist

enzymatic degradation, the tolerance of the peptide to
enzymolysis was investigated by assessing the antifouling
abilities of the peptide-modified electrodes after soaking in
endopeptidase and exopeptidase solutions. The electrodes
modified with the D-peptide and L-peptide were soaked in
trypsin solution (0.02 mg mL−1) for 4 h at 37 °C and then
dipped in 20% serum samples for 30 min. As depicted in
Figure 2B, after the enzymolysis treatment, the D-peptide-
modified electrode exhibited a small change in signal
suppression, but that of the electrode modified with the L-
peptide clearly increased to 9.8%, owing to the degradation of
the L-peptide and the weakened antifouling performance. The
result certified that the D-peptide exhibited predominant
hindrance to endopeptidase hydrolysis. The carboxypeptidase
Y was further used to investigate the carboxypeptidase
tolerance of the peptides (Figure 2B). Similarly, the D-
peptide-modified electrode showed a slight change after
enzymolysis for 4 h, while the L-peptide-modified electrode
exhibited a sharp increase of the signal suppression to 11.2%.
These results demonstrated that the designed D-peptide had
prominent stability in human serum on account of the
excellent resistance to endopeptidase and exopeptidase,
which is similar to previous reports.45

The antifouling performance of the peptide-modified
surfaces was further investigated with confocal images using
FITC-BSA (Figure S6). The images of the D-peptide-modified
surfaces showed no significant changes of BSA adsorption after
trypsin and carboxypeptidase Y treatments. However, owing to
enzymatic degradation, the L-peptide-modified surfaces showed
obvious enhancement in BSA adsorption (reduced antifouling
performance) after trypsin and carboxypeptidase Y treatment.
Both the electrochemical and fluorescence tests reflected that
the D-peptide exhibited enhanced stability and tolerance to
enzymolysis in biological media.
The long-term antifouling abilities of various electrodes in a

complex environment were also investigated (Figure 2C). The
electrode modified with the L-peptide showed a signal
suppression increase up to 14.4%, while the D-peptide-modified
electrode kept at 6.9% in 2 days. It is worth mentioning that
there was a continuously increasing trend for the L-peptide-
modified electrode up to 27.1%, while the signal suppression of
the D-peptide-modified electrode remained steadily less than
12.0% after 17 days, indicating a favorable long-term
antifouling performance.

Detection of IgM. IgM is of significance in primary viral
infections and bloodstream infections, and the IgM detection is
based on the interaction between IgM and its antibody with a
reaction time of 1 h.46 Under the optimized conditions (Figure
S7), the electrochemical biosensor response to IgM in 10 mM
PBS was illustrated in Figure 3A, B. Within the linear range
between 100 pg·mL−1 and 1.0 μg·mL−1, the linear equation
was obtained as ΔI (μA) = 5.03LgCIgM + 57.18 (R2 = 0.9998),
and the detection limit was 33.7 pg·mL−1 (with the S/N of 3).

Figure 2. (A) Comparison of the antifouling abilities of various
electrodes after incubation in different human serum samples for 30
min. (B) Antifouling abilities of AuNPs/PEDOT/GCE modified with
L-peptide (a) and D-peptide (b) tested in 20% serum samples, with or
without enzyme hydrolysis in 0.02 mg mL−1 trypsin or carbox-
ypeptidase Y. (C) Long-term antifouling measurements of various
electrodes tested in 20% serum samples.
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Selectivity, Stability, and Reproducibility Investiga-
tion. To evaluate the selectivity, the biosensor was used to
measure 100 ng·mL−1 target IgM, and 10 μg·mL−1 interferons
of HSA, CEA, IgG, AFP, GLO, and their mixed solution
(Figure 3C). The biosensor DPV responses to these
nonspecific proteins were considerably lower than its response
to IgM, although the concentrations of those proteins were 100
times higher than that of IgM. It is clear that this biosensor
possessed excellent selectivity.
CV scanning and DPV measurement were adopted to

investigate the biosensor stability (Figure S8). The CV peak
current of the biosensor varied slightly with 100 repeated
sweep segments (Figure S8A), and the DPV responses
remained almost unchanged within 15 days (Figure S8B).
For the reproducibility test, seven independently prepared
biosensors were used to measure IgM solutions with the same
concentration, and no significant changes in biosensor
responses were observed, with the relative standard deviation
under 7.3% (Figure S8C). These results illustrated the
prominent stability and reproducibility of the biosensor.
Analysis of Clinical Samples. The pragmatic application

of the antifouling biosensor was inspected with clinical serum
samples. In view of the high IgM concentration in human
serum (0.39−2.83 mg mL−1), and the linear detection range of
the prepared antifouling biosensor, the clinical samples need to
be diluted before assay. As displayed in Figure 3D, the
concentration of IgM in clinical samples was detected by the
biosensor and ELISA method, respectively. The percentage of
variances between the measured results of these two methods
for all the clinical samples was within 6.5%. These results
revealed that the fabricated antifouling biosensor based on the
D-peptide was suitable for practical detection of real samples
with acceptable accuracy.

■ CONCLUSIONS
In conclusion, an antifouling biosensor with enhanced stability
in complex human serum was prepared based on the designed
D-peptide. The D-peptide displayed prominent stability in
human serum owing to its strong enzymatic degradation
resistance to active endopeptidase and exopeptidase. In the
meantime, the D-peptide exhibited similar antifouling capability
to its corresponding L-peptide. However, the D-peptide-based
electrochemical biosensor possessed high stability, sensitivity,
and selectivity, and it was capable of measuring IgM target in
practical serum samples, without biofouling and with
satisfactory accuracy. This strategy of designing D-peptides
for the preparation of antifouling biosensors can be adopted to
develop various biosensors with robust performances in
complex biological samples.
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