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ABSTRACT: Biomacromolecules and their assemblies have the
unique ability for biomimetic promotion of the formation of
novel and functional nanomaterials. In this work, artificial peptide
nanofibers were created with a special designed peptide molecule
that contains complex motif sequences and then further
metallized to synthesize nanofiber-based silver nanowires. A
novel hybrid nanomaterial was obtained successfully by
assembling the prepared silver nanowires on graphene nano-
sheets, and its potential application in nonenzymatic electro-
chemical H,0, sensing was explored. This fabricated sensor based
on graphene and silver nanowires exhibits high sensitivity and
selectivity, low detection limit, and wide linear range for the

determination of H,0,.

Peptide

In the past decades, many efforts have been made to explore
the organic—inorganic hybrid nanostructures in the field of
materials science, biotechnology, and nanotechnology due to
their fascinating multiple properties and wide applications.
Among them, one-dimensional (1D) nanostructures like
nanowires, nanorods, and nanofibers attracted considerable
interest.” Many 1D inorganic and organic templates, such as
carbon nanotubes,®> DNA,* protein nanofibrils,” and self-
assembled peptide nanofibers (PNFs),® have been utilized to
synthesize functional 1D nanomaterials. There are 20 natural
amino acids that are utilized in the synthesis of peptides, which
provide a lot of possibilities to design and synthesize functional
PNFs.” In recent years, many works on the synthesis of uniform
PNFs and their applications in energy materials,® biomedicine,”
highly sensitive sensors,'® and nanotechnology®”'" have been
reported.

Graphene nanosheets (GNs), new two-dimensional (2D)
carbon materials with superb conductivity and high surface
area, have been widely used for the synthesis of novel hybrid
nanomaterials by combining with other nanoscale building
blocks."> However, it is complex to synthesize GN—metallic
nanowire (GN—MNW) hybrids due to the known challenges
in the modification of GNs and the conjugation of GNs with
MNWs."* Specially designed PNFs can present a potential
solution to this problem based on two points.'* First, PNFs are
easily modified and bound onto the surface of GNs. For
instance, Li and co-workers reported the modification of GNs
with self-assembled amyloid fibrils for enzyme sensing.'® They
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found that the created amyloid PNF-functionalized GNs could
effectively prevent the aggregation of GNs and promote the
formation of novel functional materials. Second, PNFs have
special biomimetic function for creating metallic nanoparticles
(MNPs) with controllable shape and size.'® For example, Acar
et al. found that the self-assembled PNFs can be used as
templates for the creation of a 1D gold nanostructure, and the
formed gold NPs can be effectively controlled by adjusting the
incubation period in ascorbic acid solution.'®®

H,0, is of great importance in the fields of chemistry,
biology, and environmental protection, and many detection
techniques for H,0, have been developed.'” The enzyme-based
method is considered to be one of the most attractive
approaches for the detection of H,0,."® However, the relatively
high cost, susceptibility to temperature and pH value, and
inherent instability are the disadvantages of the enzyme-based
sensors.'” More recently, various noble metal-based nano-
hybrids have been applied to construct a nonenzymatic H,O,
sensor. 220 Among them, Ag is much cheaper than the other
metals mentioned
chemical properties for the reduction of H,0,.>" In addition,
silver nanowires (AgNWs) have high aspect ratio and superior
optical and electrical performances. Therefore, the combination

above and maintains excellent electro-
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of AgNWs with GNs makes it p0551ble to produce novel
functional nanomaterials and nanodevices.”

Herein, we demonstrated the creation of a novel PNF by
controlling the self-assembly of a specifically designed peptide
with three functional motifs on both sides and the center part
of the peptide chain. Furthermore, we reported the synthesis of
biomimetic AgNWs templated by PNFs (PNF-AgNW) and the
subsequent electrostatic assembly of the synthesized PNF-
AgNW onto GNs to fabricate GN—PNF-AgNW nanohybrids.
The potential application of the created GN—PNF-AgNW
nanohybrids for electrochemical sensing of H,O, was further
explored. The strategy for creating AgNWs onto GNs
presented in this work is green and very effective, and the
prepared GN—PNF-AgNW nanohybrid-based electrochemical
sensor shows enhanced performance for the determination of
H,0,.

Figure 1 shows a schematic representation for the synthesis
of GN—PNF-AgNW nanohybrids by electrostatic assembling
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Figure 1. Schematic representation for the formation of PNF
bioinspired AgNWs on GNs.

PNF-AgNW nanohybrids onto polymer-modified GNs (de-
tailed information in Supporting Information). First, graphene
oxide (GO) nanosheets were chemically reduced into GNs by
glucose,”® and the zeta potential of the obtained GNs was
—26.05 mV. Second, the synthesized GNs were modified with a
positive-charged polymer, poly(diallyldimethylammonium
chloride) (PDDA), to obtain PDDA-GNs with a zeta potential
of +35.87 mV. Third, PNFs were created by controlling the
self-assembly of the specifically designed peptide molecules,
and the synthesized artificial PNFs inspired the formation of
PNF-AgNW nanohybrids with a zeta potential of —16.39 mV.
Finally, PNF-AgNW nanohybrids were bound onto the surface
of GNs by the electrostatic interaction due to the big gap of
their zeta potentials (—16.39 vs +35.87 mV).

Figure 2a shows the molecular model and amino acid
sequence of the multifunctional peptide used in this work. This
specifically designed peptide has two functions. The head and
tail motif sequences (VIA) enable the self-assembly of peptide
to form PNFs. It has been reported that the water-soluble
tripeptide (H,N-VIA-COOH) can form straight and un-
branched PNFs by the 1ntermolecularly hydrogen-bond-
induced f-sheet self-assembly.”* The center motif sequence
(GASLWWSEKL) is related to the biomimetic synthesis of
MNPs. A previous report has indicated that this sequence has
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Figure 2. Self-assembly and metallization of PNFs: (a) Molecular
model and motif sequences of peptide molecule. (b) AFM image of
the self-assembled PNFs. (c) Low- and (d) high-magnified AFM. (e)
TEM images of PNFs after metallization (PNF-AgNW).

the ability to control the size and shape of synthesized NPs.*®
Although the separated sequence has the unique function, it is
still unknown if the complex motif sequences can preserve
these two important functions. To make it clear, we explored
the formation of PNFs in various experimental conditions by
adjusting the temperature, pH value, incubation period, and
ethanol concentration. We found that uniform PNFs were
created by incubating 40 ng uL™" of peptide in 20% ethanol at
both room temperature and 37 °C for S days (details in the
Supporting Information), and the typical AFM height image of
the created PNFs is shown in Figure 2b and Figure SI
(Supporting Information). We suggest that the ethanol
mediates the conformation transition of peptide molecules to
form p-sheet structure and promotes the formation of linear
PNFs.>* It can be observed that the created PNFs display a
smooth surface with a height of 4.0 + 1.0 nm and length up to
several micrometers. It should be noted that some parameters,
like solvent, peptide concentration, temperature, and incuba-
tion period, may have to be fine-tuned to control the self-
assembly and formation of PNFs. Further investigation on the
self-assembly mechanism and kinetics of peptide molecules
with circular dichroism is needed.

After metallization, we found that a large number of Ag NPs
deposited on the surface of PNFs uniformly by in situ reduction
of Ag" and the PNF-based AgNWs were created successfully, as
shown in the AFM images in Figure 2c and d. The
corresponding section analyses indicate the height of AgNPs
was approximately 5.2 + 0.5 nm. In addition, no obvious
agglomerations were found in both images, which prove the
excellent shape and size control abilities of our peptide. TEM
characterization further confirmed the formation of PNEF-
AgNW nanohybrids (Figure 2e).

To conjugate the created PNF-AgNW nanohybrids onto
GNs, the GNs were first modified with PDDA (cationic
polyelectrolyte) to provide a positive zeta potential. Figure S2a
(Supporting Information) shows the typical AFM image of
PDDA-modified GNs. Compared to the glucose-reduced GNs
(Figure S2b, Supporting Information), the PDDA-modified
GNs show larger surface ro 6ghness, which is ascribed to the
binding of PDDA with GNs.* After that, PNF-AgNW can then
be bound onto the GNs to form GN—PNF-AgNW nano-
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hybrids via the electrostatic interaction. Figure 3a and b present
the typical TEM images of the synthesized GN—PNF-AgNW

—GNs
—— PNFAZNW
—— GNPNF-AQNW

—Go
—GNs
—— GN-PNF-AgNW
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Figure 3. Characterizations of GN—PNF-AgNW nanohybrids: (a, b)
TEM images with different magnifications. (c) UV—vis spectra of
GNs, AgNPs, PNF-AgNP, and GN—PNF-AgNW. (d) XRD patterns
of GO, GNs, and GN—PNEF-AgNW nanohybrids.

nanohybrids with different magnifications. It can be found that
some linear AgNP arrays (named as AgNWs) were formed on
the surface of GNs, as indicated with arrows in Figure 3b. The
diameter of synthesized AgNPs was measured to be 6.5 + 1.7
nm, which is similar to the height data obtained by AFM (5.2 +
0.5 nm). The synthesized GN—PNF-AgNW nanohybrids were
observed by AFM as well, and we also found the conjugation of
PNF-AgNW nanohybrids with GNs (Figure S3, Supporting
Information).

The successful preparation of GN—PNF-AgNW nanohybrids
was confirmed by the UV—vis absorption spectrum (Figure 3c).
Previous work indicates that GO exhibits strong bands centered
at 227 and 300 nm, and glucose-reduced GN has a
characteristic absorption peak at 267 nm.** Compared to the
absorption peak of PNF-AgNW at 391 nm, it is found that the
absorption peak of GN—PNF-AgNW exhibits a big red shift to
410 nm, which is ascribed to the binding of PNF-AgNW with
GNs. The synthesized GO, GNs, and GN-PNF-AgNW
nanohybrids were further measured with X-ray diffraction
(XRD), and their XRD patterns are shown in Figure 3d. After
reduction with glucose, a broad peak around 24° appeared, and
the peak of GO at 9.35° disagpeared, indicating the successful
reduction of GO into GN.*” In addition, according to the
JCPDS (No. 65-2871), the (111), (220), and (331) peaks in
the XRD pattern of GN—PNF-AgNW correspond to the
principal reflections of Ag NPs. XPS characterization further
proves the formation of GN—PNF-AgNW nanohybrids (Figure
S4a—d, Supporting Information).

On the basis of the synthesized GN—PNF-AgNW nano-
hybrids, we constructed a nonenzymatic electrochemical H,O,
sensor by immobilizing the aqueous dispersion of the created
nanohybrids onto a glassy carbon electrode (GCE). Figure 4a
shows the electrochemical responses of the bare GCE and
GCEs modified with GN-PDDA and GN-PNF-AgNW
nanohybrids in 0.2 M N,-saturated phosphate-buffered saline
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Figure 4. Electrochemical H,0, sensing: (a) CVs of GCEs modified
with GN-PDDA and GN—PNF-AgNW nanohybrids in H,0,. (b) I-T
response of GN—PNF-AgNW/GCE in 0.2 M PBS with successive
addition of H,0, at —0.6 V. (c) Calibrated line. (d) Selectivity. (e)
Reuse ability. (f) Long-term stability.

(PBS, pH = 6.5) in the presence of 5.0 mM H,0,. It can be
seen that the pure GCE shows no obvious redox process. When
the GCE was modified with GN-PDDA, the diffused current
increased and still no obvious redox peak can be observed. In
contrast, the reduction current of GN—PNF-AgNW-modified
GCE shows a great peak with an intensity of about 32 yA at
—0.6 V. All these observations indicate that the AgNWs exhibit
significant electrochemical activity for H,0O, reduction. In
addition, we suggest that the enhanced electrochemical
property of GN—PNF-AgNW is in some way ascribed to the
high surface area volume ratio of the 2D GNs. Herein, —0.6 V
was selected as the applied potential for I-T measurement in
this work. Figure 4b shows the typical I-T plot of the
synthesized GN—PNF-AgNW-modified GCE on successive
addition of H,0, with different concentrations. When H,O,
was added into the PBS under stirring, the modified GCE could
reach the maximum steady-state current rapidly. The steady-
state calibration curve of the modified GCE (Figure 4c)
indicates a linear response to H,0,, and the linear detection
range is observed to be approximately from 50 uM to S mM (R
= 0.9977, S/N = 3). The detection limit of this sensor is
calculated to be 10.4 uM.

The selectivity and anti-interference of the fabricated
electrochemical sensor were evaluated first by adding ascorbic
acid (AA), uric acid (UA), dopamine (DA), and glucose into
the system. It can be found that no interference was observed at
the applied potential (red line in Figure 4d), which is similar to
our previous report on the H,O, sensor.”® To check the
potential interference of the electron acceptor on this sensor, -
nicotinamide adenine dinucleotide (NAD*) was selected and
added into the system. Figure 4d (green line) presents the
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amperometric response of GN—PNF-AgNW-modified GCE for
the successive addition of 1 mM H,0,, 0.6 mM NAD?, and 1
mM H,0,. It can be seen that negligible interference was
observed at the applied potential. Therefore, the high selectivity
of our sensor was identified.

The reuse stability of the fabricated GN—PNF-AgNW-
modified GCE was further examined (Figure 4e), and the result
shows that the repeated usage of the created sensor is possible
for at least 8 times. Significant reduction in current after 8 times
of use is displayed, which is possible ascribed to the detachment
of the GN—PNF-AgNW nanohybrids from the electrode.
Finally, the long-term stability of the modified GCE was
explored over a 15-day period (Figure 4f). The prepared
electrode was stored in a refrigerator at 4 °C and measured
every 3—4 days. The result shows that the reduction current
response retains more than 87% of its initial value in response
to 1 mM H,0, after 15 days, indicating an acceptable stability
of our GN—PNF-AgNW-based sensor.

In conclusion, we demonstrated the creation of a novel PNF
by controlling the self-assembly of a specifically designed
functional peptide. The designed peptide reveals two unique
abilities: not only creating the 1D PNFs by self-assembly but
also promoting the formation of AgNWSs by metallization.
Furthermore, the GN—PNF-AgNW nanohybrids were success-
fully synthesized by electrostatic assembling the negative-
charged PNF-AgNW onto the positive-charged PDDA-
modified GNs, and the created GN—PNF-AgNW nanohybrids
were utilized to fabricate a nonenzymatic electrochemical H,O,
sensor with enhanced performances. To the best of our
knowledge, this is the first report on the preparation of self-
assembled PNFs with multifunctional peptides and the
formation of AgNWs on GNs with the inspiration of PNFs.
It is expected that the synthesized GN—PNF-AgNW nano-
hybrids will have other potential applications in nanodevices,
biomedicine, antimicrobial materials, and Raman analysis.
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