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ABSTRACT: Peptides identified from combinatorial peptide
libraries have been shown to bind to a variety of abiotic
surfaces. Biotic—abiotic interactions can be exploited to create
hybrid materials with interesting electronic, optical, or catalytic
properties. Here we show that peptides identified from a
combinatorial phage display peptide library assemble prefer-
entially to the edge or planar surface of graphene and can affect
the electronic properties of graphene. Molecular dynamics
simulations and experiments provide insight into the mechan-
ism of peptide binding to the graphene edge.

In pristine graphene, the sp’-hybridized C—C bonds of gra-
phene’s planar atoms possess a chemistry distinct from that of
the relatively weak dangling =C—C(H)—C= bonds at the
edges, enabling edge-directed covalent functionalization."”* How-
ever, the irreversible nature of these covalent bonds can poten-
tially hinder the electronic properties of graphene. Noncovalent
methods employing 77— interactions can be effective for plane-
specific functionalization of graphene but are unsuitable for
graphene edges.” Molecules that can be tailored to recognize
either the planar surface or edges of graphene would be beneficial
for modulating its properties. The physicochemical diversity
of amino acids has led to the discovery of peptides that can
selectively recogmze a given material or surface as well as exhibit
multifunctionality.*® In this study, we demonstrate preferential
edge- or planar noncovalent functionalization of graphene using
peptides prewously identified from a combinatorial phage display
peptide library.”® The peptides exhibit unique binding behavior
toward graphene. Using molecular dynamics (MD) simulations,
we demonstrate that the peptides bind to the planar surface or
edge of graphene via T— stacking or electrostatic interactions,
respectively. We also show that a bifunctional peptide designed
from graphene- and gold-binding peptides can be used to direct
the assembly of gold nanoparticles (AuNPs) to graphene edges.
Electronic measurements using mechanically ablated graphene
field-effect transistors (GFETs) suggest that the edge- and plane-
binding peptides both affect the electronic properties of gra-
phene. These and other similarly designed peptides may be
useful in modulating the band-gap properties of graphene.

The graphene-binding peptide (GBP) with the amino acid
sequence EPLQLKM was previously found to bind specifically to
SLP30 graphite (Timcal, Westlake, OH; surface area = 8.0 m?/ g).s
Since the majority of the SLP30 surface consists of graphene
edges, an intriguing question we posed is whether GBP can
selectively recognize graphene edges. To address this question,
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we exposed freshly cleaved highly ordered pyrolytic graphite
(HOPG) samples to a solution containing GBP (0.5 mg/mL)
for 15 min and then thoroughly rinsed them with deionized (DI)
water. We analyzed the peptide-coated graphene sheets by
atomic force microscopy (AFM), which showed that GBP
preferentially localized and assembled close to the edges of the
graphene sheets, forming aggregates with heights of ~1 nm
(Figure 1A). We carried out extensive AFM analysis to confirm
that the peptide indeed assembled at the graphene edges
preferentially (Figure SI in the Supporting Information). In all
cases, GBP was found to be present at the edges of the graphene
sheets. The AFM phase images also showed clear contrast
between the GBP assemblies on the graphene edges and the
planar graphene surface (Figure S1).

In contrast, the dodecameric carbon nanotube-binding pep-
tide (CBP) with sequence HSSYWYAFNNKT” was found to
decorate the HOPG surface uniformly. As shown in Figure 1B,
CBP forms a monolayer with distinct pores on the planar HOPG
surface. The hollow pores had diameters of 20—90 nm (Figure
S2). This was not unexpected, as the similarity in atomically
exposed 7T—s bonds in graphene and the carbon nanotubes
should result in CBP binding. AFM analysis of the CBP-coated
graphene sheets at the pores measured heights of 1—2 nm
(Figure S2), which is similar to the height of the CBP monolayer
coating observed on single-walled carbon nanotubes (thickness
of ~1.2 nm)."® The pores created by CBP on graphene surfaces
were formed as a result of drying effects (Figure S3). The topo-
graphical structures obtained were specific to the peptide coat-
ings and not due to imaging of water-induced topological or
phase changes'" (Figure S4). To substantiate further the gra-
phene-edge-binding capability of GBP, we made use of AuNPs as
alabel. AuNPs coated with GBP were able to localize at the edges
of graphene. The bifunctional peptide GBP-A3 (EPLQLKM-
GGGG-AYSSGAPPMPPF)” allowed us to synthesize 10 nm
diameter AuNPs coated noncovalently with the GBP-A3 peptide.
Bifunctional peptides have been used previously to demonstrate
localization of nanoparticles onto specific surfaces.”® The GBP
domain should direct the AuNPs to the edges of graphene edges.
The A3 peptide domain effectively binds to the AuNPs and can
be fused to other peptide domains, such as the GBP domain in
this case. Using freshly cleaved HOPG that was exposed to a
solution of GBP-A3-coated AuNPs and then thoroughly rinsed
with DI water to remove excess nanoparticles showed edge
binding as well. As shown in Figure 1C, the majority of the AuNPs
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Figure 1. AFM topographic images obtained from graphene surfaces
exposed to (A) GBP peptide and (B) CBP peptide, which assembled
onto the graphene edges and plane, respectively. A graphene nanostrip
(GNS) is indicated by the arrow. (C) AFM topographic image obtained
from a graphene surface exposed to AuNPs functionalized with the GBP-
A3 peptide (GBP-A3-AuNP), which assembled onto the graphene edge.
Graphene edges (red lines) identified from sub-10 nm AFM height
images are depicted for clarity. See Figure S2 for the corresponding
phase images. (D) Bar chart showing the number of GBP-A3 peptide-
functionalized nanoparticles binding to the edge and nonedge regions of
graphene. The data were obtained by counting multiple regions in
AFM scans.
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Figure 2. (A, B) Lowest-energy conformations of (A) GBP and
(B) CBP obtained from six independent MD simulations started from
plane center, near the zigzag edge, and near the armchair edge of a S nm
% S nm model of graphene. (C) Mass center distribution histogram
obtained from the MD simulations for GBP and protonated GBP
(P-GBP), showing that GBP and P-GBP prefer to stay in proximity to
the graphene edge and center, respectively. Normal distributions of the
mass center are shown as dotted lines. (D) AFM topography obtained
for P-GBP assembled on graphene/graphite at pH 3.

coated with GBP-A3 peptide were localized at the graphene
edges, again emphasizing the edge-binding function of GBP,
which was preserved even in the fusion peptide. We quantified
the amount of edge versus plane binding of the GBP-A3-
functionalized AuNPs by counting the number of AuNPs
localized at edges and nonedges. The edges in the graphene
surface were first defined by AFM height analysis and for clarity
are indicated as red lines in Figure 1C. As shown in Figure 1D,
~80% of the peptide-coated AuNPs were found to be localized at
the edges, while ~20% of the nanoparticles were randomly bound
to the planar surface (nonedge) regions on graphene. AuNPs
lacking the GBP domain but coated with the A3 peptide failed to
bind to the graphene surface when similar deposition and rinsing
methods were used (Figure SS). The edge-binding property of
GBP can be further extended to other multifunctional peptide
designs, which could be beneficial in the development of hybrid
graphene systems for energy, catalysis, and sensing applications.

To elucidate further the binding properties of edge-selective
GBP and plane-selective CBP, MD simulations of peptide—
graphene complexes in explicit TIP3P water were performed.
The GBP and CBP peptides were pre-equilibrated in TIP3P
water and prearranged to six initial configurations in which the
peptides were randomly positioned twice above the plane center,
near the zigzag edge, or near the armchair edge of a ~25 nm”
graphene model. Since the edge and other defect effects may be
included in the charge density distribution of the graphene sheet,
we explicitly assi§ned Mulliken partial charges to every atom using
Gaussian 09.">"> Each system was energy-minimized for 2000
steps, heated to 300 K, and equilibrated for 20 ns using NAMD
software.'* The interaction energy was calculated every 100 ps
along the trajectory after the simulations were terminated for each
run. Figure 2A,B shows the most probable conformations of GBP
and CBP on graphene after 20 ns equilibration (see Table S1 for the

list of interaction energies). GBP was localized within 1.5 nm of the
graphene edge with a weaker interaction energy (—109 kcal/mol),
while CBP resided closer to the graphene center with a stronger
interaction energy (—148 kcal/mol). The driving force for
peptide binding to the edge or planar graphene surface could
be attributed to electrostatic or 77— interactions, respectively.
Our computational studies indicate that GBP is attracted to the
hydrogen-terminated positive graphene edge through the nega-
tively charged glutamate (E) amino acid residue (shown using
the ball-and-stick model in Figure 2A), whereas CBP extends its
aromatic amino acid residues to maximize the ring—ring off-stack
71— interactions' of the -H-Y-W-Y-F- residues (shown using
the ball-and-stick model in Figure 2B) with the graphene surface,
as previously shown by Kuang et al.'® The MD simulations
predicted that if the carboxylate group of glutamate (pK, = 4.15)
is in its protonated form, then GBP should be displaced from the
edge-selective binding. When the equilibrated configurations
were analyzed by calculating the distance from the center of
mass of the peptides to the graphene center using 80 x 3
trajectory snapshots with 100 ps intervals (Figure 2C), the
pronated peptide (P-GBP) was found to migrate away from
the edge and move toward the center of the graphene sheet. We
decided to test this experimentally by assembling GBP on
graphene under acidic conditions (pH 3). The AFM images
obtained from freshly cleaved graphene exposed to GBP under
acidic conditions showed a different peptide binding behavior.
GBP was found to be absent from the edges and deposited on the
planar surface of graphene (Figure 2D and Figure S6). In
contrast, binding of CBP to the graphene planar area was
unaffected at low pH in both the computational simulations
and AFM analysis (see Figure S7). This was not unexpected, as
the association between CBP and graphene is due to m—m
interactions.'® Computational results based on AutoDock 4.2'¢
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Figure 3. (A) Changes in GFET characteristics upon GBP or CBP
binding. The scheme shows the corresponding CBP- and GBP-func-
tionalized GFETs (290 nm thermal SiO, dielectric layer). (B) Real-time
liquid-gated GFET I, measurements (Alpg = s — Ins) in response to
GBP or CBP (33.3 uM) binding. Arrows indicate the injection times for
the GBP and CBP peptides.

also showed that the preferable distribution trends for the GBP
and CBP peptides were also preserved on a larger 11.4 nm X
9.7 nm graphene model (Figure S8). Nonetheless, both model-
ing and the experimental results indicated that GBP and CBP
have different binding behaviors and can be exploited to design
other ligands that can preferentially bind to either the graphene
edge or the planar graphene surface. More extensive mechanistic
studies exploring the roles of various edge-chemical groups
(carbonyl, hydroxyl, carboxyl, etc.), peptide variants, and multi-
layered graphene sheets are in progress to define further the
binding behavior of the peptides.

The unique massless Dirac fermion characteristics in graphene
exhibit similar wave function amplitudes for graphene edges and
graphene planes.'”"® Thus, the effect of edge functionalization of
the pristine graphene is expected to play an important role in the
modulation of its electronic properties. Edge functionalization
can be used to modulate the band-gap properties of graphene by
creating electron-scattering sites. We wanted to determine
whether peptide binding to a graphene sheet in an FET device
would change the electronic behavior of graphene. Graphene
behaves as a p-type FET and upon binding to either GBP or CBP
shows an increase in the electrical conductance indicating a p—t);pe
doping effect in the current gate field regime (—20 to 20 V)."*°
Figure 3A shows the device output (gate voltage Vs vs drain-
source current Ing) of the graphene FET before and after
functionalization with GBP or CBP on the same graphene device
(see Figure S9 for additional device measurements). Notably, the
GBP peptide reproducibly increased the conductance of the
GFET device relative to the CBP peptide. A higher degree of
graphene p-doping by GBP than by CBP was observed by the G’
band shift in resonance Raman spectroscopy (RRS) mapping
analysis of single-layer graphene samples (see Figure $10). While
various factors, including the degree of oxidation of graphene by
the peptide, can affect the electronic density of states in graphene,
this result indicates that the binding of GBP to the edge affects
the electronic structure of graphene more than when CBP binds
to the planar graphene surface. Further studies using graphene
nanostrip devices with defined aspect ratios should be able to
provide better insights into the role of edge- and plane-binding
peptides on the graphene density of states. Using the GFET
device, we also measured the binding kinetics of GBP and CBP to
graphene (Figure 3B) in the liquid-gate transistor configuration.”"**
Exposure of GFET device to CBP resulted in a rapid change in

conductance than that for GBP. Langmuir binding kinetics
indicated the observed binding rate constant (k.p,) of CBP to
be >40 times larger than that of GBP, which is consistent with the
larger average interaction energy of CBP toward graphene in
comparison with GBP, as observed with MD simulations. The
binding behavior may also shed light on how the peptides
assemble on the graphene surface. The rise in conductance in
the presence of CBP may indicate a rapid accumulation on the
graphene surface, whereas it appears to be much slower
with GBP.

In summary, we have demonstrated the binding behavior of
peptides onto mechanically exfoliated bulk graphene. GBP and
CBP show differences in graphene binding, with GBP preferen-
tially assembling at graphene edges. The formation of GBP aggre-
gates at the edges is most likely due to high local peptide concentra-
tion. We have relied mostly on AFM, RRS, MD simulations, and
electronic measurements to characterize the peptide binding on
graphene because of the limitation of characterization tools with
high resolution. In the future, scanning tunneling microscopy will
be explored as a technique to study the ordering of the peptides
on graphene surfaces. Nonetheless, our results open up a new facile
method for functionalization of graphene nanosheets, micro/nano-
patterns, and electronic devices. We hope that this study will result
in further investigation of the use of peptides for asymmetrical
functionalization of graphene and its use as a tool for modulating
electronic properties. As graphene materials preparation and elec-
tronics fabrication technology advances, selective and controlled
functionalization of graphene layers will benefit various electronics
applications, such as in chemical sensors and biosensors.
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