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Abstract

The systematic control over surface chemistry is a long-standing challenge in biomedical and
nanotechnological applications for graphitic materials. As a novel approach, we utilize graphite-
binding dodecapeptides that self-assemble into dense domains to form monolayer thick long-range
ordered films on graphite. Specifically, the peptides are rationally designed through their amino
acid sequences to predictably display hydrophilic and hydrophobic characteristics while
maintaining their self-assembly capabilities on the solid substrate. The peptides are observed to
maintain a high tolerance for sequence modification, allowing the control over surface chemistry
via their amino acid sequence. Furthermore, through a single step co-assembly of two different
designed peptides, we predictably and precisely tune the wettability of the resulting functionalized
graphite surfaces from 44 to 83 degrees. The modular molecular structures and predictable
behavior of short peptides demonstrated here give rise to a novel platform for functionalizing
graphitic materials that offers numerous advantages, including non-invasive modification of the
substrate, bio-compatible processing in an aqueous environment, and simple fusion with other
functional biological molecules.

Controlling interfacial properties of materials through surface functionalization of solid
substrates has been a major challenge in medicine and nanotechnology for the last two
decades.12 The precise display of function and chemistry is particularly critical for
engineering bio-inorganic interfaces, where the orientation and density of the immobilized
molecules may have direct bearing on the performance of the resulting assembly, such as,
for example, the specific activity of immobilized enzymes.3 Biocombinatorially selected
(through phage or cell-surface display) and genetically engineered solid-binding peptides
offer a versatile platform for bridging the bio/inorganic divide.*~ These strong-binding (kq
~ 50 nM to 1 M), material-specific 7-14 amino acid long sequences possess a wealth of
chemical diversity and modular capacity through mutation and targeted chemical
modification, providing unique opportunities for tuning binding, chemical properties and
display.8° Rather than covalent bonding, prevalent in synthetic linkers, such as silanes,
thiols, and phosphanates, 1011 short peptides bind through weak forces at multiple positions
at the peptide/solid interface with the advantage of assembling and functioning in aqueous
solutions.12:13 As biocompatible coatings, therefore, solid-binding peptides are particularly
well suited for applications in medical and biological fields because they are produced and
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function under biological conditions, and have not shown any toxicity in cell culture
studies.”14.15

Graphite, graphene and carbon nano-tubes (CNT) have been employed for both biomedical
and nanotechnological applications due to their anti-microbial activity,16 high conductivity,
optical transparency, and surface sensitive properties.1’-20 These graphitic materials have
been employed for biosensing applications in particular due to their excellent electronic
properties, resulting from delocalized w bonds on the surface.21-23 A number of
functionalization routes through covalent bonding, i.e. the introduction of carboxylic groups,
have been employed to control the interface with graphitic materials.242 In parallel,
however, to preserve the intrinsic properties of these materials, methods of non-covalent
functionalization via m—t stacking using aromatic chemistry have been used to assemble
functional molecules.26:27 In addition to these successful chemical functionalization
techniques, a non-invasive approach using peptides could present a biocompatible
alternative to controlling the surface properties of graphite. Here, we demonstrate precise
control over the hydropathy of graphite through single-step self-assembly of peptides and
their engineered mutants. The graphite binding peptides are modular and can be designed to
self-assemble into stable monomolecular films on graphite, exposing predictable surface
chemistry through the display of specific amino acids. The highly oriented pyrolytic graphite
(HOPG) has an atomically flat surface which is ideally suited to demonstrate, using atomic
force microscopy and contact angle measurements, the display of tailored chemistries on
graphite through controlling the binding and assembly of the designed peptides, in the
absence of roughness effects.28

Various graphite-29, graphene-,30-32 and CNT-binding33:34 peptide sequences and poly
amino acids have been identified in literature. They have been employed for applications
such as bioinorganic nano-structure formation3® as well as non-specific control of surface
chemistry2°.

The dodecapeptide used in this work, GrBP5-WT (Sequence: IMVTESSDYSSY, affinity
constant: K,=3.78M~1)36 is unique among graphite- and CNT-binding peptide sequences
identified so far, as it forms long-range ordered, uniform, and crystallographic molecular
nanostructures on HOPG (Figure 1a), which can be controlled through sequence mutation.
The abbreviation WT denotes the original, unmodified, sequence of the peptide, which we
call “wild type”. In previous work,38 it was found that the self-assembly of GrBP5-WT
arises from a combination of binding through the aromatic rings of tyrosine residues at the
C-terminus, and ordering through intermolecular interactions among hydrophobic tail
domains (Figure 1b). The formation of ordered morphology, apparent from Figure 1a, and
evidenced by the FFT, seems to be a result of both lattice matching with the underlying
HOPG, which results in six-fold symmetry, and assembly conditions, such as concentration,
which, along with intermolecular interactions, determines the size of features.36 Replacing
the hydrophobic residues at the N-terminus with hydrophilic ones, therefore, inhibits
formation of the ordered phase (OP) and causes the peptide film to remain in the amorphous
phase (AP) because of the lack of intermolecular interactions (Figure 1c and d).
Furthermore, it was found that an ordered film of GrBP5-WT displays hydrophobic property
on the graphite surface (Figure 1a). These findings motivated us to hypothesize that ordered
structures of GrBP5-WT leave the N-terminus aminoacids free for rational control of
intermolecular interactions as well as further functionalization, and predictable display of
specific chemistry. Based on this hypothesis, we aim here to demonstrate that the wettability
of graphite can be controlled by varying the N-terminal sequence of the GrBP5-WT peptide.
Specifically, we design two mutants (i.e., variants of the WT peptide) which exhibit
hydrophobic or hydrophilic properties while retaining their ordered structure and predictable
display capability. The hydrophobic mutant GrBP5-Phob is produced by substitution of the
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three N-terminal amino-acids of the wild type with a more hydrophobic LIA sequence
(Table 1). The hydrophilic hybrid mutant SS-GrBP5 (Figure 1e, Table 1), on the other hand,
is designed by the addition of two hydrophilic serine residues to the N-terminus of the wild
type peptide.

To characterize the wettability of the peptide-functionalized graphite surfaces, freshly
prepared HOPG substrates were incubated in 1M aqueous peptide solutions (Table 1) for
several time intervals, resulting in samples of peptide films on the graphite surface that
range from sparse to near-confluent monolayers. The wettability of these films was
quantified by contact angle goniometry, and the coverage was determined by atomic force
microscopy (AFM) (See supporting information for detailed procedures). The plot of
coverage vs. contact angle values exhibits a coinciding linear correlation below 70%
coverage for all peptides (Figure 2a, red). Above 70%, they also display linear relationships
but with slopes that vary greatly with sequence (Figure 2a, blue).

To quantitatively compare the wettability of different peptides, we applied Cassie’s Law,3’
which describes the contact angle, cos 6, of a macroscopic droplet on a chemically
heterogeneous surface v/athe relation: cos 6 = ¢g cos 6g + ¢p cos 0p (¢g,p : coverage and
0g,p : contact angle for graphite and peptides, respectively). By fitting this equation to the
experimental data, effective contact angles are extrapolated for fully covered surfaces of
each peptide, 6p, (Table 2, also see supporting information for further discussion). Between
0 and 70% coverage, all peptides display little difference in 6p (about 28°+4°). The 6p
values above 70% coverage of GrBP5-WT and GrBP5-Phob, however, are drastically
different.

These results are also reflected in the corresponding AFM experiments (Figure 2b) where
peptides are observed to form one of the two phases on the surface: either a long-range
ordered phase (OP) at high coverage, exhibiting six-fold symmetry, or a sparse amorphous
phase (AP) at low coverage without recognizable crystallographic symmetry in the formed
film. There is an effective transition threshold from AP to OP at about 70% coverage.
Ordered peptide films also exhibit more uniform and narrow distributions of thickness as
measured by AFM, which is apparent from the average roughness values in Table 2, (Figure
S2). Only GrBP5-Phil, with no hydrophobic tail, remained disordered under all incubation
conditions.

The similarity in the ©p contact angles of all peptides in the AP below 70% coverage may
indicate that the exposed amino acid domain is conserved among mutants and is
predominantly hydrophilic. This is most likely due to the random alignment of peptides
displaying polar residue- and a serine-rich domain in the central portion of the peptide
(Table 1). Conversely, the contrast between the contact angle contribution of GrBP5-WT
(64.0°) and GrBP5-Phob (87.0°) in the OP implies that the three amino-acids at the N-
terminus are uniformly exposed towards the solution, since they are the only ones that differ
between the two peptide sequences.

Remarkably, both the binding and ordering capabilities of the peptides were retained in the
SS-GrBP5 mutant (Figure 2, S3). Even in the ordered state, the SS-GrBP5 mutant has a
contact angle contribution close to that of the AP (Table 2), indicating that hydrophilic
residues are displayed in both of its phases of the peptide films. The difference in the
contribution of the two phases, about 9°, confirms a transition from AP to OP, seen clearly
in Figure 2, on surfaces functionalized by SS-GrBP5.

The uniform display of N-terminal residues by self-assembling peptides forming confluent
ordered films on graphite results in a wide range of wettability values. It is, therefore,
plausible to further tune the contact angle through a simultaneous high coverage, single-step,
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co-assembly of peptides with varying wettability. We chose the two mutants that retained
their assembly capabilities and exhibited the widest range of 6y, i.e., 36.0° and 87.0°, to
achieve precise control over the wettability of graphite surfaces at a constant coverage. For
this, 1uM aqueous solutions of GrBP5-Phob and the SS-GrBP5 were mixed in appropriate
proportions and incubated on HOPG for 3 hours, assuming the complete solubility of the
two peptides solutions. The AFM images and contact angle versus fraction coverage
dependencies are shown in Figure 3. While the peptide coverage of these films remained at
around 80%, the contact angles of functionalized surfaces varied from 44.0° to 83.0°. The
linear nature of the plot and the uniformity of the AFM images indicate that GrBP5-Phaob is
homogeneously dispersed within the film formed by SS-GrBP5. Moreover, by adding a third
term to Cassie’s equation, we were able to predict the cosine of the contact angle resulting
from a given mixed monolayer based on the 6p values from Table 2 (Figure 3). The
agreement between the prediction and the data is quite close (Coefficient of determination,
based on sum of squares of error is R2 = 0.96). The small discrepancy in the predicted and
measured values could result from a slight variation in the binding affinities of the two
peptides, whereby SS-GrBP5 is present on the surface in slightly higher proportion than the
GrBP5-Phob under the same incubation conditions.

Controlling surface wettability through self-assembled peptides provides a novel approach
for engineering biomolecule/graphite interfaces. Mixed self-assembled peptide films
prepared in water could lead to the development of bio-sensors with optimized chemical
properties and biocompatibility. If better understood, the intermolecular interactions among
different peptides in the ordered phase could be tailored to form novel, complex
nanostructures with spatially controlled structural and biofunctional properties. Furthermore,
the ease with which displayed amino acid domains are introduced into short peptides
provides an opportunity to develop biomolecular constructs with designer proteins,38:39
peptide domains, 1340 and chemical groups®” to further control functionality of graphitic
surfaces. This inherently biocompatible and non-covalent molecular immobilization
approach is suitable for a variety of potential applications of graphite, and graphitic
materials, in nanobiotechnology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Atomic force microscopy (AFM) image of the peptide GrBP5-WT on graphite with (b)
Corresponding sequence (N- to C-terminus) and its schematics. (c) AFM image of GrBP5-
Phil mutant on graphite with (d) Corresponding sequence and its schematics. Insets show the
contact angles and the Fast Fourier Transforms (FFT) of the images that highlights the
presence (spots or lines) or the lack of ordering (featureless). Schematics in (b), (d) and (e)
illustrate the hypothetical conformation of the peptides within the film which produce the
observed contact angles, binding through the aromatic region, and displaying either the
ordered hydrophobic or disordered hydrophilic residues.
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(a) Plot of contact angle © versus fraction coverage ¢ of peptides on graphite. The blue lines
indicate linear trends above 70% coverage; the red line represents the linear trend for all
peptides below 70% coverage. The change in slope between ordered (OP) and amorphous
(AP) trend lines indicates the change in the displayed chemistry. The grey lines indicate the

AP to OP transition region (b) AFM images showing typical examples of AP and OP

structures, as well as the corresponding coverage and contact angles.
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Figure 3.
(a) Contact angles and AFM images of ordered co-assembled peptide monolayer containing
SS-GrBP5 and GrBP5-Phob. Coverage for all surfaces is greater than 80%. (b) Plot of

cosine of the contact angle versus % of GrBP5-Phob mixed in SS-GrBP5 shows agreement
with the trend predicted by Cassie’s Law.
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Table 1

Peptide sequences, weights, and hydropathy indices

Peptide Sequence Mol.Mass G.RA.V.Y.[d

GrBP5-WT IMV-TESSDYSSY 1381.4 -0.242

GrBP5-Phob  LIA-TESSDYSSY 1335.3 -0.283

GrBP5-Phil  TQS-TESSDYSSY 1354.3 -1.542

SS-GrBP5 SSIMV-TESSDYSSY 1555.6 -0.321
[a]Grand average hydropathy index
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Projected contact angles of a theoretical 100% peptide-covered sample for each peptide and phase, and

Table 2

corresponding measured roughness values.

Peptide 6, AP (0-70% coverage) AP Roug./nm 6, 0P (>70% coverage) OP Rough./nm
GrBP5-WT 30.0°%2.5° 0.92 64.0°%£1.0° 0.39
GrBP5-Phob 23.0°£11.5° 0.53 87.0+0.5° 0.36
GrBP5-Phil 32.0°+12.0° 0.72 No Order No Order
SS-GrBP5 25.5°45.5° 1.20 36.0°+1.0° 0.34
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