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n organisms, interfaces in hard tissues

are controlled by proteins via molecular

recognition of specific mineral faces in,
for example, bones, spicules, shells, and
teeth," 3 where they initiate nucleation
and regulate growth of specific phases to
form intricate solid architectures.* ® In-
spired by biology, self-assembly of proteins
onto solid surfaces is an enabling method-
ology for developing molecular surface
coatings for a wide range of biological
applications, such as biocompatible implants,”
controlled biofilms? and, more recently, the
development of molecular biosensors.” In
these applications, protein functions on solids,
such as molecular recognition'® and self-
assembly,'" derives from inherently rich chem-
istry and complex molecular conformations
coded by their amino acid sequences. Under-
standing the relationship between protein
sequences and surface functions during self-
assembly would establish them as highly pro-
grammable molecular constructs to tailor
structure and chemistry of bio—solid inter-
faces. To this end, unique 2D organizations of
proteins have been exploited on solid surfaces
using, for example, bacterial surface-layer
proteins,'? linear amyloid structures,’* "> and
ordered films of de novo designed pep-
tides.'®"” However, the correlation between
amino acid sequences and detailed 2D mo-
lecular ordering remains largely unknown,
due to complex biomolecule—solid and inter-
molecular interactions that accompany sur-
face growth processes.

Recently developed solid-binding pep-
tides (7—30 amino acids),"®22 due to their
short length and ease of chemical synthesis,
offer a more comprehensive interrogation
and, hence, control over their interactions
with solids in contrast to larger protein
systems (100 amino acids or more). These
peptides are screened to preferentially bind
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Self-assembly of proteins on surfaces is utilized in many fields to integrate intricate biological
structures and diverse functions with engineered materials. Controlling proteins at bio—solid
interfaces relies on establishing key correlations between their primary sequences and
resulting spatial organizations on substrates. Protein self-assembly, however, remains an
engineering challenge. As a novel approach, we demonstrate here that short dodecapeptides
selected by phage display are capable of self-assembly on graphite and form long-range-
ordered biomolecular nanostructures. Using atomic force microscopy and contact angle
studies, we identify three amino acid domains along the primary sequence that steer peptide
ordering and lead to nanostructures with uniformly displayed residues. The peptides are
further engineered via simple mutations to control fundamental interfacial processes,
including initial binding, surface aggregation and growth kinetics, and intermolecular
interactions. Tailoring short peptides via their primary sequence offers versatile control over
molecular self-assembly, resulting in well-defined surface properties essential in building

engineered, chemically rich, bio—solid interfaces.
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to inorganic compounds from combinator-
ial phage libraries, generated by randomized
oligonucleotides inserted in genes for the
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nanostructures aligned to Au(111) via charged amino
acids.?"?> Surface functions of peptides have also
been shown to be dependent on their molecular
conformation.?® Previously, carbon-nanotube-binding
peptides have been identified by biocombinatorial
selection methods.?> Peptide self-assembly on gra-
phite, however, remains largely unexplored, although
its atomically flat surface could be ideal for direct
molecular investigations. Here, we utilize a graphite-
binding dodecapeptide (GrBP) which forms long-
range-ordered structures on graphite (0001). By simple
substitution of amino acids in the dodecapeptide,
we show that not only solid binding but also, more
importantly, key molecular interactions and sur-
face phenomena can be probed, leading to control over
the spatial organization and surface chemistry of self-
assembled peptide nanostructures on graphite.

RESULTS

In this molecular self-assembly study, we utilize
GrBP5 (IMVTESSDYSSY, Figure 1a), the strongest solid
binding member of the biocombinatorially selected
60 different sequences, designated as the wild-type
(WT) peptide. A combinatorial library of ~10° random
12-mer peptides fused to the minor coat protein (plll)
of M13 phage was used to select sequences with
affinity to graphite flakes. Four selection rounds were
carried out in the panning experiment, where each
round consisted of (i) panning the phage library
against graphite powder, (i) rinsing unbound phage,
(i) elution of specifically bound phages, and (iv)
amplification of the enriched selection library. Affinity
of the final selected clones was then quantified by
spectrophotometric absorbance of depleted phage
solutions after long exposure to graphite (see Support-
ing Information, Supplementary Methods S1—S3). We
first characterize assembly of WT GrBP5 on highly
ordered pyrolytic graphite (HOPG), incubated with
2 uM peptide solution in distilled water for 3 h, and
scanned with an atomic force microscope (AFM) in air.
The images reveal the unique capability of GrBP5 to
form uniformly ordered molecular structures over
several micrometers in dimension on the HOPG surface
(Figure 1b). The peptide film displays highly ordered
nanostructures that display six-fold symmetry, seen
as discrete maxima in the fast Fourier transform
(FFT) power spectra taken by using the AFM image
(Figure 1c). The symmetry in the peptide film is likely to
be guided by the molecular recognition of the under-
lying (0001) hexagonal graphite lattice, leading to
preferred growth along specific crystallographic direc-
tions during the assembly process. The measured
height of ~1.4 nm implies that the film is mono-
molecular thick, well below the longest dimension of
a stretched single peptide (with a stretched end-
to-end distance of ~4.2 nm). The considerably short
height implies that peptides conform into a more
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Figure 1. Chemical properties of GrBP5 sequence and its
self-assembled, ordered nanostructure on graphite (0001)
lattice. (a) Three chemically distinct domains of GrBP5. The
mean hydropathy (defined by Kyte and Doolittle)** value of
Domain-1 is 3.53 (on an increasing scale from —4.5 to 4.5)
and —1.86 for Domain-Il, making the latter considerably
more hydrophilic. (b)) AFM image of GrBP5 on graphite
showing ordering of the WT peptide over several micro-
meters displaying six-fold symmetrical self-assembled
nanostructures, as observed in (c) the FFT of the AFM image.

compact, folded structure during molecular ordering
on graphite.

To understand the formation of peptide nanostruc-
tures, graphite surfaces were exposed to GrBP5 in a
time-lapsed series of experiments (Figure 2a,b). Initi-
ally, upon 10 min of exposure to HOPG, peptides form
discrete clusters ~10—50 nm in diameter with an
average height of ~1.2 nm. At 60 min, two distinct
phases are present, revealing that surface-bound pep-
tides undergo a dynamic morphological transforma-
tion from an amorphous (disordered) to an ordered
state. The thicker, amorphous phase (AP) is ~1.8 nm in
height, and the thinner, flat, ordered phase (OP) is
~1.3 nmin height. Phase-lag imaging by AFM signifies
a large difference between AP and OP structures (see
Supporting Information, Supplementary Figure 1). In
the AP, surface-bound peptides likely crowd together
randomly to form a topologically rough, disordered,
and porous structure (Figure 2a, 60 min). By 180 min,
the disordered phase has fully transformed into a flat
~1.3 nm thick OP monolayer with ordered morphol-
ogy covering the HOPG. Pseudo-three-dimensional
renderings of the AFM images (Figure 2b) better high-
light the higher topography of disordered molecules
among the ordered regions, showing a distinctive color
for the OP (red strips) from the higher AP regions
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Figure 2. Time-lapsed AFM of GrBP5 assembly. (a) Height contrast AFM images for 10, 60, and 180 min display structural
evolution beginning with (left) discrete peptide clusters; (middle) growth of both amorphous (AP) and ordered (OP) phases as
respectively labeled; and (right) complete OP monolayer. (b) Pseudo-3D representations of boxed regions showing height
contrast among the phases formed: discrete (red), higher AP (yellow), and flat OP (orange), which are labeled below (c) on
cross sections of height taken across *---* in (a). Inset (d) shows lateral growth of OP including a cross sectional height taken
between two peaks of AP peptides on either side. (e) Plot of percent total disordered/ordered peptide vs total coverage
showing ordering transition, and (f) schematic of peptide self-assembly process highlighting surface phenomena: (i)
aggregation involving binding, diffusion, and clustering processes and (ii) ordering involving self-assembly.

(yellow porous film). As seen in Figure 2d, growing
OP edges are dotted with peaks (in yellow, separated
by ~30 nm average distance), suggesting that loosely
ordered peptides are captured and incorporated into
growing OP structures (also confirmed by in situ AFM
experiments; see Supporting Information, Supplemen-
tary Figure 2).

In contrast to the previous observations of peptide
assembly on other atomically flat solid surfaces in the
literature,?'*>*’ we discovered in this work that the
two phases formed by the peptides coexist until an
eventual full ordering of a GrBP5 monolayer. This
unique disordered-to-ordered peptide phase transfor-
mation takes place at about 60% total surface coverage
as shown in Figure 2e, where percent total coverage of
disordered and ordered peptides is plotted against
total surface coverage (see Supporting Information,
Supplementary Methods S4). Depicted in Figure 2f,
the assembly process of GrBP5 can be divided into
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two broad regimes: (i) surface aggregation, composed
of binding to and clustering of peptides on graphite;
and (ii) gradual densification and ordering process,
accompanied by a phase transformation that occurs
at ~60% total peptide coverage.

To demonstrate that the surface processes of GrBP5
self-assembly can be interrogated through rational
mutations of the peptide, we first classify the sequence
into three chemically distinct domains, as depicted
in Figure 1a: (I) hydrophobic (IMV), (I) hydrophilic
(TESSD), and (lll) aromatic (YSSY). Aromatic residues
such as tyrosine (Y) are known to strongly interact with
graphitic surfaces through a coupling of -electrons.?®%°
Two of the four residues at the C-terminus of GrBP5 are
aromatic-containing tyrosines (Y), defining YSSY as Do-
main-lll. Located at the C-terminus of the peptide, this
aromatic domain may function as an anchor for initial
binding and possible diffusion during the aggregation
regime of GrBP5 on graphite. On the other hand,
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Figure 3. Time-lapse behavior of the peptides with Domain-Ill mutations. (a) In Mutant 1, the aromatic residues, tyrosine (Y),
of GrBP5 are eliminated and replaced by alanine (A), resulting in no bound molecules on the surface. (b) Tryptophan and (c)
phenylalanine replace WT-tyrosine in Mutants 2 (M2) and 3 (M3), respectively. The resultant peptides, respectively, are either
strongly bound to the surface forming percolated, but finely porous, film (M3) or weakly bound peptides forming isolated
islands, each over the course of 3 h. (d) Fractional coverage trends from time-lapse AFM of WT, M1, M2, and M3. (e) Particle
count of each of the peptides, and (f) average particle size over time; error bars represent standard deviation of three different

images from the sample surface, totaling an area of 16 um?.

intermolecular interactions necessary for long-range
order may be driven by the amphiphilic tail composed
of hydrophobic Domain-I and hydrophilic Domain-II.
Domain-l contains three purely aliphatic residues, iso-
leucine (I), methionine (M), and valine (V), located at the
N-terminus, while the Domain-Il spans residues 4—8,
threonine (T), glutamic acid (E), two serines (S), and
aspartic acid (D) in the center of the peptide. The pre-
valence of amphiphilic motifs in many self-assembling
molecular systems'*'#3° eads us to assume that the tail
component of the peptide may play a key role in the AP
to OP ordering transformation. Overall, therefore, we
hypothesize that each domain can be correlated to the
observed framework of the three regimes in the inter-
facial processes, that is, binding, diffusion, and self-
assembly (Figure 1f), which were then individually ad-
dressed using five mutants (labeled M1—M5) generated
specifically for this purpose.

To test the function of the presumed binding do-
main, first the aromatic content of Domain-Ill was
knocked out by replacing both of the tyrosine residues
at the C-terminus with alanine, A. This mutant peptide,
named M1 (IMVTESSDASSA), is expected to maintain
minimal interactions with graphite by displaying only
methyl groups. Not unexpectedly, AFM analysis de-
monstrates that the HOPG surfaces remain bare even
after exposure to 1 uM of M1 for up to 3 h (Figure 3a).
From this simple mutation, the binding capability of
GrBP5 to graphite is largely eliminated, indicating that
the roles of hydrophobic residues in Domain-I and
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hydrophilic residues in Domain-Il are not sufficient to
promote an interaction with graphite. More impor-
tantly, these results show that Domain-Ill (YSSY) pro-
vides anchoring of the peptide to the surface and can
be addressed independently of the remaining se-
quence to alter peptide binding and, possibly, surface
diffusion leading to aggregation.

To examine the binding characteristics of the pep-
tide further, the tyrosine residues in Domain-IIl were
replaced with either tryptophan (W) or phenylalanine
(F), two other natural amino acids containing aromatic
moieties. Previous studies suggest that W, containing
an extra indole ring, provides a more conformal and
stable sz-interaction with graphite surfaces, giving it a
higher affinity over Y. On the other hand, F, lacking an
OH™ group, was found to maintain the weakest affinity
toward graphite.?®2%3! Thus, the designed two mutant
sequences, M2 (IMVTESSDWSSW) and M3 (IMVTESS-
DFSSF), may have different binding and aggregation
from those of GrBP5. Systematic time-lapsed AFM
experiments show that the type of aromatic residues
in the anchoring domain significantly influences the
formation of peptide nanostructures on graphite
(Figure 3b,c). M2 and M3 display either a highly porous
disordered film or only fine peptide clusters, respec-
tively. The effect of aromatic residues on binding, as
well as unbinding, is evident when the initial deposi-
tion rates of peptides, D, are quantified and compared
among samples prepared at the earliest exposure times:
5 s for WT, 10 min for M2 and M3 (see Supporting
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Information, Supplementary Methods S7). Such an
analysis reveals that WT peptides arrive at the surface
with an estimated D of ~4235 4 43 s ', while M2
arrives at ~73 £ 9s 'and M3 at 22 =8 s ' overa
1 um? area (Figure 3d). Thus, there is a ~60x discrep-
ancy in initial binding between WT and M2, while M3
remains the slowest.

In addition to binding, the anchoring domain may
also have a fundamental role in cluster formation
during the initial aggregation stages of interfacial
processes on solid surfaces. Measuring the number
and size of peptide cluster features on graphite over
time provides means to quantitatively track peptide
surface kinetics in response to Domain-Ill mutations. In
this scheme, surface aggregation is manifested as a
decrease in the number density of clusters while the
cluster size increases on the average. AFM analyses of
early adsorption by WT and M2 reveal that, as total area
coverage increases over time, the number of WT clusters
decreases at a rate of ~1 s~' compared to a rate of
~1.3 x 10725~ for M2 over an area of 1 um?, a 75-fold
difference (determined from the initial slope from
Figure 3e and see Supporting Information, Supplemen-
tary Figure 3). While the number of clusters decreases, as
expected, the average cluster size increases over time for
both WT and M2 peptides (Figure 3f); clusters of WT
grow 24x faster than those of M2. These observations
signify that WT has a higher aggregation rate than M2. In
contrast, the number of clusters in M3 increases over
time, while the size remains the same, implying limited
diffusion and, hence, lack of aggregation. The ~58x
discrepancy in deposition rate between WT and M2
might explain the higher aggregation rate of WT over
M2. The relative binding and aggregation rates of mu-
tant peptides can, therefore, be ranked in decreasing
order as follows: WT, highest binding and aggregation;
M2, low binding and low aggregation; M3, low binding
and no aggregation; and M1, no binding.

The aggregation behavior of peptides is likely to be
the key in determining their final, ordered nano-
structures on graphite. This phenomenon was further
studied by exposing graphite samples to three con-
centrations of peptide solutions for 3 h each, as shown
in Figure 4. Upon this incubation period, WT formed
long-range-ordered self-assembled peptide nano-
structures in all three conditions (ie., 0.1, 1.0, and
5.0 uM). The mutant M2, with the second highest
rate of aggregation, remains disordered at 0.1 and
1.0 uM concentrations; interestingly, however, at
5.0 uM, it forms very finely ordered structures after
3 h of incubation (see Figure 4 and Supporting Infor-
mation, Supplementary Figure 5). Since the density of
peptide clusters increases monotonically with total
surface coverage, a critical density of clusters is likely
required for ordering. This is apparent for the WT
peptide, where the film undergoes transformation
from AP to OP at ~60% total surface coverage (Figure 2e).
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Figure 4. Quantification of graphite affinity for aromatic
mutants. (a) AFM images of HOPG exposed to 0.5 and 5.0 uM
of WT, M1, M2, and M3 peptides for 3 h. (b) Graph of surface
coverage for each peptide plotted against concentration
and fitted using a Langmuir adsorption model for affinity
constant, K. Error bars represent standard deviation of three
different images from the sample surface, totaling an area
of 16 um?.
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Figure 5. Chemical properties of Domain-I mutants and
their assembly behavior. (Left column) Domain-l mutant
sequences and hydropathy values; (right column) AFM
images of hydropathic mutants on HOPG, and (insets)
contact angle measurements of imaged surfaces. (a) WT
GrBP5 forms long-range-ordered nanometer-scale struc-
ture and a high contact angle, O¢,, of 65.3°. (b) Hydrophilic
mutant M4 does not form an observable long-range order
and displays a low contact angle of 34.7°, while (c) hydro-
phobic mutant M5 forms an ordered peptide film, similar to
that of WT, with a much greater 6, of 88.9°.

At 60%, half of the adsorbed WT peptide exists in the
ordered phase, indicating threshold coverage for
transformation. M2, on the other hand, remains en-
tirely disordered at the same total surface coverage.
Since M2 eventually orders at near 100% coverage, it
likely undergoes transformation at a higher total cover-
age than WT. We speculate that the slower aggregation
kinetics of M2 impedes peptide clusters from crowding
on the surface and results in finer AP features, defining
the small dimension of the ordered features observed
at 5 uM. On the other hand, M3 remains too sparsely
clustered at all three concentrations used here, never
reaching a coverage threshold and remaining dis-
cretely bound even after 3 h and at the highest
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Figure 6. Behavior of peptides during molecular self-assembly. (a) AFM height (red) and cosine of contact angle cos(6ca)
(blue) both plotted against surface coverage, respectively. Data from AP and OP images labeled accordingly. Blue dotted lines
represent guides for the AP of peptides to demonstrate their shared linear behavior, i.e., chemistry, as defined by
Cassie's Law.** Black arrow in WT indicates heights averaged from an image containing both AP and OP. Horizontal error
bars represent standard deviation from three different analyzed images on the sample surface, totaling an area of 16 m?.
Vertical error bars are the standard deviation from two droplets on duplicate samples. (b) Schematic of WT and M5 self-
assembly mechanism where peptides undergo binding and diffusion via Domain-lli, first aggregating randomly to form
rough AP and, finally, rearranging Domain-I and Domain-Il while folding into OP. (c) Mechanism of M4 in the absence of
hydrophobic Domain-I; here there is neither retraction in height nor change in surface chemistry.

concentrations. The trends in peptide aggregation
rates were also verified by quantifying differences in
values of peptide affinity constants, K, which are
quantitatively estimated using Langmuir-like treat-
ments (Figure 4 and Supplementary Methods S9).
Here, the Y-containing WT displayed the highest K of
3.78 uM~ ', while the WSSW mutant had a K of
1.17 uM~", an affinity to graphite of about one-third
of the WT value. Lastly, the mutant M3 shows a sig-
nificant loss of affinity with a low K of ~0.1 uM~". The
high K of WT peptide may be an indication that the
highly ordered structures are the most stable on
graphite surfaces due to favorable intermolecular in-
teractions as well as their strong surface binding.

To probe the domain that directs the ordering seen
in the WT GrBP5 on graphite, Domain-l at the N-
terminus was mutated by modifying its hydrophobic
nature. For this purpose, both negative and positive
sequence knockouts were prepared. In the design
of a negative knockout sequence, we replaced IMV
with three similarly sized hydrophilic amino acids:

SO ET AL.

threonine (T), glutamine (Q), and serine (S). The result-
ing sequence of mutant M4, therefore, is entirely
hydrophilic. In contrast to the highly ordered struc-
tures of WT peptide on the surface (Figure 5a), the M4
peptide forms highly porous and disordered structures
(Figure 5b). Next, the positive knockout mutant M5 was
designed to restore the hydrophobic characteristics of
Domain-l and, therefore, the amphiphilic nature of the
overall tail, presuming this mutant might allow the
formation of ordered structures on graphite. Here IMV
was replaced with three other aliphatic amino acids,
leucine (L), isoleucine (1), and alanine (A), which results
in slightly higher hydropathy than that of WT. As ex-
pected, the mutant M5 is also found to bind strongly to
graphite (see Supporting Information, Supplementary
Figure 4) and, upon assembly, maintains ordering
similar to that by WT (Figure 5a,c). This result, therefore,
proves that the hydrophobic nature of Domain-l,
and the amphiphilic tail it forms with Domain-Il, is
essential for long-range order of the dodecapeptide on
graphite.
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These hydropathic mutations can also be utilized to
control the chemical characteristics of the graphite
surface, such as wettability. For this, contact angles
(Oca) of aqueous droplets were measured on HOPG
coated with confluent peptide films, each at a compar-
able surface coverage (Figure 5 insets; see Methods).
The ordered WT and M5 films display an average
contact angle of 65.3 + 0.8° and 88.9 4 0.7°, respec-
tively, indicating that peptides with hydrophobic Do-
main-l exposed display surfaces with low wettability.
In contrast, graphite covered by disordered peptides,
for example, the case of M4, exhibits a significant drop
in Oca with a contact angle of 34.7 4+ 1.2°, forming a
wetting surface. A simple knock out of hydrophobic
Domain-l in M4, therefore, considerably lowers Oca as
compared to those in WT and M5. These results
demonstrate that the chemical properties of graphite
surface are tunable by rational amino acid mutations,
governed by specific peptide conformations brought
about by the self-assembly processes.

DISCUSSION

The correlation between sequence and self-assem-
bly, as established, provides key insight into the trans-
formation from disordered to ordered nanostructures
of the peptide, GrBP5, on graphite. An analysis of the
amphiphilic behavior of our peptides, manifested by a
change in concurrent wetting angle and film height
over time, permits us to propose a unique transition in
the molecular conformation during assembly on the
solid surface. Contact angle measurements of samples
scanned by AFM containing AP peptide reveal that the
Oca values for WT, M4, and M5 decrease linearly with
surface coverage, becoming hydrophilic. The linear
trend of cos(6ca) shown in Figure 6a (blue dotted line)
for all three peptides implies that the AP displays
chemistries and conformations similar in both discrete
and confluent states.3? As seen in Figure 5, ordered
films present a shift to greater hydrophobicity. In the
low coverage regime, the terminal hydrophobic amino
acid domain of the WT peptide is likely first buried
toward graphite while hydrophilic residues are ex-
posed to water, as depicted in Figure 6b. When cover-
age reaches a certain threshold, however, a drastic shift
is observed from hydrophilic toward more hydropho-
bic values (black arrow in Figure 6a). This phenomenon
suggests that the hydrophobic domain emerges from
its buried state and is, then, exposed to water, effec-
tively switching the amphiphile's conformation. The
plausible changes in the molecular structure of pep-
tides between the disordered and ordered states are
concurrent with the height changes of the peptides, as
determined by AFM (colored as “pink” in Figure 5a).
Here, the height of WT and M5 peptide films exhibits a
drastic contraction by 33 and 50%, respectively. The
range of height changes observed for the OP is only
~0.1 nm, while itis ~1.0 nm for the AP. Thus, the switch
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in surface wetting properties, accompanied by a phy-
sical molecular contraction, leads us to believe that
amphiphilic peptides undergo folding to reach their
energetically favored, and uniform, final state in the
ordered phase on the surface. The purely hydrophilic
M4 peptide, by contrast, exhibits no folding, or order-
ing, that can be measured by AFM or contact angle, as
plotted in Figure 6a and schematically illustrated in
Figure 6c.

CONCLUSION

Detailed investigation of molecular self-assembly by
a graphite-binding peptide, GrBP5, on graphite studied
by AFM imaging revealed a strong correlation between
the amino acid composition and sequence to the
resulting self-assembled nanostructures. Formation of
peptide nanostructures on graphite involves first the
formation of a disordered film that eventually trans-
forms into an ordered structure. This is accompanied
by height changes in the film as well as various wetting
characteristics, as determined by contact angle mea-
surements. Analysis of the sequence reveals three
distinct chemical domains which play a role in the
binding, diffusion, and assembled organization of the
peptide on graphite: aromatic, hydrophilic, and hydro-
phobic. Mutations of the aromatic domain at the
C-terminus significantly modifies the binding charac-
teristics of GrBP5. Tyrosine (Y) residue replaced by
alanine (A) largely eliminates the ability for the peptide
to bind to graphite, while replacing tyrosine with
tryptophan (W) or phenylalanine (F) tunes the peptide's
affinity to graphite from strong to weak or moderate
binding, respectively. Mutation of the tail at the N-
terminus from hydrophobic to hydrophilic eliminates
the amphiphilic character of the peptide, disrupting
intermolecular interactions on the surface, and prevents
bound peptides from forming long-range-ordered nano-
structures. Disordered and ordered nanostructures of
peptide mutants on graphite display either hydrophilic
or hydrophobic domains, respectively, effectively tuning
the contact angle and, thus, giving the film wetting or
nonwetting characteristics.

A wide-range of surface phenomena exhibited by
peptides during assembly, such as binding, clustering,
and ordering, share large similarities with well-
established epitaxial growth processes of atomic systems
on surfaces, for example, in molecular beam epitaxy
(MBE),**** the foundation for modern semiconducting
devices. As demonstrated (Figures 3 and 4), the growth
behavior of peptides can be controlled by varying the
peptide concentration and incubation time, which
effectively changes their rate of arrival to the surface
and growth on graphite. Unique to peptides, however,
a simple sequence of amino acids, as found here, can
be further engineered to contain programmable seg-
ments for independently controlling multiple surface
and intermolecular interactions. The ability to address
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peptide domains provides an opportunity for the
predictable control over biomolecular self-assembly
in the formation of complex, novel nanoarchitectures,
such as nanoislands (M2), nanowires (WT), and amor-
phous and ordered confluent films (M5 and WT,
respectively). Self-assembled peptides (SAPs), with
the capability to form ordered nanostructures and

METHODS

Peptide Synthesis. Peptides were prepared on an automated
solid-phase peptide synthesizer (CS336X, CSBio Inc., Menlo Park,
CA) employing standard batchwise Fmoc chemistry procedures
as reported previously.?' Peptides were verified by MALDI-TOF
mass spectrometry. The monomeric state of peptides in solu-
tion was also verified via size-exclusion chromatography (see
Supporting Information, Supplementary Methods S12).

Sample Preparation for Microscopy. For ex situ imaging, it was
essential to prevent the reorganization of peptide structures
during the drying process. We found that removing incubation
solutions by applying a flash-freeze and freeze-dry technique,
common in biological electron microscopy specimen pre-
paration,*®*! preserved surfaces adequately. Freshly cleaved
HOPG surfaces are mounted on a nickel specimen puck (Ted
Pella, Inc., Redding, CA) and incubated with 50 uL of peptide
under experimental conditions in a modified scintillation vial.
The vial contains a centered hollow glass column which elevates
the sample to minimize contact with warm elements during
the freeze-dry process. When incubation is finished, the vial is
immediately placed in a —80 °C deep freezer which freezes
within 10—15 s. Samples are then immediately placed inside a
glass jar and surrounded with crushed ice. The jar is placed in a
liquid N, bath and transferred to a standard freeze-drier (Virtis
Benchtop K, SP Industries, Inc., Warminster, PA) and immedi-
ately placed in a vacuum with a —80 °C condensing plate to
sublime frozen incubation solutions. The drying rate was
~6 uL/h. All images in this study, except for Figure 1a, were
prepared using this method. Surfaces in Figure 1a were pre-
pared by wicking incubation solution with a KimWipe. For
verification, we performed extensive time and concentration
experiments using our five mutants and found (see Figures 2, 3,
and Sl Figure 2) agreement in coverage, height, and density
trends. In all, ~60 samples were prepared in this study for
reproducibility.

Atomic Force Microscopy. A Digital Instruments (Veeco,
Santa Barbara, CA) Multimode Nanoscope llla scanning probe
microscope was equipped with high-frequency NanoSensors
PPP-NCHR (NanoandMore USA, Lady's Island, SC, USA) noncon-
tact probes, with a 42 N/m spring constant, at a 4 V amplitude
set point.

AFM Image Processing. Large “wavy” topographic features
coming from HOPG surfaces observed by AFM were removed
by image subtraction to allow large area coverage analysis of
peptides (e.g., see Supporting Information, Figure S5A). Speci-
fically, GWYDDION (Czech Metrology Institute, Czech Republic)
image filters and simple image operations were applied to the
raw AFM data. First, images were corrected for tilt by a first-
order plane subtraction, while fast scan lines were normalized
by aligning their median z-offset as seen in SI Figure S5A. Next,
an erosion filter was applied to AFM images using a neighbor-
hood of 10—15 pixels, where peptide features are removed to
create a secondary image containing only the topography of
the bare surface, as in SI Figure S5B. This secondary image is
then directly subtracted from the original AFM image, yielding a
background subtracted image for surface coverage analysis
(SI Figure S5C). To quantify surface coverage values, IMAGEJ
(NIH, Bethesda, MD, USA) is used to determine the threshold
depth in the image where full lateral surface features are
measured. This threshold is then used to form a binary image.

SO ET AL.

controlled surface chemistries, therefore, have the
potential to be the foundation of future peptide-
based hybrid molecular technologies such as protein
chips,®>?® peptide-molecular circuits,*” and designer
multifunctional proteins®® and enzymes*® that can be
genetically engineered to perform diverse, address-
able functions.

To calculate coverage values for mixed images composed of
both disordered and ordered peptides (e.g., Figure 2e), a particle
analyzer was used to distinguish peptide features via SPIP (Image
Metrology A/S, Denmark) as shown in the left-hand images of
SI Figure S4. Ordered peptides generally occupy higher area
coverage over disordered peptides and can be quantified sepa-
rately for independent coverage values based on particle size.

Height measurements of discretely bound, amorphous, and
ordered phases of peptide in Figure 5 were measured by AFM
height image histogram analysis. Peaks in the histogram arise
from a predominant number of pixels at certain heights. For
peptides on HOPG, bare surface pixels form a prominent peak
due to the atomically flat nature of graphite. Particles observed
on the surface, likely clustered or monomeric peptides, are tip
convoluted and fail to reflect the true maximum height of
interest in the histogram, so image filtering is necessary. To
address this, dilation filtering was used, as seen in Sl Figure S6
insets, to enhance the total number of pixels representing the
maximum heights of bound particles. This is reflected by an
upward shift in peptide peak height on the histogram, where
overall height is measured with respect to the bare graphite peak
from the original image. These values agree with individual cross
sectional measurements. In confluent films, no filtering was used
since pixels mainly come from the flat film and form a dominant
peak. For images with two phases present, height is measured
from each phase independently as shown in SI Figure S6.

Contact Angle Study. For coverage normalized Oca values,
50 mm? HOPG samples were freshly cleaved and immediately
incubated with 80 uL of appropriate peptide solution in water
ranging from 10 min to 7 h. The drop was then wicked off using
a tissue, and the sample was dried under a gentle stream of N,.
Samples were equilibrated in air for 30 min prior to contact
angle measurements. Static sessile contact angles were mea-
sured by an FTAT000B goniometer (First Ten Angstroms, Inc.,
Portsmouth, VA) with a digital camera and autocapture software
system by the vendor after 2 uL of peptide solution is dropped,
performed in duplicate for each surface. The peptide solutions
were placed on graphite with the same concentrations as used
for their original assembly to prevent desorption. The samples
were then dried with nitrogen and measured for coverage by
AFM. AFM images were obtained from at least four different
locations (4 um x 0.5 um sized scans each) on all samples by
the methods described above (see Supporting Information,
Supplementary Methods S11).
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