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ABSTRACT: Peptide-terminated monolayers were
formed through a Huisgen cycloaddition reaction between
an α-helical peptide containing two propargylglycine
unnatural functional groups 20 Å apart and an alkanethiol
self-assembled monolayer (SAM) on a gold surface
containing 25% surface density of reactive azide terminal
groups. The azide- and peptide-terminated surfaces were
imaged by scanning tunneling microscopy (STM) using a
low tunneling current of 10 pA. On the peptide-terminated
surface, oblong features ∼30 Å long and ∼20 Å wide were
observed and attributed to individual surface-bound α-
helical peptides oriented parallel to the gold surface. These
features covered an area of the surface corresponding to a
density of 0.11 ± 0.01 peptides nm−2, compared with a
theoretical density of ∼0.14 peptides nm−2 for a fully
reacted surface. Finally, no evidence of peptide aggregation
was observed on either short (<10 nm) or long (∼100
nm) length scales.

Integrating the function of biological molecules such as
proteins with unnatural or abiological materials is now a

major focus of interest in areas as diverse as sensing, chemical
catalysis, nanotechnology, biofuels, and medicine.1−10 The full
integration of protein functionality with abiological materials
and architectures has proved challenging because proteins often
lose their three-dimensional structure or function when placed
in close proximity to the unnatural chemical, structural, and
electrostatic environment that occurs near inorganic surfaces
and interfaces.11−14 We recently demonstrated a novel strategy
for producing biocompatible peptide-terminated surfaces in
which a structured α-helical peptide is chemically bonded to an
alkanethiol self-assembled monolayer (SAM) through two
triazoles formed during the Huisgen cycloaddition of two azide
(N3) groups attached to the SAM and two propargylglycine
residues placed strategically along the secondary structure of
the peptide chain15,16 (Figure 1).
Previous work in our lab extensively characterized these

functionalized surfaces using a number of spectroscopy-based
techniques.15,16 X-ray photoelectron spectroscopy (XPS) and
ellipsometry verified the formation of monolayers with a
tunable bromine (and subsequent azide) density at the surface.
Vibrational spectroscopy was used to confirm azide function-
alization, to monitor the progress of the peptide tethering
reaction, and to determine that the surface-bound peptide is
oriented parallel to the gold substrate. Circular dichroism
spectroscopy was used to compare the conformations of the
peptide in solution and when attached to the surface; bound

peptides showed a higher degree of helical character than those
in solution. Finally, extensive control experiments demon-
strated that peptides retained at the surface are chemically
bound, not simply physisorbed to the substrate.
Until now, the interpretation of spectroscopic data acquired

on the functionalized surfaces assumed that the model peptide-
terminated surface shown in Figure 1 is homogeneously
distributed across the surface as drawn, but surface-averaged
spectroscopic measurements would not be able to distinguish
homogeneously versus heterogeneously distributed functional
groups or peptides. Any possible surface aggregation or
heterogeneity could be a significant issue for the successful
implementation of these surfaces for the controlled and
reproducible adsorption of proteins; full coverage is essential,
and substantial aggregation could limit further interactions
between these surfaces and biomolecules of interest. To address
this question, it was necessary to examine these surfaces at the
molecular level.
Scanning tunneling microscopy (STM) has previously been

used to characterize biomolecules, including proteins, on bare
or alkanethiol-modified gold surfaces. While STM has been
spectacularly successful obtaining molecular- and atomic-level
resolution of crystalline and conducting surfaces, the technique
is difficult to apply to biological macromolecules, which are
insulating, bulky, and dynamic, and often interact with the
scanning probe tip.17,18 However, STM images have been
successfully collected from biomolecules tethered directly to a
conductive substrate19,20 or inserted into a preformed, surface-
bound matrix such as an ordered alkanethiol monolayer.21,22

High-resolution images have also been obtained by codeposit-
ing peptides with additional molecules that limit aggregation or
help generate a more ordered surface, though these surface
architectures are more rigid and often unnatural.23−27
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Figure 1. Schematic drawing of the surface functionalization strategy.
A mixed bromine- and methyl-terminated SAM is formed on a clean
gold surface and then exposed to sodium azide, resulting in a surface
that contains azides and methyl terminal groups. Finally, a Huisgen
cycloaddition (“click”) reaction is used to tether a well-defined α-
helical peptide to the azide-functionalized surface through two glycine
residues modified with propargyl groups.
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In this work, we used STM under conditions of ambient
pressure, temperature, and humidity to characterize the
functionalized SAM surface at each reaction step shown in
Figure 1, resolving molecular-scale features consistent with our
reaction scheme. On the final peptide-terminated surface,
peptide aggregation was not evident on any length scale.
Oblong features with dimensions of ∼30 Å × ∼20 Å were
observed, which we attribute to molecular-level resolution of
individual surface-bound α-helical peptides oriented parallel to
the gold substrate. These images allowed us to estimate that the
surface density of the peptide after chemical functionalization
approached the maximum surface density possible on the basis
of the size and shape of the surface-bound α-helical peptides.
This is the first demonstration of molecular-level resolution of
biological molecules on substrates without the imposition of
additional structural order on the system through, for example,
DNA base pairing or β-peptide aggregation.
A three-step procedure described in detail by Gallardo and

Webb15,16 was followed to form the peptide-modified
substrates: initial formation of the chemically bound organic
layer, functionalization with reactive terminal groups, and
finally, peptide attachment through specific groups on the
surface. A hydrogen-flame-annealed gold-on-mica substrate
(Agilent Technologies) was immersed in an ethanol solution
containing 0.25 mM 11-bromo-1-undecanethiol (BrUDT) and
0.75 mM 1-decanethiol (DT) for 24 h at room temperature.
(All chemicals were obtained from Sigma-Aldrich and used as
received, unless otherwise noted.) The 25% BrUDT/75% DT
mixed surface was rinsed with ethanol, dried with a stream of
N2, and then exposed to a saturated NaN3 solution in
dimethylformamide (DMF) for 48 h at room temperature to
generate a surface that was 25% N3-terminated and 75% CH3-
terminated. The mixed azide surface was rinsed with copious
amounts of water and ethanol and then dried under a stream of
N2. Finally, this surface was reacted with a model α-helical
peptide (LKKLXKKLLKKLLKKXLKKL, where X is prop-
argylglycine; PepTech Corp) in a 2:1 t-butanol/water solution
that also contained copper sulfate, sodium ascorbate, and
tris[(1-benzyl-1H-1,2,3,-triazol-4-yl)methyl]amine for 5 h at 75
°C. The peptide-terminated surface was rinsed with water and

ethanol and dried under a stream of N2. As-prepared surfaces
were placed in N2-purged containers and stored in the dark
until they were characterized.
Images of the reacted surfaces were collected using a home-

built scanning tunneling microscope controlled with commer-
cial electronics (RHK Technology). All measurements were
conducted at ambient temperature and pressure. Images were
acquired at a constant tunneling current of 10 pA and a
tunneling bias of 0.5 V using mechanically cut Pt/Ir tips. A
high-pass fitting procedure was used to remove noise along the
fast-scan direction during initial processing.28 Additional
processing to calculate the peptide surface density incorporated
data from eight distinct data sets.
Figure 2 shows representative STM images of the function-

alized surfaces after successive reaction steps with insets at
higher resolution. The mixed-bromine and mixed-azide surfaces
(Figure 2a,b, respectively) showed full monolayer coverage and
small pits or “vacancy islands,” typically formed during the
alkanethiol self-assembly process.29,30 These images show
dense, close-packed monolayers, but defects in the gold
substrate made resolving bromine or azide terminations
difficult. Because there is only a one-carbon chain length
difference between DT molecules and the bromine- or azide-
terminated alkanethiols, these monolayers should be well-
mixed, leading to a completely homogeneous distribution of the
azide-terminated alkyl groups along the surface.31

We first analyzed these images for general information about
surface quality and heterogeneity. These data show essentially
no evidence of surface aggregation, aside from the infrequent
appearance in Figure 2c of features significantly brighter than
the surrounding area, likely due to peptides bound at only one
end and oriented perpendicular to the surface.15,16 Peptides
physically absorbed but not chemically bound to the surface
would give rise to streak noise in the image due to interactions
with the STM tip; the absence of such features confirms the
extensive earlier spectroscopic evidence that the peptides
remaining at the surface are chemically bound, not just
physisorbed. Furthermore, Figure 2d shows line scans across
representative cross sections of the images corresponding to the
mixed-bromine, mixed-azide, and peptide surfaces. The plots

Figure 2. (a−c) STM images of functionalized surfaces after successive reaction steps: (a) mixed bromine; (b) mixed azide; (c) peptide. The insets
show higher-resolution images. The images in (a) and (b) show uniform, pitted surfaces typically formed through alkanethiol self-assembly. The
image in (c) displays features that cover the majority of the surface and are ∼30 Å × ∼20 Å in size. (d) Cross sections of the surfaces recorded along
the scan lines in the directions shown in (a−c).
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show that the mixed-bromine and mixed-azide surfaces were
quite smooth, with fluctuations much smaller than the height of
the gold steps (2.35 Å). On the other hand, the plot line for the
peptide surface is rougher, with fluctuations on the order of a
couple of angstroms. Finally, the peptide-terminated surface
displayed in Figure 2c was covered with regular elongated
bright features that were ∼30 Å long and ∼20 Å wide. We
generated an energy-minimized structure of our model α-helical
peptide in the molecular modeling program Avogadro32 and
determined the dimensions of the peptide’s secondary structure
by measuring the end-to-end distance along the peptide’s
helical axis (29.6 Å) and the distance across the peptide from
the termini of two opposing residues (19.6 Å). We therefore
attribute these features to surface-bound α-helical peptides
oriented with the helical axis parallel to the gold surface and
homogeneously distributed over the substrate.
The oblong features in Figure 2c that we attribute to surface-

bound peptides appeared to cover a significant portion of the
flat gold surface. To quantify the extent of surface coverage, we
constructed the model surface shown in Figure 3. In this figure,

gold atoms from the Au(111) surface are shown in white, and
the methyl- and azide-terminated alkanethiols are shown in
light and dark gray, respectively. The semitransparent white
rectangle on top is used to show the dimensions of the α-helical
peptide. This model is based on three assumptions: (1) the
concentrations of BrUDT and DT in the initial SAM-forming
solution create a surface with a uniform composition; (2) the
subsequently formed azide-terminated surface continues to
exhibit the same ratio of reactive and nonreactive terminal
groups; and (3) the two components of the SAM are
homogeneously distributed across the surface. Previous XPS
results confirmed that 25% Br-terminated surfaces were formed
from the solutions used in these studies and that the N3-
terminated surfaces had a similar composition.15,16 The peptide
in these studies was designed in such a way that the alkyne
groups on the terminal ends of the propargylglycine residues
are on the same rotational plane and situated 20 Å apart, while
the surface was functionalized to distribute reactive N3 groups

across the surface at similar distances to maximize peptide−
surface reactions. Alkanethiol SAMs are known to form a (√3
× √3)R30° close-packed phase with a molecule-to-molecule
spacing of 5 Å.33,34 The initial BrUDT/DT deposition solution
was prepared in such a way that the gold surface would be
functionalized with one BrUDT for every three DT, placing
BrUDT molecules (and consequently azide terminations) ∼20
Å apart. If each peptide is bound to the surface through two
triazole linkages created via Huisgen cycloaddition, it should
cover a surface area encompassing two additional azides and
prevent reactions at four additional locations. According to this
model structure, to functionalize the surface fully, a quarter of
the azides on a 25% N3-terminated surface would be needed,
yielding a surface coverage of 0.14 peptides nm−2. Using eight
distinct data sets, we calculated an average density of 0.11 ±
0.01 peptides nm−2 based on the surface area covered by
peptide features in the STM images. This demonstrates that
our reaction scheme results in a density of surface-bound
peptides that is near the theoretical limit established by the
surface density of reactive azide groups and the known size of
the α-helical peptide determined by its secondary structure.
In summary, we have shown molecular-level resolution of

surface-bound structured helical peptides for the first time.
Furthermore, we have demonstrated a surface functionalization
scheme that produces homogeneous surfaces with no evidence
of peptide aggregation and with surface coverages that are
similar to theoretical values with a model surface. This scheme
can be easily modified to suit any peptide with a tailored surface
specifically designed for the peptide of interest. Future work
will focus on further improvements in the peptide−surface
interactions to maximize reaction yields and incorporation of
alternately charged residues.
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