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There is a growing interest in using peptides that bind to
inorganic solids as molecular building blocks in nanotechnol-
ogy and in medicine, mainly owing to their material-selective
properties.[1] These short peptides (7–14 amino acids long),
which are identified by biocombinatorial selection proce-
dures, are utilized as reducing agents in the synthesis of
inorganic materials, molecular erectors, and probes when
genetically fused to other functional proteins and enzymes[1,2]

or to molecular assemblers[1, 3] and when coupled with nano-
particles and quantum dots for targeted organization of
hybrid functional nanostructures.[1–4] Despite the growing list
of newly discovered solid-binding peptides and their
increased utility, there is still only a limited understanding
of the mechanisms of molecular binding on solid surfaces.[5]

Herein we report a quantitative atomic force microscopy
(AFM) study of the adsorption of a gold-binding peptide on
an atomically flat (111)-oriented gold surface and the
evolution of non-equilibrium surface structures that lead to
the formation of a confluent monolayer. These experimental
observations and their interpretation offer new insights into
the fundamental understanding of nanometer-thick peptide
molecular film formation on inorganic solid surfaces.

Gold-binding peptides (GBPs) were originally selected by
cell-surface display using random peptide libraries expressed
on the outer surface of E. coli as part of the maltodextrin
porin, LamB protein.[6] Among those identified, we use GBP1

(MHGKTQATSGTIQS), which exhibits enhanced binding
affinity when triply repeated in tandem (3rGBP1; Supporting
Information, Figure S1). This motif is cysteine-free and
interacts with gold surfaces by mechanisms unlike conven-
tional chemisorptive thiol–gold systems.[7] The stability of the
peptide on the surface may originate from the close contact of
the polar[8] (e.g., glutamine, serine, or threonine) and
cationic[9] (e.g., lysine or histidine) side chains, in alignment
with the underlying gold lattice. The understanding of
molecular recognition of a solid surface by a peptide requires
studying not only the peptide�s conformation in solution but
also its intermolecular interaction across the shared sur-

face.[10] Based on Langmuir adsorption kinetics,[11,12] which
can directly yield an equilibrium kinetic constant and free
energy (see the Supporting Information), we first studied the
effect of concentration on the observed equilibrium surface
coverage of the final bound states of 3rGBP1. From reported
surface plasmon resonance (SPR) and quartz crystal micro-
balance (QCM) experiments,[13] concentrations of 3rGBP1

achieve equilibrium within 1200 seconds of the start from
the assembly process. Consequently, the AFM images in
Figure 1Aa–h represent coverage states of the 3rGBP1

peptide film at seven different concentrations ranging from
2–2320 nm exposed over this time period. As a result, the
surface exhibits variably sized structural features throughout
the entire concentration regime, the dimensions of which can
be quantified for coverage analysis.

Surface interactions with proteins with sizes of at least
5 nm (the resolution limit of non-contact-mode AFM) can be
directly observed spatially and temporally to gain insight into
the dynamics of adsorption phenomena.[14,15] Among the few
other techniques available for determining quantitative
single-molecule adsorption,[16] direct imaging of the surface
described herein permits the observation and modeling of
interactions between multiple molecules on a solid surface
over long time scales. Having dimensions of a few nano-
meters, 3rGBP1 can be observed discretely as well as in
aggregation in the tens-of-nanometers size regime. Owing to
the large-grained nature of the evaporated Au(111) textured
surface, atomically flat regions of approximately 200 nm
diameter can be isolated and analyzed individually for bound
surface coverage (see the Experimental Section). Figure 1B
plots various concentrations versus peptide coverage on the
surface (q), where each point in the plot was averaged over
nine grains across each sample. The coverage data suggest
that, under equilibrium conditions, 3rGBP1 appears to obey
simple Langmuir adsorption.[11] This observation agrees with
previous surface coverage trends obtained using SPR[13] and
yields a equilibrium constant Keq = 1.41 � 107

m
�1 and a

corresponding change in free energy DG =�9.61 kJmol�1.
Also shown in Figure 1B is a comparison to concurrently
performed SPR analysis under similar equilibrium conditions,
with Keq = 0.91 � 107

m
�1 and DG =�9.35 kJ mol�1, supporting

the trends detected here by AFM. We further investigated the
adsorption process by monitoring time-dependent peptide
self-assembly. On the basis of the results in Figure 1, we chose
a single concentration of peptide and performed experiments
to examine the structural evolution of molecular adsorption
on the solid surface (Figure 2 Aa–j). For reproducibility, four
separate experiments were performed and quantified at
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various timescales to attain the composite adsorption curve
shown in Figure 2B. The concentration-dependent adsorption
(Figure 1) suggests that the observed equilibrium states obey
a Langmuir-type behavior. However, the time-dependent
adsorption of the peptides shown in Figure 2B is significantly
more complex. Over time, the adsorbed peptide forms
structures that vary from initial homodisperse monomers to
branch-like nanostructures, eventually forming a percolated
film on the (111) gold surface. As shown in Figure 2B, two
distinct modes of coverage kinetics are observed simultane-
ously, leading to a dual morphological growth process. These
surface-coverage trends are best fit by a two-domain Lang-
muir model similar to the observations by Tamerler.[13] This
analysis gives a least-squares correlation value of 0.926 in
comparison to that of 0.862 from the single-domain equation,
that is, the time-dependent Langmuir model as indicated in
Figure 2B.

The phenomenon of two-stage assembly kinetics may be
explained by more rigorous analysis of the observations. The
faster process, termed regime I, occurs rapidly during the
initial stages involving homogeneous monomer adsorption
across the solid surface (ca. 10 islands per 100 nm2), which is

followed immediately by aggregation and growth into small
elongated clusters. Throughout early adsorption, competition
occurs between these two predominant surface morphologies.
The adsorption–aggregation processes last for at least 60 sec-
onds, until the clusters percolate and are sterically hindered
from further growth (Figure 2Ab–e). The perceived mono-
mers, about 5–10 nm in diameter (including AFM tip
convolution), are most likely single peptides, or possibly
dimers, based on dimensions of 3rGBP1 established by
solution-state NMR spectroscopy (i.e., 1 nm � 2 nm �
4 nm).[9] The elongated clusters appear dominant and
remain so through the early adsorption process; they are
distinguished from monomers and classified as “nuclei” for
diffusion coefficient calculations (see the Supporting Infor-
mation). From Figure 2Aa–e, analyzed in Figure 3A, the
number density of monomers relative to nuclei decreases
dramatically, while the average feature-size distribution
broadens over time (Figure 3B). The nuclei, therefore, grow
at the expense of monomers through a rapid coalescence
resulting in coverage increase. This process suggests that
significant peptide mobility and intermolecular interactions
occur across the gold surface. The accompanying processes
result in an overall coverage growth rate of approximately
4 � 10�3 cm2 s�1. Interestingly, the apparent nucleation and
growth mechanisms can be accurately described using struc-
ture-based rate equations developed for the evolution of

Figure 1. A) Concentration-dependent AFM images (a–h) of the Au-
(111) substrate exposed to 3rGBP1 solution for 1200 s with corre-
sponding cross-sectional height profiles. The scale is the same for
images (a–h). The white lines show the trajectory of the height profiles,
and the arrows in the AFM images correspond to those in the height
profiles beneath. B) Corresponding isotherm plot of 3rGBP1 surface
coverage on gold. Error bars represent �1 standard deviation of in-
sample variation. A least-squares-error curve fit to Equation (S3-4) in
the Supporting Information was used to generate the Langmuir plot.
The inset is an enlargement of the plot for 0–250 nm.

Figure 2. A) AFM images, with cross-sectional heights, of time-depen-
dent adsorption states of 3rGBP1 on Au(111) showing initial discrete
monomeric and clustered states (b), elongated cluster states (c–e),
and percolated monolayer states (f–j). The scale is the same for
images (a–j). The white lines show the trajectory of the height profiles,
and the arrows in the AFM images correspond to those in the height
profiles beneath. B) Surface coverage plot of 3rGBP1 adsorption on
Au(111) over time with a bulk concentration of 232 nm. Least-square-
error curve fit to Equation (S3-5) in the Supporting Information was
used to generate the Langmuir plot.
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nanostructures in atomic and molecular thin-film deposition
of metals.[17] From monomer adsorption and nucleation
during regime I, we calculate the surface diffusion rate for a
peptide monomer to be about 1 � 10�12 cm2 s�1 after applying
the mean-field nucleation theory (see the Supporting Infor-
mation).

During regime II, the second stage of the growth process,
the percolated network of peptides forms a scaffold which
slowly ripens at a rate (10�4 cm2 s�1) an order of magnitude
slower than for regime I. This finding suggests that an entirely
different assembly mechanism dominates the later stages of
peptide film formation. From Figure 2 B, regime II remains
initially insignificant and only contributes 5% to the overall
surface coverage during the initial 100 seconds; however, it
eventually contributes approximately 40 % total coverage
throughout the rest of the adsorption process. We conclude
that “regime I” is represented in Figure 2Aa–e and “regi-
me II” in Figure 2Af–j, as summarized in Figure 4 A. The
morphology at times longer than 1200 seconds remains
virtually unchanged, reflecting the state of kinetic equilibrium
achieved by the peptide film on the solid surface with a
persistent coverage of approximately 67%. When compared

to the previous concentration-dependent Langmuir behavior
(Figure 1B), this equilibrium coverage falls well within the
expected value.

Figure 4B schematically depicts a model for understand-
ing peptide interaction with an atomically flat solid in
solution. In this model, six stages of peptide–solid interactions
are considered in a system exposed to a fixed concentration of
peptide. In regime I (Figure 4 Ba–d), peptides bind as mono-
mers to the solid surface and undergo surface diffusion to
form nuclei that are highly mobile and coalesce to reach a
critical length (50–100 nm), resulting in a percolated,
branched network. During regime II (Figure 4B e, f), the
network undergoes slow ripening and captures newly adsor-
bed monomers to fill out the remaining interstitial space on
the surface. We therefore attribute the bimodal Langmuir
behavior, seen in AFM as well as SPR (Supporting Informa-
tion, Figure S2), to the surface diffusion of 3rGBP1 and its
aggregation to form a molecular thin film on gold.

In summary, we show herein for the first time a
morphological basis for the binding and assembly of an
engineered peptide, which arises from its specific interaction
with a solid surface. The adsorption process of the gold-
binding peptide on Au(111) is dynamic and involves multiple
stages of structure evolution over time with accompanying
surface diffusivities. The observed structures of adsorbed
peptides are explained by well-established theories of sub-

Figure 4. A) Deconstruction of the two-domain Langmuir curve into
regime I and regime II, associated with the corresponding AFM
images. B) Schematic model showing the proposed mechanism of the
binding, diffusion, and assembly of 3rGBP1 on Au(111) with corre-
sponding AFM images and identification of growth regimes I and II.
See text for details.Figure 3. A) Quantification of total feature density, monomer/nuclei

ratio, and percent coverage over time showing nuclei growing at the
expense of monomers. B) Particle-size analysis of the first 60 seconds
of adsorption normalized to percent population, showing significant
peak broadening as an indication of peptide surface diffusion. All data
is collected over 1 mm2.
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monolayer nucleation and island growth developed for
metallic and semiconductor heterostructures, the basis of
today�s microelectronic and magnetic thin films.[15,17] Analo-
gous to molecular recognition among biological proteins,[18]

which leads to specific functions, understanding the molecular
recognition of solids[19] by engineered peptides, their self-
assembly, and their topology is of fundamental significance, as
such interactions could well form the basis of novel hybrid
molecular technologies in which the immobilization of
proteins, with high affinity and material selectivity, is an
essential component in building up protein chips, protein
microarrays, and biosensors.[20]
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