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E
stablished methods are available for
synthesizing inorganic nanoparticles
of controlled composition, shape,

and size;1�5 however, our ability to assem-
ble these components into a desired 2-D or
3-D pattern lags far behind. Bionanocombi-
natorics is a new and revolutionary ap-
proach that aims to generate predefined
complex assemblies of nanomaterials by
harnessing molecular recognition, as found

in biology, to control the global and local
arrangement of the nanocomponents. Past
studies of biomolecule-initiated assembly
have mainly relied upon covalent conjuga-
tion of proteins or DNA to gold particles.6,7

Routes to expanding the compositional
versatility of such strategies remain uncer-
tain. Employing materials-selective, nonco-
valent recognition between peptides and
inorganic nanomaterials opens up new
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ABSTRACT

Bionanocombinatorics is an emerging field that aims to use combinations of positionally encoded biomolecules and nanostructures to create materials and

devices with unique properties or functions. The full potential of this new paradigm could be accessed by exploiting specific noncovalent interactions

between diverse palettes of biomolecules and inorganic nanostructures. Advancement of this paradigm requires peptide sequences with desired binding

characteristics that can be rationally designed, based upon fundamental, molecular-level understanding of biomolecule�inorganic nanoparticle

interactions. Here, we introduce an integrated method for building this understanding using experimental measurements and advanced molecular

simulation of the binding of peptide sequences to gold surfaces. From this integrated approach, the importance of entropically driven binding is

quantitatively demonstrated, and the first design rules for creating both enthalpically and entropically driven nanomaterial-binding peptide sequences are

developed. The approach presented here for gold is now being expanded in our laboratories to a range of inorganic nanomaterials and represents a key step

toward establishing a bionanocombinatorics assembly paradigm based on noncovalent peptide-materials recognition.
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possibilities for assembling many combinations of
nanoparticles of diverse inorganic materials. However,
realizing the full potential of peptide-based bionano-
combinatorics requires a fundamental, molecular-level
understanding of peptide/nanosurface interactions.
Here, we focus on building such fundamental under-
standing using coordinated large-scale advanced mo-
lecular simulation and experimental binding measure-
ments, with gold-binding as a prototypical example.
Numerous gold-binding peptide sequences have

been identified,8�16 as summarized in Table 1; several
of these sequences have been employed for the
fabrication of ligand-capped nanoparticles.10,17 The
few that have been rigorously characterized, including
the 3R-GBP1 (triple repeat of the GBP1 sequence),18

AuBP1, and AuBP28 peptides, showed binding affi-
nities similar to those of thiols on gold. The fact that
gold-binding peptides have been previously isolated
and examined under varying conditions hinders inter-
comparison of the results from these different studies
on an equal footing. Similarly, molecular simulation has
been applied to several gold-binding peptides,19�23

but the varying conditions and methods employed
previously again makes intercomparison problematic.
Further, materials-binding peptides are challenging to
model, due to the wide range of conformations they
can assume.24 Because almost all of these previous
modeling studies employed standard molecular dy-
namics (MD) or Monte Carlo simulations that take no
special measures to ensure thorough and robust sam-
pling of conformational space, the structures reported
may not be representative, compromising the conclu-
sions that can be drawn.
Here we present a systematic study of peptide

binding on gold, where we have quantitatively mea-
sured the kinetics and thermodynamics of binding for
the 12 sequences in Table 1. Such measurements were

performed under identical conditions, thus allowing
for direct intercomparison of the experimental results.
We have also employed our newly developed MD
simulation protocol, applying Replica Exchange with
Solvent Tempering (REST)25 sampling for biointerfaces,
combined with our recently developed interaction
potentials for this system.26 REST is a novel, computa-
tionally efficient, Hamiltonian-based replica-exchange
approach; it enables conformational sampling that is
comparable with conventional (temperature-based)
replica-exchange methods, but at a fraction of the
required computing resource. In very recent work we
have developed and verified adaptations of REST
specifically tailored for peptide-materials interfaces.24

Our simulations of the peptide-gold interface de-
scribed herein represent the first application of our
biointerface REST approach to investigate peptide-
materials affinity. Our simulation results generate a
rigorous ensemble of likely bound-peptide configura-
tions, thus allowing us to interpret the experimental
findings from a molecular-level perspective. Our com-
bined studies quantitatively show, for the first time, the
importance of entropic differences in determining the
overall binding affinity. Previously advanced hypoth-
eses regarding peptide-nanomaterials recognition
maintained a focus on binding enthalpy considera-
tions, such as the probable number, distribution, and
type of residue-nanosurface contacts.20,22,24,27�32

Some of these simulation studies included considera-
tion of entropic factors: Maranas and co-workers ex-
plored the influence of peptide flexibility on peptide
binding;22 Heinz et al.19 estimated configurational (i.e.,
whole system) entropic changes based on an estimate
of the possible reduction of peptide rotameric degrees
of freedom combined with the approximate entropy
associated with interfacial water release; and in very
recent work, Corni et al.32 calculated configurational

TABLE 1. Adsorption Analysis for the Peptide�Gold Interface for All Peptidesa

a From QCM experiments: adsorption free energies (ΔG) and surface coverage at the highest peptide concentration studied (θ at 15 μM peptide). Values are given as mean(
one standard deviation from three independent experiments. From molecular simulations: estimated enthalpic component (anchor assignment) and estimated entropic
component (entropy assignment). Surface contact residues, determined from molecular simulation for each sequence, are highlighted in green.
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entropy change estimates directly from simulation
data. However, previous studies, with the exception
of Corni et al., did not quantify these entropic con-
siderations on the basis of genuine advanced confor-
mational sampling techniques (i.e., those that are not
standard MD approaches). Our previous modeling of
materials-binding peptides suggests that strong bind-
ing affinity can arise not only from strong peptide-
surface interaction energies, but also from the system
possessing many different adsorbed conforma-
tions.24,31 The number of adsorbed conformations
can provide an estimate of the conformational entro-
pic contribution to the binding. Here, we define con-
formational entropy to be the entropy associated with
the peptide alone, specifically the entropy associated
with the number of distinct conformational states (or
basins on the energy landscape33) that are accessible
to the surface-bound peptide. While we recognize that
in a majority of instances a peptide will lose entropy
upon adsorption to a surface, we postulate that differ-
ent sequences lose different amounts of entropy, and
thus, entropic factors play a role in the resulting
binding affinity. We note that experimentally selected
materials-binding peptides are typically random-coil in
structure and do not usually feature a well-defined,
single, native conformation (basin). The links between
peptide sequence, structural features, and the enthal-
pic and entropic factors identified here could be
incorporated into advanced informatics approaches
to enable the design of materials-binding peptide
sequenceswith predictable binding behaviors.We also
show that sequences experimentally selected for
strong binding to one material can also be strong-
binders of other, very different materials. Thus, our
comprehensive overview provides a necessary platform
for future investigation of the molecular basis of com-
positionally selective peptide�nanomaterials binding.

RESULTS AND DISCUSSION

The materials-binding peptide sequences, sourced
from previous literature (Table 1), were synthesized as
detailed in the Materials and Methods section. This set
of peptides includes sequences that were not specifi-
cally selected for their ability to bind to gold: two silver
binding peptides, AgBP1 and AgBP2,34 a quartz-bind-
ing peptide, QBP1,35 and a palladium-binding peptide,
Pd4.36 Full details of the provenance of each sequence
and the type of target material (e.g., foil, particle,
powder) against which it was identified are given in
Table S1 of the Supporting Information, where com-
plete literature citations are also included.
The binding affinity of a particular sequence is char-

acterized by the difference in Gibbs free energy be-
tween the bound and unbound states,ΔG =ΔH� TΔS,
which is related to the equilibrium constant for binding
(Keq = exp(�ΔG/(RT)). We can associate ΔH with
the number and strength of anchor residue contacts,

defined as those with strong and persistent affinity for
the surface. On the other hand, ΔS depends upon the
conformational freedom of the peptide adsorbed on
the inorganic surface. The Gibbs free energy is experi-
mentally accessible through measurements of the
binding equilibrium,37,38 for which we employed
Quartz Crystal Microbalance (QCM) techniques, as
detailed in Materials and Methods. These measure-
ments provide a measure not only of the amount of
peptide bound, but also of the dissipation energy
associated with the layer of bound peptide. The latter
provides information about the rigidity of the bound
layer. Analysis ofmolecular simulation results in light of
the experimental results allowed us to compare en-
thalpic and entropic effects and relate them to molec-
ular features.

QCM Analysis of Peptide Binding. QCM has been em-
ployed to quantitatively measure the adsorption of
biomolecules on target interfaces, including inorganic
surfaces.18,39,40 To measure peptide adsorption, gold
coated sensors were used. Note that the metallic gold
surface is polycrystalline; thus, a distribution of gold
crystal orientations and facets is presented to the
solution. Initially water was flowed over the sensor
surface to establish a baseline, followed by flowing the
aqueous peptide solution at known concentrations.
Figure 1 presents the QCM analysis for two of the
peptides studied here. Figure 1a specifically presents
the analysis for the AuBP1 peptide isolated by Sarikaya
and colleagues.12 When a peptide concentration of 2.5
μg/mL was flowed over the gold surface, a decrease in
the resonant frequency was observed that saturated at
a value of �4.0 Hz. This corresponds to approximately
100 ng of adsorbed peptide per cm2 of gold surface,
based on the superficial area of the QCM chip, not
accounting for additional surface area due to rough-
ness. Note that inverted plots are displayed for more
intuitive data presentation. Higher peptide concentra-
tions produced larger and faster frequency shifts,
reflecting increased binding rates and increased totals
of peptide bound at saturation. At all peptide concen-
trations, negligible dissipation energy associated with
the elasticity of the bound peptide layer was observed
at <5% of the total frequency change. This is shown by
the purple plot in Figure 1a for the 15 μg/mL analysis.
As is evident there, no energy dissipationwas observed
in this experiment. This indicates that the adsorbed
layers were quite rigid, and suggests that only a single
peptide layer is adsorbed on the gold surface. If a
multilayer structure was formed, greater surface elas-
ticity would undoubtedly be present, resulting in a
measurable dissipation energy. Similar results were
obtained for all the peptides studied; negligible dis-
sipation energy was recorded in all cases for the con-
centration range used in this study. Results for the Pd4
peptide (Figure 1b), originally isolated for Pd binding,36

show that it also bound appreciably to the gold surface,
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although it ultimately proved to be the weakest binder
among the peptides in Table 1. Again, no measurable
dissipation energy was observed, as indicated by the
purple plot for the 15 μg/mL Pd4 sample during the
binding analysis.

While it is clear that peptide binding to the gold
surface occurs, it must be noted that it is challenging to
experimentally determine the molecular-scale struc-
ture of this interface. This is especially true for the
polycrystalline gold QCM sensor, where the surface
roughness prevents direct imaging of the biological
layer. Previous studies have attempted to image gold-
bound peptides on a single crystal Au(111) surface
using atomic force microscopy (AFM), which indicated
the formation of surface peptide patterns; how-
ever, these adsorbed layers were dried prior to analy-
sis.18,41,42 Unfortunately, drying is likely to dramatically
alter the surface structure, both because of the capil-
lary forces that act on the layer during drying and
because the ordered water layers adjacent to the gold
surface and the water molecules associated with the
peptide play important roles in peptide binding. Thus,
these images may not be reflective of the bound
peptide morphology of the materials in water. Inter-
estingly, for all of these studies, the biological layer
thickness corresponded quite well with values for the
anticipated thickness of a peptide monolayer on the
gold surface, suggesting that multilayer formation was
not occurring.18,41,42 Furthermore, in the study by

Singamaneni and co-workers, single, monolayer cover-
age of the A3 peptide binding to the Au(111) surface
was observed at concentrations up to 20 μg/mL.41

Below this concentration, single peptide layers were
noted; however, they were observed to not fully coat
the gold surface. For our study, the concentrations
for all of the peptides, including the A3 sequence, are
studied at <20 μg/mL, consistent with the formation of
a single peptide layer at the metallic interface.

Our QCM results strongly suggest that a peptide
monolayer forms on the sensor surface under these
experimental conditions. We do not see any evidence
for build-up of multiple layers of peptide (multilayers).
Furthermore, previous studies using single crystal
gold surfaces,18,41,42 have shown that this layer gen-
erates a patterned surface, thus forming less dense
layers as compared to standard alkyl thiols on gold.43

Monolayer formation of this type is indicated by the
lack of energy dissipation as discussed earlier, which
demonstrates that a rigid layer is bound to the gold
sensor. Should a multilayer structure be formed,
the loosely bound peptides in the outer layers
would interact significantly with the solvent, produ-
cing a viscoelastic layer with significant and measur-
able dissipation energy. Because the peptide interface
is rigid, the layer thickness can be roughly estimated by
eq 1:44

d ¼ Δm

F
(1)

Figure 1. QCM analysis of peptides (a) AuBP1 (strongest binder) and (b) Pd4 (weakest binder) to obtain ka and kd values. Left
panels show inverted frequency change vs time, for five concentrations of each peptide, as well as the dissipation energy plot
for thehighest concentration studied. Right panels showplots of kobs values vspeptide concentration, obtained from the data
in the left panels by fitting to Langmuir kinetics. The slopes of the plots in the right panels give the adsorption rate constants,
while the y-intercepts provide the desorption rate constants.
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Here, d represents the film thickness,Δm is themass of
peptide bound to the QCM sensor surface, and F is the
effective density of the adhering layer. The peptide
density can be approximated using previous meth-
ods;45 however, this assumes formation of a complete
layer of peptide with no defects or patterning. Using
these values, the thickness of the peptide layer at the
lowest and highest peptide concentration studied was
examined, and the film thickness for all of the experi-
ments performed here was e8.9 Å, as shown in the
Supporting Information, Table S2. Should the peptides
lay completely flat on the gold, with all residues inter-
acting with the surface, a typical film thickness of 4 Å
would be expected, simply based on the geometry of
the molecules. Such a binding event is unlikely, due
to peptide steric constraints and interactions with
the solvent, thus a higher value closer to the ones
calculated for our experiments is likely. Taken together,
this evidence indicates that peptide monolayers are
formed on the gold sensor surface under the condi-
tions used in this study. Monolayer formation is fur-
ther supported by the kinetic and equilibrium analysis
presented below.

Each QCM-derived binding curve was fit using
Langmuir kinetics, from which kobs values for each
concentration were determined using previously de-
scribed methods.18,46 Plotting the kobs values as a
function of the AuBP1 peptide concentration, as in
the right panel of Figure 1a, gives the rate constants for
adsorption (ka) and desorption (kd) as the slope and
y-intercept of the plot, respectively. Note that this
approach assumes the formation of a single peptide
layer on the Au sensor surface. If multilayer adsorption
occurred, based upon peptide�peptide interactions
that differ in strength from the peptide�surface inter-
actions, the Langmuir isotherm would not fit the data,
nor would a linear trend be observed for the kobs values
as a function of concentration. The facts that (1) the
data were well fit by the Langmuir isotherm, (2) the
values of kobs increased linearly with concentration,
and (3) negligible dissipation energy was measured by
QCM suggested that a single peptide layer was gener-
ated at the sensor surface. Thus, fitting to Langmuir
adsorption kinetics is appropriate. This approach also
has the advantage of being consistent with previous
studies.8,12,18,34,46�49 The binding equilibrium con-
stant, Keq, can then be calculated as ka/kd. A full
summary of the ka, kd, and Keq values for each peptide
can be found in the Supporting Information, Table S3.
Note that these values are extracted from the QCM
analysis, where multiple peptides are bound to the
same sensor surface and not for a single peptide
binding to the surface. Upon the basis of the strong
evidence of monolayer formation with coverage-
independent binding energetics, we believe that the
binding kinetics and equilibrium are dominated by
peptide�surface interactions; however, a contribution

from peptide�peptide interactions in the single layer
is inherently included in these values. At present,
separating out the effects of peptide�peptide interac-
tions in our measurements is not feasible. However,
Wei and Latour, using SPR spectroscopy of septamer
peptides adsorbed on SAM surfaces, have quantified
the contributions of interpeptide interactions to the
peptide-SAM adsorption free energy.37 They found
that the correction in the strong-binding regime
amounted to ∼6 kJ/mol and was consistently of the
same sign, meaning that the trend in binding free
energies was the same for the corrected and un-
corrected data. For the AuBP1 peptide, a ka value of
(2.80 ( 0.02) � 103 M�1 s�1 and a kd value of (7.0 (
0.03)� 10�4 s�1 were determined, fromwhich an equi-
librium constant of Keq = (4.00 ( 1.43) � 106 M�1 was
calculated. The change in Gibbs free energy for peptide
binding, ΔG = �RT ln(Keq), was �37.6 ( 0.9 kJ/mol.
These values are consistent with a peptide sequence
that strongly binds the target surface and are compar-
able to the binding energies of thiols on Au.12 For
comparison, SPR analysis of the Au binding of AuBP1
was also carried out to confirm the QCM results. From
the SPR studies, a Keq value of (3.82 ( 0.06) � 106 M�1

was determined, corresponding to a ΔG value of
�37.5 ( 0.05 kJ/mol. These results were consistent
with the QCM studies and confirmed the strong Au
surface affinity of the peptide.

Figure 1b presents results of the sameQCM analysis
for the Pd4 peptide. For Pd4, a ka of (2.01 ( 0.10) �
103 M�1 s�1 and a kd of (0.95 ( 0.04) � 10�2 s�1 were
determined. Using these, the Keq and ΔG values were
calculated to be (2.11 ( 0.13) � 105 M�1 and �30.3 (
0.2 kJ/mol, respectively. These values demonstrate that
the sequence, which was isolated based upon affinity
for palladium,36 does indeed bind to gold surfaces, but
binds less strongly than AuBP1, which was isolated
specifically for gold binding. This suggests that while
peptide affinity for a target can be achieved through the
bioselection process, a high degree of specificity cannot
be guaranteed based solely on the fact that a sequence
was isolated for binding to a particular surface.

The same analysis was carried out under identical
conditions for all of the peptides in Table 1, where they
are listed in order of decreasing ΔG values, ranging
from �30.3 to �37.6 kJ/mol for the weakest (Pd4) and
strongest (AuBP1 and GBP1) binders, respectively. In-
terestingly, a bimodal distribution in binding affinities
was observed, with a gap inΔG values between the A3
(�31.8 ( 0.3 kJ/mol) and QBP1 (�35.0 ( 1.1 kJ/mol)
peptides. Sequences isolated or designed for binding
to gold were not necessarily stronger binders than
peptides isolated for binding to other materials. For
instance, AgBP2 was identified by bioselection experi-
ments for binding to silver;50 however, it possessed a
significant affinity for gold (�35.3( 1.2 kJ/mol), higher
than that of some sequences specifically selected for
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gold affinity. This suggests that promiscuous surface
binding may be possible on materials of similar struc-
tures. The Z2 peptide, previously described by Belcher
and co-workers,51 was designed as an interdigitated
sequence comprised of known binding residues
(methionine, arginine, and lysine); however, the affinity
of this designed sequence was lower than several of
the selected sequences, indicating that the affinity for
the target surface requires more than just incorporat-
ing a collection of strong binding moieties into the
sequence. Additional factors related to the peptide
conformation are likely to play a major role in the
surface binding capabilities of the sequences.

The Langmuir kinetics fitting of the data also pro-
vides a steady-state fractional surface coverage, θ, of
the sensor for each peptide, as a function of the
peptide concentration, as shown in Figure 2a. For the
AuBP1 peptide, the surface coverage increased from
88 ( 4.0% to 98 ( 0.8% as the peptide concentration

was increased from 2.5 to 15.0 μg/mL. For the Pd4
peptide, the surface coverage reached a maximum
value of 70.3 ( 0.5%, consistent with its weaker bind-
ing affinity. The surface coverage for the other peptides
studied correlated well with the Au affinity. The mea-
sured binding equilibrium constants allowed for pre-
diction of the coverages that should prevail if the
surface was simultaneously exposed to both peptides
at select concentrations, which cannot be directly
measured using QCM. The Langmuir adsorption iso-
therm for competitive binding on the same sites can be
written as follows:

θAuBP1 ¼ KAuBP1[AuBP1]
1þ KAuBP1[AuBP1]þ KPd4[Pd4]

(2)

θPd4 ¼ KPd4[Pd4]
1þ KAuBP1[AuBP1]þ KPd4[Pd4]

(3)

For equal concentrations of the two peptides, the ratio
of the fractional coverages (θAuBP1/θPd4) is simply equal
to the ratio of the equilibrium constants (KAuBP1/KPd4),
which in this case is ∼19.0. This is much greater than
the ratio of the surface coverages for independent
binding of the two peptides (i.e., the coverages in
Figure 2a), showing that substantial selectivity of the
surface for one peptide over another is possible even
when both peptides have significant affinity for the
target. Figure 2b presents the fractional coverages of
these two peptides predicted by Langmuir competi-
tive binding eqs 2 and 3, as a function of the peptide
concentrations in solution. This shows more clearly
that, except at very low concentrations of AuBP1, the
surface would primarily be covered with AuBP1 and
would have very little Pd4. Importantly, this confirms
that the differences in binding affinity of a few kJ/mol
that are observed here are sufficient to confer sub-
stantial selectivity when the peptides are competing
for the same surface.

Molecular Dynamics Simulations of Adsorbed Peptide
Structure. REST24,25 MD simulations of each aqueous
gold�peptide interface were carried out to determine
the Boltzmann-weighted ensemble of adsorbed pep-
tide conformations for each sequence. In very recent
previous work, we have developed and verified adap-
tations for REST specifically tailored for peptide�
materials interfaces.24 In our simulations, we consider
the binding arising from a single peptide chain adsorb-
ing on the gold surface. We do not calculate binding
free energies, however. Themeaningful estimation of a
genuine adsorption free energy for peptide adsorption
at the aqueous interface, derived from atomistic simu-
lation, is currently a daunting task. Such results have
not yet been reported for a dodecamer peptide.
These adsorption free energies have been reported
only recently, and for smaller sequences (5�9 resi-
dues).52�55 In an alternative approach, as detailed
in refs 19, 21, and 55, the change in free energy was

Figure 2. Fractional surface coverages of peptides. (a)
Individual fractional coverages as a function of peptide
concentration obtained via QCM in experiments using each
peptide separately. (b) Surface coverages predicted for
competitive binding of the AuBP1 and Pd4 peptides as a
function of concentration in solution, using eqs 1 and 2 in
the text. The dashed line indicates where the two surfaces
cross, the locus of points where the surface coverages of
the two peptides are equal. The dash-dot lines indicate the
coverages for equal solution-phase concentrations of the
two peptides.
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estimated as a change in potential energy,ΔPEads, and
was calculated via a compartmentalized method. In
this approach, the Boltzmann weighting of the ad-
sorbed states was not accounted for (the four lowest
binding energies19,21,56 are linearly averaged, the fifth
lowest data point is discarded), and the accompanying
change in entropy was estimated to be constant
between different adsorbates. To compare the com-
partmentalized approach with a genuine free energy-
based method, we contrast the binding energies for a
range of amino acids (see Supporting Information
Section 'Adsorption Energy Comparisons'). Our results
show a variable degree of agreement, with large
differences between ΔPEads and the adsorption free
energy in some cases. Furthermore, the compartmen-
talized method is predicated on an energetic analysis
that is based on limited conformational sampling
(derived from multi-initial-configuration standard
MD simulations) that does not reflect a Boltzmann-
weighted ensemble of conformations (see Supporting
Information Section 'Comparison of Sampling Ap-
proaches' for details). Moreover, we recognize the
potential importance of multichain adsorption, and
the concomitant co-operative effects that may arise
from the presence of interpeptide interactions, as well
as peptide�surface interactions; however, at present,
the huge challenges in obtaining adequate conforma-
tional sampling relating to adsorption of a single
chain,24,52,53 let alone multichain adsorbed states,
makes an unambiguous investigation of these multi-
chain states beyond the reach of current computa-
tional methods. There are similar challenges faced in
unambiguously resolving questions of single-chain vs

multichain adsorption via experiment. Our results,
while presented for the single-chain adsorption sce-
nario, provide a platform for future developments in
addressing these grand challenges.

Force-fields developed for describing the interac-
tions of biomolecules with noble metal surfaces in-
clude INTERFACE FF57 and CHARMM-METAL.58 These
force-fields have the advantage of simplicity, being
based purely on unmodified Lennard-Jones (LJ) inter-
actions between adsorbate and surface, generated
via standard combining rules. However, this unmodi-
fied LJ form of the force-field always guarantees, by
construction, preferential adsorption onto hollow sites
on the surface,59 at variance with current theoretical
and experimental conclusions that indicate atop site
adsorption is preferred in general (see Chen et al.60 and
references therein), even for more complex mole-
cules,61 and also at the interface with liquid water.62

The proposed “soft epitaxy” mechanism (see e.g.,
ref 19), with particular reference to binding selectivity
over the (111) and (100) facets, advanced on the basis
of simulations employing the CHARMM-METAL force
field (and variants thereof), could conceivably be a
consequence of the force-field used; very recent work

using the GolP-CHARMM force-field (vide infra) indi-
cates an alternative explanation for this phenom-
enon.63 Here, we employ our recently developed po-
larizable force-field for the interface between aqueous
peptides and gold, GolP-CHARMM.26 GolP-CHARMM
uses virtual interaction sites to ensure noncovalent
adsorption proceeds correctly via atop sites. Valida-
tion of biointerfacial force-fields for gold at present is
challenging and open to extensive interpretation.
Few experimental data on adsorption of single amino
acids under aqueous conditions are available. While
a number of peptide adsorption studies are available
(e.g., Willet et al.,64 Hnilova et al.,12 and Cohavi et al.49),
inference of residue-specific binding information is
difficult due to the interplay of sequence, conforma-
tion, and surface binding. In light of these limitations,
both CHARMM-METAL and GolP-CHARMM are seen
to perform reasonably in terms of recovering the trend
in the adsorption energies of amino acids. Compared
against the more direct observations of Phe adsorp-
tion at the aqueous gold interface, reported as �18 <
ΔG0 < �37 kJ/mol,65 the GolP force-fields show good
agreement with binding energy. Using metadyna-
mics simulations,66 we have calculated the genuine
free energy of Phe adsorption at the aqueous Au(111)
interface to be �20.6 ( 0.5 kJ/mol using GolP-
CHARMM (see Supporting Information section 'Ad-
sorption Energy Comparisons' for details). While both
GolP-CHARMM and CHARMM-METAL appear to re-
cover the broad features of spatial structuring of inter-
facial water at the aqueous Au(111) interface, details of
the description of the orientational ordering in these
interfacial layers for comparison against recent, disper-
sion-corrected first-principles simulations67 has to date
only been reported for GolP-CHARMM,26 which shows
very good agreement. The orientational preference of
the interfacial water layers could influence the adsorp-
tion of the peptide, because this orientation may
control the availability of interfacial water for hydrogen
bonding. For comparison, we report the same orienta-
tional analysis of the interfacial waters for simulations
of the aqueous Au(111) interface using CHARMM-
METAL, see the Supporting Information 'Aqueous In-
terface Comparisons' for details. Our orientational data
for CHARMM-METAL show an opposite behavior to
that reported in refs 26 and 65.

The structural predictions arising from our simula-
tions can be combined with the experimental results
above to elucidate the molecular basis for the differing
degrees of binding affinity. For all sequences that are
not discussed in depth (vide infra), we show snapshots
of each typical adsorbed conformation in the Support-
ing Information (Figures S2�S10). For each ensemble,
we identified the residues that made the closest and
most persistent surface contact (see Materials and
Methods). The resulting contact residues are high-
lighted for each peptide in Table 1. In addition, from
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the total set of sequences, we determined the fre-
quency of occurrence for each of the 20 residues
(Supporting Information, Table S4); these data show
that Ala, Ser, Thr, Leu, Pro, Lys, and Arg are the most
abundant residues in our set of 12 peptides. We then
calculated the relative fraction of each of these resi-
dues that is present in our set of contact residues
(Supporting Information, Table S5). Other than Arg,
the set of themost abundant contact residues does not
overlap with the set of most abundantly occurring
residues, demonstrating that our set of contact resi-
dues did not arise merely as a consequence of their
abundance. The most frequently occurring contact
residues, Met, Trp, Phe, His, Tyr, and Arg, which we
designate as anchor residues, have been previously
reported to be the most strongly binding of all natu-
rally occurring amino acids at the aqueous Au(111)
interface;26,56,68 however, these previous calculations
were carried out for free amino acids, not residues
incorporated into a peptide sequence. Moreover, Ta-
ble 1 and Table S4 also demonstrate that the presence
of these anchor residues is not always sufficient to
guarantee surface contact at that point in the se-
quence. Specifically, Arg and His do not always act as
contact residues; in contrast, Trp, Phe, Tyr, and Met
always act as contact residues, regardless of where
they appear in the sequence. These data indicate that
for some anchors, the environment in which it is
located can down-modulate its availability for making
surface contact. Furthermore, these data show that
while the presence of a large number of possible an-
chor residues in a sequence can confer a strong bind-
ing affinity (e.g., AuBP1), this is not always a necessary
condition for the strongest binding (e.g., GBP1).

On the basis of previous calculations of amino acid
binding strengths on the gold surface,68 we have
estimated the scale of the enthalpic contribution to
the experimentally determined ΔG values for each
sequence by assigning a score to each contact residue
in the sequence. These scores are then summed to
provide a total enthalpic score for each peptide, which
is then used to classify the binding enthalpy as Weak,
Medium, or Strong for each sequence (see Supporting
Information 'Contact Residue Scoring' for details). We
have also estimated the scale of the conformational
entropic contribution to ΔG for each sequence. To
accomplish this, we analyzed MD REST trajectories
and characterized the ensemble of adsorbed config-
urations for each peptide sequence. We then used a
clustering analysis (see Materials and Methods) to
group together like structures (referred to as clusters
herein) on the basis of similarity between backbone
conformations. The number of distinct clusters for each
adsorbed peptide is indicative of the number of differ-
ent possible arrangements of the peptide in the ad-
sorbed state, and is thus related to the conformational
entropy of the adsorbed sequence. For example, a

sequence with a large number of distinct clusters, each
with a relatively small population, is assigned high
conformational entropy. Conversely, a sequence for
which the top few clusters account for most of the
population is assigned a low conformational entropy.
The percentages of populations for the top 10 clusters
for each adsorbed peptide are given in the Supporting
Information, Table S5. Details of the classification of
conformational entropy into low, medium, and high
categories are also given in the Supporting Information
(see 'Conformational Entropy Classification'). Finally,
the conformational entropy classification for each ad-
sorbed sequence is summarized in Table 1.

The range of experimental binding free energies in
our sample of 12 peptides is rather narrow, with ΔG
varying by ∼7 kJ/mol across the entire set. The rela-
tively small, yet important, differences in binding en-
ergies make discerning distinct sequence�structure�
property differences among all of the peptides in the
set challenging. In addition, taking into account the
error bars on each binding free energy, we see the
peptide affinities readily fall into two distinct binding
regimes. On the basis of these two points, herein we
will discuss in detail themost extreme cases for each of
these two categories: the strongest binders (with the
same binding free energy), AuBP1 and GBP1, and the
weakest binder, Pd4. Before doing so, we comment on
our findings for three other peptide sequences, start-
ing with A3, for which there are previously reported
simulation data.19 In this previousMD simulation study,
the adsorption energy of A3 at the aqueous Au(111)
interface, calculated using the compartmentalized
method, was�264 kJ/mol, roughly 8 times the experi-
mentally determined ΔGads of �31.8 kJ/mol reported
here. Moreover, a very recent experimental study41

indicates that A3 is capable of thermally activated
surface diffusion at room temperature, once adsorbed
onto gold; this seems unlikely if the binding energy
was as great as �264 kJ/mol. There are also some
differences in the structural details reported by Heinz
et al.19 and our findings. These authors reported the A3
residues that were in direct contact with the surface.
These authors reported direct contact for eight resi-
dues, A1-G5, P8, and P11�F12; the lack of Met anchor-
ing is in contrast with the known strong attraction of
sulfur-containing moieties for gold. In contrast, our
REST simulations identified fewer anchors, with some
anchor residues (Y2, G5, F12) in common with this
previous study (see Table 1). We also found A6 and M8
as anchors. Further, our simulations indicate that no
prolines served as anchor residues, not just for A3, but
across all 12 peptides (contrast the entries for proline in
Tables S4 and S5 in the Supporting Information).

Second, we compare our findings for AuBP2 against
the recently published work of Corni et al.,32 who used
temperature-based REMD simulations of peptide ad-
sorption at the aqueous Au(111) interface along with
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the GolP force-field.69 These authors reported that the
residues W1, R4, R5 and Y12, and to a lesser extent, R8
and R9, showed a reasonable probability (actual values
not reported) of close contact with the gold surface. In
comparison, we identify W1, R4, R5 and Y12 as anchor
residues. Differences in the binding of R8 and R9might
be attributed to the use of the OPLS force-field70 in
GolP, while we have used the CHARMM22* force-field
here. Similarly, we also compare our findings for QBP1
adsorption against those published by Corni et al.32

These authors reported that W4, M8 and W11 spend
the highest proportion of the trajectory in contact with
the surface, and to a much lesser extent, so does Y7. In
contrast, we find all four residues, W4, Y7, M8 and W11
as anchor residues; again, the difference could be
attributed to differences between OPLS and CHARMM,
particularly because of the high proline content of this
sequence. However, crucially, both simulations identify
Met as a strong-binding residue, in contrast to earlier
simulations of Met-containing peptides such as A319

and GBP1.22,23

From Table 1, AuBP1 has five contact residues on
average, four of which are anchors (one Trp and three
Arg). The recent work of Corni et al. also identified
these same four anchor residues.32 Based on the
classification, this provides a strong enthalpic contri-
bution to the binding, which is combined with a
medium entropic contribution. On the basis of this
analysis, AuBP1 is therefore suggested to be an en-
thalpically driven binder. A typical configuration of the
adsorbed state for AuBP1 is shown in Figure 3, reveal-
ing the overall close proximity of the entire peptide
chain to the gold surface. This can be attributed to both
the somewhat even spacing of the anchors along the
peptide chain, and also the splayed Arg-Arg pair (R10-
R11), providing additional lateral stability. The even
spacing of the five contact residues along the chain
ensures the peptide backbone cannot form loops that
project away from the surface.

In contrast, GBP1, which has the same strong bind-
ing affinity, has fewer contact residues: three in total,

with two of these as anchors (one Met and one His).
While our classification of the enthalpic contribution
for GBP1 is medium, this sequence exhibits a high
conformational entropy contribution (with the most
extreme distribution of all the high entropy cases in our
set of peptides: see Supporting Information, Table S6).
We propose, therefore, that the moderate enthalpic
component to the binding is enhanced by a substantial
entropic term, thus motivating the classification of
GBP1 as an entropically driven binder. Figure 4 shows
representative conformations from the top two clus-
ters for GBP1, revealing the C-terminal half of the
peptide as being quite distant from the gold surface
for both structures. This is due to the location of all
three contact residues within the N-terminal region of
the sequence, which ensures the peptide, up to residue
position six, maintains close proximity to the gold
surface. The remaining portion of the chain, from
residue seven onward, is not pinned to the gold and
thus experiences more conformational freedom com-
pared to AuBP1. This is likely to be the source of the
large entropic contribution to the binding affinity.

While no previously publishedmodeling studies are
available for the GBP-1 peptide adsorbed onto gold,
the adsorption onto gold of larger constructs of GBP1,
such as the tandem triple repeat (3R-GBP1), has been
modeled previously.22,23 In contrast to our findings,
these earlier studies identified the polar residues,
serine and threonine, as the key residues thatmediated
contact with the surface. Moreover, both studies failed
to identifymethionine, a sulfur-containing residue, as a
contact residue, again in contrast to our results. How-
ever, the large number of atoms in these tandem
repeat systems implies that conformational sampling
in both cases was far from optimal. Furthermore,
recently published data for the adsorption of amino
acids onto gold surfaces suggests threonine and serine
do not have a strong affinity for gold.68

The relatively longer chain of GBP1 (14 residues),
compared with other peptides in the set, is suggested
to aid the entropic enhancement of the observed

Figure 3. Typical structures (in both plan view and side view) for the surface adsorbed conformations of AuBP1. The anchor
residues are highlighted with relatively thicker bonds. Waters are not shown for clarity.

A
RTIC

LE



TANG ET AL. VOL. 7 ’ NO. 11 ’ 9632–9646 ’ 2013

www.acsnano.org

9641

binding. Eight residues at the C-terminal region ex-
perience relatively greater conformational freedom,
compared to the surface anchored residues at the
N-terminal half of the chain. The uneven distribution
of the contact residues in GBP1 is also predicted to
positively impact the ability to successfully conjugate
additional molecules to the surface-bound peptide,
thus enabling the use of the sequence as a molecular
tool to modify nanoparticle surfaces. Knowledge of the
surface-bound peptide structure would allow for tar-
geted regio-selective incorporation of functionalities
on the nanoparticle surface, through peptide-surface
patterning. In the case of GBP1, we predict that con-
jugation to the C-terminus, rather than the N-terminus
will be least likely to adversely affect the gold-binding
properties of the peptide; however, such a hypothesis
would require both experimental and computational
validation. This contrasts with AuBP1, where conjuga-
tion at either terminus could possibly down-modulate
the availability of the anchor residues at positions 1 or
11. However, we note that for AuBP1 the lysine at
position five is almost always found far from the sur-
face, suggesting that conjugation to this residue may
be a promising route for modification. Further, the
lateral footprint of the adsorbed peptide is predicted
to be smaller in the case of GBP1 compared with
AuBP1. This difference may also impact the perfor-
mance of peptides as nanoparticle ligands.

The weakest binder, Pd4, has only two contact
residues on average, although both are anchor

residues (two His). Interestingly, this set of two anchor
residues is in agreement with coarse-grained simula-
tions of Pd4 adsorption on a palladium surface.20 This
leads to a classification of the binding enthalpy con-
tribution as weak. On the other hand, the entropic
contribution for this peptide is classified as high,
although the population distribution for this sequence
is not themost extreme case in the set (see Supporting
Information, Table S6). We propose that, in contrast
with GBP1, the very modest binding enthalpy has not
been adequately offset by the entropic contribution,
thus leading to a reduced binding affinity. Further-
more, the interval between these anchors in the
sequence, and their location in the sequence, in posi-
tions 6 and 11, does not provide as much scope for
conformational entropic contributions as compared to
GBP1. This is because the Pd4 peptide chain cannot
support high backbone mobility between the two
anchor points, in addition to having a shorter, weakly
bound, terminal domain (at the N-terminus, in contrast
to the C-terminal domain in GBP1) relative to the case
of GBP1. Interestingly, the average behavior of the
anchor residues is not reflected in the top cluster in
the adsorbed state. Specifically, the His at position
eleven is not surface-bound in the top (most probable)
cluster, while this residue is found to be in surface
contact for most other clusters for this trajectory.
These findings are illustrated in Figure 5, where we
show the top two clusters for the surface-adsorbed
Pd4 sequence.

Figure 4. Typical structures (in both plan view and side view) for the top two clusters of the adsorbed conformations of GBP1
(top, cluster 1; bottom, cluster 2). In each case, the anchor residues are highlighted with relatively thicker bonds. Waters are
not shown for clarity.
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Taken together, the combination of the experimen-
tal and simulation results indicate that entropically
driven peptide binding of nanoparticle surfaces is
comparable to enthalpically driven binding. This
contrasts with prior hypotheses that have focused
solely on enthalpy-based interpretations of peptide�
materials binding affinity. We suggest that one route to
amplifying the conformational entropy contribution is
to ensure the peptide has long and exposed unat-
tached segments of the peptide chain when adsorbed
at the surface. The high degree of freedom of the
unattached region of the peptide chain can support
many more configurational states compared with a
sequence that is dominated by adsorbed conforma-
tions that are more fully pinned to the surface across
the entire sequence.

CONCLUSIONS

In conclusion, we have demonstrated that com-
bined experimental and theoretical studies can reveal
a fundamental basis for the affinity of peptides for
target metallic nanosurfaces at the molecular level.
These findings suggest that strong binding peptides
can be broadly defined as either enthalpically driven,
with a high number of anchor residues spaced evenly
along the peptide chain, or entropically driven, with

fewer anchors spatially clustered at either end of the
peptide chain. In the entropically driven case, one
region of the peptide remains unbound, allowing for
the large entropic contribution to dominate the bind-
ing thermodynamics. Such a hypothesis correlated
well with the extremes of our set of experimentally
observed ΔG values. The absolute values of the bind-
ing energies of the peptides were also comparable to
the well-known binding of thiols onto Au surfaces. For
the peptides, however, multiple noncovalent interac-
tions drive the binding process, in contrast to the
single, nonspecific gold�sulfur bonding in thiol mono-
layers on gold. Thus, while their total binding affinities
are high, the peptides are not irreversibly bound on the
gold surface or to gold nanoparticles. This makes these
peptides more amenable to nanoparticle surface mod-
ification for eventual applications, as compared to the
covalently bound thiols. Furthermore, from the molec-
ular modeling studies, anchor residues, as well as
nonbinding sites, can be computationally predicted.
This is useful information for designing peptide-based
linker molecules for bionanocombintoric assembly of
inorganic materials. Doing so requires chemical mod-
ification of the peptides to link them together via an
additional biological or synthetic moiety. These mod-
ifications may change the peptide target binding

Figure 5. Typical structures (in both plan view and side view) for the top two clusters of the adsorbed conformations of Pd4
(top, cluster 1; bottom, cluster 2). In each case, the anchor residues are highlighted with relatively thicker bonds. Waters are
not shown for clarity.
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affinity, thus additional experimental and computa-
tional analyses of the altered peptide must be com-
pleted prior to assembly to understand such effects.
The predictions of binding and nonbinding sites in
the peptide sequence provide guidance on where
attachment of a linker moiety is likely to have the
smallest effect on binding. Interaction via multiple
weak bonds, as in many biological systems, allows
assemblies to evolve toward thermodynamic equilib-
rium states and reduces the possibility of kinetically
trapping metastable configurations. At present our
hypothesis of enthalpically and entropically driven

binders is capable of capturing only the broad fea-
tures of the experimentally observed behavior; it
does not take into account the subtle effects of
the local environment around each anchor site and
how this may down-modulate the availability of the
anchor. These model refinements remain to be ex-
plored, as more gold-binding sequences become
available. Moreover, the factors identified here can
be incorporated into bioinformatics models that
we are also developing. This provides guidance to
such models based on the underlying molecular
interactions.

MATERIALS AND METHODS
Chemicals. All FMOC-protected amino acids, Wang resins,

and peptide synthesis reagents (piperidine (>99.0%), N,N0-
diisopropylethylamine (DIPEA, >99.0%), O-(benzotriazol-1-yl)-
N,N,N0 ,N0-tetramethyluronium hexafluorophosphate (HBTU,
>98.0%), and N-hydroxybenzotriazole monohydrate (HOBt hy-
drate, >98.0%)) were purchased from Advanced ChemTech.
Trifluoroacetic acid (TFA, 99.5%) and triisopropylsilane (TIS,
98.0%) were purchased from Alfa Aesar. Ammonium hydroxide
(20.0%) and hydrogen peroxide (30.0%) were purchased
from VWR. Solvents including acetonitrile, methanol, and N,N-
dimethylformamide for peptide synthesis and purification were
purchased from VWR. All the chemicals were used as received.
Nanopure water (18.2 MΩ 3 cm; Millipore, Bedford, MA) was
employed for all experiments.

Peptide Synthesis. All of the peptides were prepared with a
TETRAS model peptide synthesizer (Creosalus; Louisville, KY)
employing standard FMOC protocols.71 After the synthesis was
complete, the peptides were cleaved from the resins using a
cleavage cocktail of 95% TFA, 2.5% TIS, and 2.5% water. The
peptides were then purified via reverse phase HPLC with a 0.1%
TFA aqueous solution and acetonitrile gradient. The peptides
were finally confirmed by MALDI-TOF mass spectrometry.

QCM Analysis. QCM exploits the piezoelectric effect in quartz
to measure changes in the resonant frequency of a quartz
oscillator in response to an increase in mass due to molecular
binding at the sensor surface.72,73 This frequency change is
directly related, via the Sauerbrey equation, to the mass of
peptide adsorbed, from which binding kinetic parameters can
be determined.46 All QCM measurements, including those of
dissipation energy, were completed using a Q-Sense E4 instru-
ment (Biolin Scientific) employing standard gold crystal sensors.
The oscillator frequency was recorded for 30.0 min to ensure
that saturation of the frequency change was observed. The
QCM sensors were first cleaned with a 1:1:5 (v/v/v) 30% H2O2/
ammonium hydroxide/water solution for 5.0 min and then
rinsed with copious amounts of water. The gold surface was
dried with N2 gas and subsequently subjected to UV/ozone
cleaning prior to use. Once cleaned, the sensors were inserted
into the QCM system, where the frequency change in pure
water was recorded for ∼5 min to determine chip integrity.
Afterward, an aqueous peptide solution of a concentration
between 2.5 and 15.0 μg/mL was flowed over the sensor sur-
face, from which the frequency change and dissipation energy
were recorded for∼30 min. All measurements were performed
at 24.2 �C.

SPR Analysis. For surface plasmon resonance, a home-built
system, based onmeasuring phase changes at the SPR coupling
angle, was used.74 A glass slide with a 50 nm thick gold coating
was purchased from Platypus Technologies. A prism, with one
face attached to the gold film using matching oil, and a flow
chamber form a sensor head. First, water was flowed over
the sensor head and a baseline was recorded. Afterward, an
aqueous peptide solution of a concentration between 2.5 and
15.0 μg/mL was flowed in, from which the SPR phase change

wasmonitored until it reached a plateau.Water was flowed over
the surface again to confirm the binding.

Replica Exchange with Solvent Tempering (REST) MD Simulations. A
total of 12 REST24,25 simulations were carried out, one for each
peptide sequence listed in Table 1. All REST simulations re-
ported here have modeled a single peptide chain (one each
from our set of twelve sequences) adsorbed onto the planar
Au(111) surface under aqueous conditions, using the Gromacs
4.5.5 software package.75 Our recently developed polarizable
GolP-CHARMM force-field26 was used here in partnership with
the CHARMM22*76,77 and the modified TIP3P78,79 force-fields.
The REST simulations were implemented according to our
recent development, testing and validation study,24,25 in the
NVT (Canonical) ensemble, with an effective temperature range
spanning 300�433 K. A total of 16 replicas were used to span
this effective temperature window. All REST simulations were
carried out for 15 � 106 MD steps, yielding conformational
sampling that is approximately equivalent to μs trajectories of
conventional MD.24,80 Additional details, including evidence of
sampling efficacy (replica mobilities) and sampling equilibra-
tion, can be found in the Supporting Information (Methods C:
Computational Details).

REST MD Clustering Analysis. Detailed analysis was carried
out on the constant-ensemble run at an effective temperature
of 300K (herein referred to as the reference trajectory). We
classified the Boltzmann-weighted ensemble from our refer-
ence trajectories into groups of like structures, on the basis of
similarity of their backbone structures, via the Daura clustering
algorithm with a root mean-squared deviation (RMSD) cutoff
between backbone atoms of 2 Å. We performed our clustering
analysis over the entire 15 ns trajectory in each case. The
population of a given cluster was calculated as the percentage
fraction of the number of frames that were assigned member-
ship of that cluster, divided by the total number of frames in the
trajectory.

REST MD Contact Residue Analysis. We define a contact
residue as a residue that maintains persistent contact with the
surface. To quantify persistent contact, first, for each reference
trajectory, we calculated the distance between the topmost
layer of the gold surface and each residue in the sequence. On
the basis of these data, distance cut-offs were established to
identify a range of separations where each particular residue
was in immediate contact with the gold surface. We then
calculated the fraction of frames in the reference trajectory for
which each residue was found within the contact range of
surface-residue separation. We then defined a residue to be a
contact residue if that residue was found to bind persistently to
the surface. Our definition of persistent contact was satisfied if
the given residue was found within contact range for 65% of
more of the last 5 ns of the reference trajectory. Further details
including the data used to establish the cutoffs and further
analysis based on variation of both the contact cutoff distance
and the percentage of frames required to satisfy our definition
of a contact residue are given in the Supporting Information
(Methods D: MD Analysis).
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