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ABSTRACT: Biomaterials derived via programmable supramolec-
ular protein assembly provide a viable means of constructing
Here, we present programmed
superstructures of AuPt nanoparticles (NPs) on carbon nanotubes
(CNTs) that exhibit distinct electrocatalytic activities with respect
to the nanoparticle positions via rationally modulated peptide-
mediated assembly. De novo designed peptides assemble into six-
helix bundles along the CNT axis to form a suprahelical structure.
Surface cysteine residues of the peptides create AuPt-specific

precisely defined structures.
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nucleation site, which allow for precise positioning of NPs onto

helical geometries, as confirmed by 3-D reconstruction using electron tomography. The electrocatalytic model system, i.e.,
AuPt for oxygen reduction, yields electrochemical response signals that reflect the controlled arrangement of NPs in the
intended assemblies. Our design approach can be expanded to versatile fields to build sophisticated functional assemblies.

KEYWORDS: supramolecular protein self-assembly, artificialy designed peptide, nanoparticle superstructure, electron tomography,
peptide-based superstructure 3-D reconstruction, peptide-based catalyst, electrocatalytic oxygen reduction

hierarchically organized architectures that mimic natural

S upramolecular protein assemblies afford a wide range of

~* Artificially designed peptides are particularly
interesting because they are programmed to assemble into

1
systems.

desired superstructures that exhibit structural diversity on the
nanometer and micrometer scales. Moreover, the peptide
sequence can be encoded to provide tailored surfaces, enabling
the arrangement of inorganic nanoparticles (NPs) into

. . 4-10
functional geometries.
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NP superstructures have notable physicochemical properties
that are applicable in catalysis, plasmonics, molecular

11-16 .
To tailor

recognition, and energy conversion systems.
such properties, considerable effort has been devoted to

modifying the size, shape, composition, and arrangement of
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Figure 1. Peptide-mediated synthesis of NP superstructures on a SWNT. (a) Synthetic scheme. (b) Genetic modification of outward-facing
sites in peptide sequences (the red-to-green coloring indicates the N-to-C termini) with Cys residues for specific nucleating NPs. One of the
modified peptides, with E8 and Q26 changed to Cys, is shown (bottom box: peptide sequence). (c) Computational model depicting the
assembly geometry of (8,26) NPs. The midpoint between two adjacent Cys residues indicates the NP position (inset figures).

NPs.'”~** In particular, NPs with controlled spatial arrange-
ments have been shown to evolve remarkable collective
properties, e.g, strong optical chirality at visible wavelengths
upon chiral assemblies of metal NPs'* and high p-type
conductivity in discrete assemblies of binary semiconductor
NPs.** These controlled arrangements of NPs can be achieved
by exploiting biomolecular templates; this feature is due to their
ability to selectively recognize, bind, and hold NPs in precise
2728 Moreover, increased control of superstructures
with enhanced functionality can enable the manipulation of

evolved collective properties for the development of functional
29-34

locations.

nanomaterials.
In this paper, we adopt a rational protein-design approach to
engineer geometrically predefined, peptide-based arrangements
of NP superstructures that are anchored on single-walled
carbon nanotubes (SWNTs). For this purpose, we designed the
peptide by structurally encoding the information for bifunc-
tional specific recognition, which includes (1) the nanotube-
specific face that interacts with the SWNT, wrapping around it
in a suprahelical pattern, and (2) the metal-specific face that
binds the NPs, arranging them at predefined positions. By
showing that the conducting SWNT and metal NPs can be
combined, we demonstrate the potential applicability of a
system for an electrochemical reaction. The NPs are well-
organized on the peptide/SWNT template at precise positions
that are commensurate with the metal-specific nucleation sites,
as predicted from the programmed peptide sequence; this is
confirmed by changes in the electrochemical signals.
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RESULTS AND DISCUSSION

We synthesized NP superstructures, as illustrated in Figure la.
The 30-residue peptide designed in a previous de novo study,
i.e., HexCoil-Ala, was used as a structural template to coat the
surfaces of chiral SWNTs (HC/SWNT).** Subsequent peptide
design optimized the geometry and energy parameters to
achieve the desired interfacial interactions for the assemblies.
The resulting HexCoil-Ala variants assemble into an antiparallel
hexameric bundle that forms a superhelix along the SWNT axis.
The hexameric bundle is formed via two different helix—helix
interactions, each resembling an Ala-coil or Leu zipper (Figure
S1). While the Ala-rich inner surfaces interact with the aromatic
surface of the SWNT, the outer surfaces (exposed to the
solvent) can bind NPs if the surface residue propensities are
appropriately engineered (Figures 1b,c). The position of NPs is
dependent on the engineered propensity profiles in the peptide
sequences, facilitating the manipulation of superstructure
geometries.

We systematically revised the amino acid compositions of
HexCoil-Ala to define the geometry of NP superstructures with
reasonable accuracy. Cys residues replaced several of the
existing residues to bind metal NPs because the Cys sulfhydryl
groups have a strong chemical affinity for metals.”** If the
interpeptide packing stability is not taken into account when
introducing Cys for NP nucleating, the number of possible
sequence combinations exceeds one billion (1073741 793).
However, we avoided abrupt sequence changes that can disturb
the superhelical bundle. Therefore, we selected only two
residue positions in the aligned sequence for Cys-substitution.
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Figure 2. Two types of helical NP superstructures defining interparticle distances formed by antiparallel six-helix bundles. (a) Antiparallel
dimeric unit cells in which two distinct Cys—Cys distances (d;p,, on a monomer; di.,, between monomers) are defined to determine the
arrangement of NPs in helical geometries, and top-down and side views of computational models of 3 X 2-fold and three-fold helical arrays.
(b) Calculated distances between a centrally situated NP and its three first-nearest neighbors (interparticle distance (ID) type i, ID type ii, and
ID type iii, indicated by the arrows in part a) for all the submodels. Striped and solid bars indicate 3 X 2- and three-fold helical array models,
respectively. (c) Four different computational models predicting the geometry of an NP assembly aligned on the peptide/SWNT superhelix,

highlighting the interparticle distances.

This restricts the possible number of sequences to 2-
combinatorial selection from 30 positions (3,C,), which results
in 435 possible sequences. Further selection rules considered
the inclusion of fully solvent-exposed residue sites, whereas
interhelical-facing and SWNT-contacting sites were excluded.
Also, both terminal positions of the peptide were ruled out in
order to conserve the end-to-end contact of hexameric bundles
arranged along the SWNT axis. These rational selection rules
further reduce the number of possible positions for Cys-
substitutions to six, restricting the number of design templates
to 4C,, or 15 sequences, each of which provides a special NP
superstructure (Figures S2, S3, and S4 and Table S1). On the
basis of the geometry of the Cys positions computed from the
well-established helical-bundle parametric model, we deter-
mined the parameters for precisely defining the predicted NP
superstructures (see the Supporting Information for details). In
this model, each NP site is composed of two Cys residues in
close proximity within the antiparallel dimeric unit (inset of
Figure 1c); the tiny NPs nucleated at each of the two Cys sites
will eventually merge into one large NP.**°

The mathematical modeling results indicate that the 15
superstructures can be classified into two categories, i.e., 3 X 2-
fold and three-fold helical arrays, which differ in their
configurations of NPs in the antiparallel dimeric unit (Figure
2a and Figure S2). The 3 X 2-fold array has 3-fold helices with a
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2-fold screw rotation axis. In the antiparallel dimer, two distinct
types of distances can be defined between adjacent Cys
residues: one is on a monomer (d,,,), whereas the other is
formed at the dimeric interface (diy.,). For the 3 X 2-fold
helices, each monomer has one NP because the growing nuclei
within the monomer are merged before intermonomeric NPs
can merge, as diyg, < dige- Contrastingly, the three-fold helices
result from each dimer sharing the NPs at its interface, as d.,
> dinter'

These geometrically specified models are characterized by
their distinctive structural features, including the superhelical
pitch and interparticle distance (ID), which can predict the
particle size that maximizes the chemical reactivity (e.g, the
catalytic activity) in a given template.

To test this attribute, we measured the electrochemical
response of the precisely arranged AuPt NPs and correlated it
with the NP arrangement geometry. The HexCoil-Ala with its
mth and nth residues changed to Cys, (m,n)-CysHC, was used
to define the NP arrays, designated as (m,n). For the ID
calculation, the computational models depicted in Figure 2a
were used. The geometry of three first-nearest neighboring NPs
adjacent to a central NP dictates the interfacial ID. The
distances between NPs can be classified into three types like Ala
coil-like (interparticle distance (ID) type i), Leu zipper-like (ID
type ii), and end-to-end helical interfaces (ID type iii); these
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Figure 3. Characterization of AuPt/HC/SWNT superstructures: (a) TEM and HRTEM images and (b) STEM-EDS elemental mapping
images of the (8,26)-modeled sample. (c) 3-D reconstructed model of rendered tomographic volume through electron tomography. (d)
Comparison of helical-bundle parametric model based on the theoretical geometries with 3-D reconstruction model. The correlation is shown
between the AuPt NPs (yellow dots) and theoretical helical model (green line) both in plane and (e) vertical views. (f) Statistical analysis of
the particle size distribution in TEM images of the (8,26)-modeled AuPt/HC/SWNT samples with average particle sizes of 1.6, 2.1, 2.4, and
2.9 nm (for particle counts >200). (g) Plots of calculated and observed interparticle distances as a function of particle size. The calculated
distance data were obtained from simulated models. The observed distances were obtained by subtracting the average particle size from the
average center-to-center distance between two particles in TEM images. The center-to-center distances longer than theoretically possible were

excluded from the calculation, reducing errors.

values were computed as in Figure 2b. The calculated three
types of interparticle distances were different for individual
submodels within the 3 X 2-fold helical array, whereas in the
three-fold array, ID type ii was invariant in all submodels. The
other two types of interparticle distances, the intrahelical ID
type i (spacing at the Ala-Ala) and interhelical ID type iii (end-
to-end interfaces), aligned along the SWNT axis, were the only
variables that determined the interparticle distance, simplifying
interpretation of the effect of NP—NP distance on the
electrochemical response. So, we chose the three-helix model
to test the structure—function correlation efficiently. Further-
more, we could classify the three-fold helical array model into
two modes, linear helical array mode and loose linear helical
array mode, depending on the number of particles that can be
generated per unit volume. As a result, considering the catalytic
activity characteristics, we excluded the “loose linear helical
array mode” with relatively few NPs per unit volume by their
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sharing pattern sulthydryl group and finally selected the four
ideal models corresponding to the “linear helical array mode”
(Figure S3).

The AuPt NP superstructures were arranged on the peptide
templates assembled on the SWNT (Figure 1). The addition of
two metal precursors (AuCl,” and PtCli*") followed by a
reductant (NaBH,) to the HC/SWNT suspension led to the
formation of AuPt NPs (AuPt/HC/SWNT). Transmission
electron microscopy (TEM) images in Figure 3a reveal NPs
with diameters (¢) of ~3 nm assembled around the SWNT.
The fibrous AuPt/HC/SWNT assemblies were several micro-
meters long. X-ray diffraction showed that the individual AuPt
NPs were alloyed and had a face-centered cubic structure
(Figure SS). X-ray diffraction peaks of the AuPt NPs were
located between Au and Pt reference peaks and not separated
into Au and Pt peaks, indicating that the AuPt NPs were not
phase-segregated. In addition, high-resolution TEM (HRTEM)
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Figure 4. (a) Specific activities of (8,26), (8,22), (8,19), and (12,19) for these samples at 0.9 V (with respect to a reversible hydrogen
electrode, RHE), averaged for four different electrodes. The particle size and interparticle distance were obtained from TEM imaging and
model-simulated results, respectively. The areas marked in pale yellow indicate the expected merging of NPs. (b) Loss of specific activities and
calculated portion of overlapping surface between AuPt NPs for (8,19), (8,22), and (8,26). The losses were determined using the relationship
[ (i — jiom)/jigm] X 100, where ji , and ji ¢ are the specific activities of each model before and after particle merging, respectively. The portion
of the overlapped surface area was calculated using the formula for the surface area of a sphere intersected by a plane (see Supporting
Information Figure S8). (c) ORR polarization curves of the (8,26)-catalysts with different particle sizes and a commercial Pt/C catalyst
(Premetek, 20% Pt) on a rotating disk electrode in an O,-saturated 0.1 M KOH solution at a sweep rate of 10 mV s~ and a rotation rate of

1600 rpm.

images revealed that the AuPt NPs did not have core—shell
structures (Figure S6). Scanning TEM coupled with energy-
dispersive X-ray spectroscopy (STEM-EDS) elemental map-
ping images confirmed that both Au and Pt were distributed
uniformly over the template, implying that the NPs are well-
alloyed (Figure 3b).

To fully resolve the three-dimensional structures, the analysis
using only TEM can be limited since only two-dimensional
orthographic images are utilized for the structural analysis.
Therefore, 3-D reconstruction models are ideal and intuitive
proof of three-dimensionally arranged systems with NPs
controlled by our exquisitely designed peptide structures. We
have performed an electron tomography for 3-D reconstruc-
tions to clearly confirm our complicated nanostructures. The
total S1 tilt images of the (8,26) NPs sample were recorded
with a Bio-High Voltage Electron Microscope by tilting from
—50° to +50° with 2° increments (Figure S7), and 3-D models
were reconstructed through the object surface rendering and 3-
D volume modeling (Figure 3c). As the digitized tilt series
images were aligned and tomographically reconstructed, it was
confirmed that the array of AuPt NPs produced by our peptides
is structured into a three-dimensional volume, not a two-
dimensional plane (Figure 3c and video in Supporting
Information). Furthermore, the helical-bundle parametric
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model based on the theoretical geometries was compared to
a 3-D reconstruction model, elucidating the arrangement of
NPs in helical geometries (Figure 3d). There were substantial
correlations between the AuPt NPs (yellow dots) of the 3-D
reconstruction model and the theoretical helical model (green
line) in both the plane and vertical phase (Figure 3d,e). This is
a direct indication that our NP arrangement model is well-
controlled by the programmable peptides for the precise
positions suggested by theoretical calculations, demonstrating
that NP arrangements can be effectively controlled through
elaborately designed and programmed peptides.

To prove that AuPt NPs in the superstructure were not
randomly nucleated on the peptides, a controlled experiment
was constructed using the peptide (Non-Cys HexCoil-Ala),
which does not contain Cys residues from the designed peptide
HexCoil-Ala but still adheres to nanotubes. The TEM images
(Figure S8) confirmed that Non-Cys HexCoil-Ala peptides
arranged along the surface of CNTs, but no NP was grown
along the CNT's and NPs were highly aggregated at the random
sites. This controlled experiment indicated that the AuPt NPs
are nucleated site-specifically on the Cys residue of our
programmatically designed peptide.

According to the calculation, (8,26) NPs should coalesce
when their size becomes greater than 2.6 nm (Figure 2c). The
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interparticle spacing decreases as the observed particle size
increases from 1.6 to 2.9 nm (Figure 3f). Although we can
confirm that the statistical TEM observation data and the
computational data have a similar pattern (Figure 3g), it is
insufficient to conclude the precise point of coalescence solely
determined by TEM. To further verify the successful design of
the NP geometry, we measured the oxygen reduction reaction
(ORR) on the AuPt NPs. The electrochemical response was
dependent on the availability of NP surfaces, reflecting the NP
superstructure that determines the active surface sites of NPs.

AuPt has higher activity than typical Pt electrocatalysts due
to the synergistic properties of the bimetallic system; i.e., Au
atoms surrounding Pt can inhibit the formation of Pt—OH
bonds on the surface, which requires O, dissociation, thereby
catalyzing ORR.*® Since Au has higher electronegativity than
Pt, the charges transferred from Pt to Au, increasing the d-band
vacancy of PtAu.”® Normally, the ORR kinetics increase with
increased availability of active terrace sites on the growing NPs
as their diameter increases from 1 to 10 nm. A particularly large
increase in ORR has been reported for particles sized from 1 to
3 nm.>7 %

Contrastingly, we expected that the specific activity (SA)
would not be changed upon reaching the NP size where
coalescence is predicted to occur (for NPs ranging in size from
1.6 to 2.9 nm). The trend in SA (Figure 4a, specific mass
activity in Figure S9) was in good agreement with the
predictions of the models (Figure 3f). The SA increased
when the NPs grew from 1.6 to 2.4 nm in ¢, but the size-
dependence vanished beyond 2.9 nm. This decrease in SA is
due to the coalesced NPs. When the NPs with randomly
oriented crystallographic facets merged (Figure S6), the
boundary interface contained numerous defects containing
undercoordinated sites."” These sites reduce the ORR due to
their strong binding affinity to O-containing intermediates.”**’
Although detailed coordination calculations can better describe
the effect of undercoordinated sites on the ORR,*' the reduced
ORR has been well-established empirically;*”—***" this is
consistent with the decreasing SA that occurred with an
increasing number of defect sites beyond the NP coalescence,
as calculated here. The specific activity of (8,22), (8,19), and
(12,19) also supported the success of our NP array design
strategy (Figure 4a). The NP size expected to result in merging
in (822) and (819) was 2.3 and 1.8 nm, respectively.
Consistent with the calculation and the results obtained from
(8,26), the specific activities decreased upon reaching these
respective calculated sizes. For (8,19), when the NPs grew
beyond the point of merging, the specific activity increased
again, presumably due to the active sites that continued to
amass. The size-dependent specific activity behavior was also
confirmed in the assembly (12,19), which exhibited increasing
activity beyond the point of particle aggregation (o, = 1.3 nm).

The losses of specific activity at the NP aggregation transition
region also support the success of our design strategy (Figure
4b). The losses, calculated using the relationship [(jif — jim)/
jlm] X 100, where ji ¢ is the first data point after the maximum
activity, ji ,,, past the aggregation, were 33%, 23%, and 19% for
(8,19), (8,22), and (8,26), respectively. These measured losses
correlated with the overlapped surface of NPs upon
aggregation. The overlapped proportion, estimated using the
formula for the surface area of a spherical NPs intersected by a
plane, was 8.3%, 6.5%, and 8.3% for (8,19), (8,22), and (8,26),
respectively (Figure S10).
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The ORR polarizations of AuPt/HC/SWNT with varying
NP sizes were measured to obtain the SA values (Figure 4c).
The SA was defined as the kinetic current normalized to the
electrochemical surface area of Au and Pt; each of these
elements is involved in Au oxide reduction and H* desorption
from Pt, as determined via cyclic voltammetry (Figure S11).
The electrocatalytic results show that our NP assemblies were
achieved as intended. Further work will determine the
attributes embodied in our model. One of the attributes
discussed here is the particle size when the particle position is
constrained by predefined peptide sequences. NPs with the
largest size (before aggregation) would show the highest
catalytic activity. The peptide sequences can be further
optimized to enhance the catalyst performance. Regarding
ORR enhancement, which is a current challenge in fuel cell
technologies,”” the designed peptides can provide a remarkable
direction for advanced electrocatalysts.

CONCLUSIONS

In summary, we demonstrate a rational approach that uses a
genetically engineered peptide to define the assembly geometry
for NP superstructures on SWNTs. Bifunctional surface
recognition, which is encoded in the peptide, interlinks the
conducting SWNTs and the electrocatalytically active NDPs.
With the enhanced functionality, we can prepare a peptide-
based electrocatalyst with a programmed, specific super-
structure. The programmable ability of the peptide regulates
the geometric position of the NPs but not their random
distribution; this allows us to fine-tune the functional properties
of the NP assemblies. To assess the feasibility of the
positioning, we used a model system (i.e., AuPt NP assembly)
for the ORR. This designed system shows the intended ORR
activity trends, which are closely correlated with the results of
the theoretical predictions for NP arrangement. The versatility
of peptide design in a functional, predictable manner will enable
exceptional collective properties to be tailored with well-
organized functional structures.

EXPERIMENTAL SECTION

Peptide Assembly. We used the 30-residue a-helical peptide
previously designed via standard computational-design techniques to
assemble NPs into well-organized superstructures on a single-walled
carbon nanotube (SWNT).* In searching for the optimal peptide
sequences, we considered two factors: (1) peptide packing geometry
matching the symmetry of the chiral SWNT surface and (2) interfacial
interactions between entities, i.e., helix—helix and helix—SWNT,
minimizing the total energy for stabilization. The resulting optimal
amino acid sequence is AE AESALEY AQQALEK AQLALQA
ARQALKA. Alanine residues placed on the a heptad position are
programmed to interact with the SWNT, so this peptide is called
HexCoil-Ala (Figure Sla). The peptide assembles into an antiparallel
hexamer around the SWNT (Figure S1b). Two geometrically different
alanine coil-like and leucine zipper-like interfaces are defined in the
hexamer. The hydrophobic interaction between the apolar residues at
the d and e positions induces interfacial stabilization. Favorable head-
to-tail interactions between adjacent hexamers (e.g., hydrogen bonding
between N- and C-termini of the two helices) create a superhelical
structure along the SWNT axis (Figure Slc).

Model Simulation of Nanoparticle Arrangements. To bind
AuPt NPs on the target surface, the peptide sequences were partially
permutated with cysteine amino acids by virtue of their highly selective
affinity to metals. Sequence substitution was implemented without
destroying the optimal helix—helix and helix—SWNT interactions. We
first picked out six outward-facing nucleation sites, E8, Q12, E15, L19,
Q22, and Q26, from the 30 amino acid sequences and, then, randomly
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chose two from the selected six sites to obtain 15 different possible
sequences (Figure S2a). The subsequent reduction process of
precursors created nuclei on the cysteine sites, and the nuclei grew
in size to form NPs. When the particle size exceeds 1.3 nm, the
growing particles in close proximity should coalesce due to their
fixation by the cysteine residues situated at a distance range 5.3—12.7
A apart (Table S1). Consequently, two adjacent cysteine residues
provide one metal-nucleation site, and their midpoint dictates the
position of a metal NP. Four possible cysteine—cysteine distances were
considered as candidates defining the particle position within two end-
to-end antiparallel dimers: one intracysteine distance, dyy (=dxy), on
a monomer, and three intercysteine distances, dyy, dyy, and dxy
(=dyry), formed between monomers (Figures S2b and S3). The four
distance values were calculated and compared to obtain the smallest
one in each permutated peptide model (refer to Table S1), which,
eventually, defines the NP arrangement.

Using the above particle-positioning procedure, we simulated the 15
different sequence combinations to define their NP arrangements.
Using the simulated models, these arrangements can be classified into
two categories, 3 X 2-helical and three-helical arrays, depending on the
relationship between intracysteine distances (di,,, = dxy) and
intercysteine distances (dyer = dxx, dyy, or dyy) (Figure 2a and
Figure S2c). The 3 X 2-fold array has 3-fold helices with a 2-fold screw
rotation axis. For these helices, each monomer has one NP because the
growing nuclei within the monomer are merged before intermono-
meric NPs can merge, as di,., < diyeer Contrastingly, the 3-fold helices
result from each dimer sharing the NDPs at its interface, as djyq, > dinger-
Of the total 15 models, eight models involve the 3 X 2-helical array
and the others the three-helical array.

Theoretical Calculation of Distances between Nanoparticles
within Superstructures. The simulated models provide geometric
information about the helical NP structures, such as interparticle
distance, helical pitch, and angle. To acquire the interparticle distance
information, we used the mathematical formulation with the (x, y, z)
coordinates of NPs. The parametric equations of a helix can describe
the NP arrangements because the NPs are bound to the underlying
peptides and thus arranged in helices. Figures S3 and S4 illustrate the
geometric relationship between the NPs and the underlying peptide.
The two helices have the same axis and pitch but different helical radii
and pitch angles. The same helical pitch means that the two helices
have the same helical frequency, based on the relationship @ = 27/P,
where P is the helical pitch. Therefore, the NP arrangement can be
described using the parametric equations of a helix as follows:

x(t) = (Ro + r)sin(wot + @)
y(t) = (R0 + r)cos(a)ot + @)
zZ(t) =t

(1)

Here, Ry and r are the superhelical radius of the peptide/SWNT
assembly and the radius of NPs, respectively; @, is the superhelical
frequency; and ¢ is the superhelical phase offset. The helical pitch of
NPs, P, was computed to be 29.42 nm from the simulated model with
the parametric equations.

The interparticle distance in three dimensions was calculated by the
equation

d= G —x) + 0, -3 + (- 2) @)

where the coordinates (x,, y,, z;) and (x,, y,, z,) are the positions of
two particles.

Model Selection for the Structure—Function Correlation
Study. To demonstrate the model prediction accuracy, we measured
an electrochemical response generated from a spatially precise
arrangement of AuPt NPs and correlated it with the structural feature
of the arrangement. Among the two categorized models, the three-
helix model is more amenable to the correlation study due to its lower
complexity in regulating interparticle distance. For the interparticle
distance calculation, the computational models depicted in Figure 2a
were used. The geometry of three first-nearest neighboring NPs
adjacent to a central NP dictates the interfacial interparticle distances.
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The distances between NPs at the alanine coil-like, leucine zipper-like,
and end-to-end helical interfaces were computed (Figure 2b). All
calculated distances are different for individual submodels within the 3
X 2-fold helical array. For the three-fold array, the leucine—leucine
interfacial interparticle distance is invariant in all submodels. The other
two distances, the intrahelical NP spacing at the alanine—alanine and
end-to-end interfaces, aligned along the SWNT axis, are the only
variables that determine the interparticle distance, reducing the
complexity in interpreting the effect of interparticle distance on the
electrochemical response. Thus, we chose the three-helix model to test
the structure—function correlation efficiently.

Preparation of AuPt/Peptide/SWNT Superstructures. The
peptide/SWNT suspension was treated with 1 mM of TCEP to reduce
the sulfthydryl group of cysteine. The TCEP-treated suspension was
purified by centrifugal filtration (Amicon Ultra-4 centrifugal filter with
Ultracel-10 membrane) and redispersed in 100 L of buffer solution
(20 mM sodium phosphate and 150 mM NaCl). Next, 10 L of each
precursor solution (100 mM HAuCl, and 100 mM H,PtCl; in DW)
was successively added to the solution and incubated at 4 °C for ~30
min, followed by the slow injection of 40 uL of 100 mM NaBH,, as a
reducing agent, into the solution. The reduction reaction was
performed at 4 °C to slowly grow nuclei into NPs, directing their
assembly into the well-organized superstructure around the peptide/
SWNT template. The reaction times were 10, 24, 48, and 96 h to
obtain different sizes of NPs.

Electron Tomography and Three-Dimensional Reconstruc-
tion. The AuPt/peptide/SWNT superstructure samples were placed
on the 100 mesh carbon-coated copper grid, and the grid with samples
was placed on a double tilting holder; the zero-loss images were
viewed using an in-column ® filter equipped Bio-High Voltage
Electron Microscope (Bio-HVEM) at 1000 kV (JEM-1000BEF, JEOL,
Tokyo, Japan). The region of interest was selected, and the sample was
tilted from +50° to —50° with 2° increments. A total of 51 tilt images
were recorded by TEM Recorder software (JEOL System Technology
Co.,, Ltd, Tokyo, Japan), and the digitized tilt series images were
aligned and tomographically reconstructed using Composer and
Visualizer-Kai software (TEMography.com, System in Frontiers Inc.,
Tokyo, Japan) with no fiducial markers. Subsequently, virtual
tomographic slices were extracted from the reconstructed 3-D
tomogram, and the boundaries of the region of interest that were
visible in each tomographic slice were traced as contours overlaid on
the image. The object surface rendering and 3-D volume modeling
were performed using the AMIRA software (FEI, Hillsboro, OR).

Electrochemical Measurements of AuPt/Peptide/SWNT
Samples. All electrochemical measurements were carried out in a
three-electrode cell at room temperature using a potentiostat (Ivium
Compactstat) equipped with a rotating disk electrode system
(Metrohm Autolab). Then, 5 uL of AuPt/peptide/SWNT suspension
was dropped onto a glassy carbon disk (diameter = 3 mm) and dried
naturally, and S uL of a 0.05 wt % Nafion (dissolved in ethanol)
solution was then dropped. After solvent evaporation in air, a thin
layer of the suspension remained on the carbon disk surface to serve as
the working electrode. The working electrode was electrochemically
cleaned prior to each measurement. A Pt net was used as the counter
electrode, and a commercial Hg/HgO/20% KOH electrode (BAS Inc.
RE-6A) was used as the reference electrode. All potentials are referred
to a reversible hydrogen electrode (RHE).

Cyclic voltammetry (CV) was performed in 0.1 M KOH aqueous
solution, deoxygenated by N, gas, at a sweep rate of S0 mV s™" (Figure
S11). The electrochemically active surface area (ECSA) of Pt was
calculated by integrating the area associated with H* desorption region
after double-layer correction and using a conversion factor of 210 uC
em™2 for polycrystalline Pt.** The ECSA of Au was calculated in a
similar way by measuring the charge collected in the Au reduction
region (monolayer of Au(OH), or AuO) with a conversion factor of
390 uC cm™ for polycrystalline Au.** The polarization curves of
oxygen reduction reaction (ORR) were obtained by linear sweep
voltammetry in O,-saturated 0.1 M KOH electrolyte at a sweep rate of
10 mV s™' and a rotation speed of 1600 rpm. The ORR potential was
swept from 1.1 to 0.2 V versus RHE.
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