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Inorganic nanoparticles are widely considered potential structural and functional building-
blocks for new technologically significant materials.1> Many properties of these materials
are predicted to depend not only on the size, shape, and composition of the nanoparticle
building blocks but also to a large extent on the spatial arrangement of these building blocks
with respect to one another within a material.12:5 Recently, significant effort has been
directed toward assembling nanoparticles into sophisticated structures.3:6-20 Examples of
some typical methods include colloidal crystallization, 36" molecular templating
strategies,19-13 or directional assembly of multivalent nanoparticles.14-18 Despite these
advances, assembling nanoparticles into well-defined superstructures amenable to practical
use still remains a significant challenge, and the development of more facile and efficient
methods for rationally designing and fabricating such structures is critically important for
the continued advancement of this area. Here we report a new peptide-based method to
address this challenge: a one-pot direct approach that couples peptide self-assembly and
peptide-based biomineralization into one simultaneous process. In this method, peptide self-
assembly, nucleation and growth of particular nanoparticles, the topology of the resultant
nanoparticle superstructure, and the precise stereochemical arrangement of nanoparticles
within the structure are programmed by rationally designing specific peptide-conjugates. We
demonstrate the utility of this method by preparing an unprecedented left-handed gold
nanoparticle double-helical structure. We expect that this assembly strategy will allow for
the rational design of a variety of relatively complex nanoparticle superstructures and
broaden the scope of “bottom-up” fabrication approaches.

Two research developments contributed to the conception of the methodology reported
herein: (1) the study and manipulation of peptide self-assembly21-24 and (2) the in vitro
evolution of specific peptides for mineralizing and recognizing specific inorganic
materials.2>-22 The former has become a broad field, and various strategies have emerged
that allow for the design of peptide-based supramolecular materials. In some cases, the
native secondary structure of the peptides, such as a-helix or B-sheet motifs, strongly impact
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structure formation while in other cases, synthetic modifications to the peptide, such as
attachment of organic molecule appendages to the peptide terminus, help promote assembly
of certain structures. To date, many ordered peptide assemblies, including some that adopt
micellar, vesicular, tubular, helical, or membrane architectures, have been reported.21-24 The
latter development has led to the discovery of numerous oligopeptides that recognize and
bind particular inorganic materials in a sequence-specific fashion. For example, peptides that
exhibit high binding affinities for gold, silver, zinc sulfide, and other inorganic materials
have been identified.28 In some cases, these peptides play a significant role in controlling the
nucleation and growth of particular nanoparticles from precursor salt solutions.28 In this
study we show that these two processes, peptide self-assembly and peptide-based nucleation
of discrete nanoparticles, can be coupled to occur simultaneously, resulting in a facile
method for controlling the synthesis and hierarchical assembly of nanoparticles.

To demonstrate the feasibility of this method, we began by first attaching small organic
molecules to peptide AYSSGAPPMPPF and then investigating the assembly of the resultant
peptide-conjugates. AYSSGAPPMPPF, hereafter referred to as PEP 4, was evolved and
isolated via phage-display methods to have a high affinity for gold surfaces.?6 In the
presence of chloroauric acid and HEPES buffer, PEPa, assists the formation of
monodisperse spherical gold nanoparticles through a process that involves both the tyrosine
residue and HEPES.26:30-33 Gjven the hydrophilic nature of PEP,, we reasoned that
attaching an aliphatic carbon tail to its N-terminus would promote its assembly into various
multidimensional supramolecular assemblies, such as 1-D peptide amphiphile
structures.23:34 As a first step in this direction, we coupled succinimide-activated dodecanoic
acid to the N-terminus of PEPa, to generate [C11H23CO]-PEP A, or C1o—PEPA,
(Supporting Information, Figures S1, S2). C1o—PEP A, was completely dissolved in 0.1 M
HEPES buffer, conditions that allow for both C1o—PEPx, self-assembly as well as gold
nanoparticle nucleation.2® To gain insight into the structure of the peptide-amphiphile
assembly, we examined the assembled structures using transmission electron microscopy
(TEM) and tapping-mode atomic force microscopy (AFM). TEM images (Figure 1a)
revealed the presence of uniform individual fibers with micrometer lengths (>4 xm) and
narrow (6.1 £ 0.6 nm) widths (Figure S11). Using tapping-mode AFM, we determined that
each fiber adopts a twisted-ribbon morphology and that the ribbons appear to twist in a left-
handed direction (Figure 1b and Figures S4, S5). The pitch of the twisted-nanoribbon was
consistently measured to be 84.1 + 4.2 nm (Figure 1c and Figures S4, S11). Such uniform
peptide-nanoribbons are very unusual. Spectroscopic studies were performed to better
understand the structure of the helical fibers. Specifically, we examined the fibers using
circular dichroism (CD) spectroscopy (Figure S6) and observed a peak around 227 nm,
which could correspond to the signal produced by SB-sheet structures.34 To further probe
whether B-sheet formation occurs, we analyzed the assembled species using Fourier
transform infrared (FT-IR) spectroscopy (Figure S7). The peak at 3275 cm™2 corresponds to
the stretching frequency of hydrogen-bonded N—H groups. The amide | band (1626 cm™1) is
consistent with B-sheet conformations,3:36 and the C—H vibration bands at 2918 cm~! and
2850 cm~1 indicate ordered packing of the aliphatic chains.37

Using the spectroscopic and microscopy data, we arrived at a working model for the
structure of the nanoribbon assembly. Our model (Figure 1e) is similar to previously
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developed models.2334 The width of the nanoribbon is spanned by two C15—PEP 4, units
that interact through their aliphatic tails. Organization of the C1,—PEP4,, units along the
longitudinal axis of the nanoribbon is driven by the formation of parallel B-sheets and
favorable hydrophobic interactions between the aliphatic tails. Given that the first four
amino acids (AYSS) have a propensity to form g-sheets whereas proline residues do not,38
we propose that these amino acids (AYSS) participate in S-sheet assembly and also likely
impart the left-handed helical twist to the nanoribbon.22:34 The formation of nanoribbons
can be attributed to the fact that the outer two-thirds of the peptide sequence is relatively
sterically bulky because of the presence of two proline-proline dimers and one
phenylalanine. The steric bulk causes the C1,—PEP 4, units to assemble into nanoribbon
structures rather than condensed tubular micelles, while at the same time PEP »,, subunits
effectively shield the hydrophobic core of the nanoribbon. This working model is consistent
with all of our experimental observations.

To determine whether the above process of peptide self-assembly and the process of PEPa,
biomineralization could be coupled into one simultaneous process as a means to design and
construct double-helical gold nanoparticle superstructures, solutions of chloroauric acid
(HAuCIl,) were added to clear HEPES buffer solutions containing C1,—PEP 5, Which were
carefully filtered to remove any assembled structures. Immediately after the addition of
HAuUCI,, TEM samples were prepared and their examination revealed that the C1,—PEPx,,
fibers formed even in the presence of the gold salt (Figure S3). When the solutions were
allowed to stand for ~30 min, a small amount of precipitate formed. TEM studies of the
precipitate suggested formation of double-helical assemblies comprising uniform discrete
spherical gold nanoparticles (Figure 2a-e and Figure S10). A better understanding of the
structure of the nanoparticle assemblies was obtained from electron tomographic analysis. A
series of tilted images from —70° to +70° with 1° tilt intervals were collected. These tilted
projections were aligned and combined computationally to reconstruct a three-dimensional
electron density map (tomogram). As illustrated in the tomographic slices (Figure 3a) and in
a 3-D surface rendering of the reconstructed density map (Figure 3b), the gold nanoparticle
assemblies are left-handed double helices, which is in keeping with the observed chirality of
the twisted C1o—PEPa, nanoribbons. The measured maximum inner-distance between the
particles along the width of the double helix is 6.0 £ 0.8 nm, and the pitch of the double
helix is 83.2 + 4.4 nm (Figure S11). Both distances are consistent with the observed width
and pitch of the twisted C1,—PEP 4, nanoribbons. These observations all indicate that the
synthesis of the nanoparticles and the assembly of the nanoribbons are coupled and that the
peptide-conjugates successfully control the formation of gold nanoparticle double helices
(Figure 3c). The results of control experiments help verify this conclusion. When identical
syntheses were performed using unmodified PEPp, instead of C1,—PEP4,, dispersed
nanoparticles formed (Figure S12), similar to those reported in the literature.26 Further, to
assess the importance of the internal amino acids (AYSS) for directing the assembly of the
nanoribbons,34 we attempted to assemble nanoribbons and synthesize the gold nanoparticle
double helices using an amphiphile constructed from the reverse peptide sequence (C1o—
FPPMPPAGSSYA). Nanoribbons do not form using this amphiphile nor do gold
nanoparticle double helices; rather, random gold aggregates are the principle product (Figure
S13). Finally, to determine whether the C1,—PEP 4, nanoribbons could template the
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assembly of preformed gold nanoparticles, we added citrate-stabilized nanoparticles to
HEPES solutions containing C1o—PEP,, nanoribbons. In this case, no ordered particle
assemblies were observed (Figure S14).

The formation of left-handed gold nanoparticle double helices in a single preparative step
exemplifies the utility and power of this methodology. The gold nanoparticles comprising
the double helices are monodisperse, with diameters of 8.2 + 1.0 nm (Figure 2e), which
suggests a uniform growth process from initial seeding to termination. In addition, the
double helices are highly regular: there are approximately 22 nanoparticles per pitch
distance (Figure S11), the edge-to-edge spacing between the nanoparticles is uniform (1.5

+ 0.8 nm; Figure S11), and the length of individual helices extends into the micrometer
range. Such structural uniformity is unique, and it will be important for many potential
applications, especially those that derive from the plasmonic properties of the
nanoparticles.2>39 Finally, we note that spatially complex nanoparticle superstructures
exhibiting well-defined stereochemistry, order, and persistence over multiple length scales
are very rare, and to our knowledge, rational synthetic methods that allow for their
fabrication are equally scarce. We are currently expanding the scope of this methodology by
targeting various nanoparticle superstructures via variation of the pendant organic group and
by tuning the inorganic composition of the assemblies via selection of particular peptides.
Ultimately, we expect that this method will be useful for designing and producing many
other target nanoparticle superstructures having properties that depend on both the
composition of the organic and inorganic components and their arrangement with respect to
one another within the assembled structure.

Supplementary Material
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Figure 1.
C1o—PEPx,, fiber characterization and model of assembly. TEM images reveal that C1o—

PEP s, amphiphiles assemble into uniform fibers (width = 6.1 + 0.6 nm; based on 60 counts)
in HEPES buffer solutions (a). These fibers have twisted-ribbon morphologies, as evidenced
by tapping-mode AFM height images (b,c). The twisted nanoribbons have a regular pitch of
84.1 + 4.2 nm, as determined by AFM height images (based on 60 counts) (d). C1o—PEPa
units assemble into left-handed twisted nanoribbons (e).
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nanoparticle double helices form when a solution of chloroauric acid is added to HEPES
buffer solutions containing C1,—PEP4, as evidenced by TEM analysis (a-d). The sizes of

the gold nanoparticles are uniform (8.2 £ 1.0 nm; based on 150 counts) (e).
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Figure 3.
Electron tomography data (a,b) and schematic depiction of the formation of gold

nanoparticle double helices (c). The structure of a gold nanoparticle double helix is
confirmed using electron tomography. X= Y computational slices (a, I-VI1I) of the 3-D
tomographic volume containing the double helical gold nanoparticle assembly and a 3-D
surface rendering of the tomographic volume (b) both reveal the left-handed nature of the
helices. Left-handed gold nanoparticle double helices are synthesized and assembled directly
in a reaction containing HEPES buffer solutions of chloroauric acid and C1,- PEPa ().
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