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Peptide conjugate molecules comprising programmable self-assembly[!! and inorganic
recognition[2] motifs have proven to be powerful agents for directing the one-pot synthesis
and assembly of structurally-regular and topologically-complex nanoparticle
superstructures.[3] These peptide conjugate molecules serve a dual purpose: the inorganic
recognition motif binds specific nanoparticles and plays a role in their synthesis, and the
self-assembly motif directs the assembly of the nanoparticles into specific architectures. We
recently introduced the conceptual basis of utilizing this class of molecules for nanoparticle
synthesis and assembly and demonstrated that particular members of this class could be used
to prepare 1-D nanoparticle superstructures,[3?: 34 including gold nanoparticle double
helices[3al and discrete sub-100 nm spherical gold nanoparticle superstructures.[3¢] One
particularly useful feature of this methodology is that small changes to the composition and
sequence of the peptide conjugate can dramatically impact the structure of the resulting
nanoparticle assembly. It has become clear that one can potentially rationally control the
structure of the nanoparticle assembly by carefully tailoring the peptide conjugate.

It is well-established that the properties of a nanoparticle superstructure can depend
intrinsically on the size and shape of the superstructure and the organization of the
nanoparticles within the superstructure.[] Therefore, an ideal nanoparticle assembly
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methodology should allow one to carefully tune the shape and metrics of a nanoparticle
superstructure. In previous work, we showed that small changes to the organic (non-peptide)
component of the peptide conjugate can lead to entirely different nanoparticle
superstructures. For example, we found that C12-PEPay (C11H23CO-PEPA; PEPAy =
AYSSGAPPMPPFDI) directs the formation of gold nanoparticle double helices!32l while
Cg-Ap-PEPA, (C5H11CO-Ay- PEPA; A = alanine)directs the formation of ‘hollow’
spherical gold nanoparticle assemblies (i.e. a spherical shell of gold nanoparticles).[3¢l In
this contribution, we show that we can use this methodology to tailor the size of a given
nanoparticle superstructure. Specifically, we demonstrate that small modifications to the
sequence of the peptide portion of the conjugate allow one adjust the size of spherical gold
nanoparticle superstructures and ultimately enable the direct one-pot preparation of sub-50
nm spherical superstructures. Such structures may potentially exhibit useful optical and
catalytic properties and possibly may serve as capsules or delivery agents.[4 €]

We began this work by first studying the self-assembly properties of BP-Ay-PEPa,
(C12HgCO-A-AYSSGAPPMPPF; x = 0-3; BP = biphenyl) in HEPES buffer (0.1 M, pH
7.3%0.1; HEPES = 4-(2-hydroxyethyl)-piperazineethanesulfonic acid) both before and after
the addition of a gold salt solution (0.1 M HAuUCl,4 in 1.0 M TEAA; TEAA =
triethylammonium acetate).[”] We reasoned that the bipheny! unit would potentially lead to
peptide conjugate self-assembly through rc-m stacking/hydrophobic interactions. Our initial
assembly studies using BP-PEP p,, and BP-A-PEP », were inconclusive under both
conditions. However, once we added an additional hydrophaobic alanine residue to produce
BP-A,-PEPA, we observed self-assembly in the presence of the gold salt solution.
Specifically, in a mixture of HEPES and HAUCI4/TEAA, BP-A,-PEP 4 assembles into
large spherical structures, as revealed by transmission electron microscopy (TEM) (Figure
S3a, b). The size distribution (~60 nm — ~240 nm; Figure S3c) of the large spherical
structures suggests a vesicular architecture.[®] We note that these structures are similar to
those formed via the self-assembly of Cg-Ay-PEPa.[3¢] After BP-A,-PEP A, was allowed to
incubate (~48 hrs) in the mixture of HEPES and HAuCI4/TEAA, large spherical
nanoparticle superstructures (Figure la—e, S4a—f) comprising monodisperse gold
nanoparticles (6.71 = 0.24 nm; Figure S4h) formed. In general, these structures are similar to
those produced using Cg-Ay-PEPa,[3¢] but they are significantly larger (~60 nm — ~270 nm;
Figure S4g) because the peptide conjugate structures that serve as their underlying template
are larger than those produced using Cg-A,-PEP . Samples of the spherical gold
nanoparticle superstructures exhibited a broad absorbance with a maximum at 656 nm
(Figure S5), which, expectedly, is significantly red-shifted from that of the constituent
nanoparticles (~517 nm).[°®] We attribute the broad absorbance to the large size distribution
of the superstructures and the presence of large aggregates of superstructures (Figure 1b).

At this point, we decided to explore whether further modification of the peptide sequence
would impact the structure of the resultant nanoparticle assembly. It is well-established that
increasing the length of the hydrophobic component of a surfactant molecule can promote a
transition from vesicular architectures to tubular micelles or discrete spherical micelles.[®!
We reasoned that small spherical micelles would be an ideal underlying template for
producing sub-50 nm hollow spherical nanoparticle superstructures. While sub-50 nm
clusters of nanoparticles have been prepared,[10] we are not aware of any sub-50 nm hollow
nanoparticle superstructures which have been prepared in a logical single-step process. In
our basic conjugate, BP-A,-PEP 5, We can systematically increase the hydrophobic
character of the N-terminus by adding additional alanine residues.l!1] We therefore prepared
BP-A3-PEP4, and studied its self-assembly. BP-A3-PEP 5, assembled into well-defined
spherical structures after incubating for three days in HEPES buffer, as observed by atomic
force microscopy (AFM) (Figure S6). Upon adding HAUCI,/TEAA to a solution of BP-Ags-
PEPA, in HEPES, we again observed, after 5 min, the formation of small spherical
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structures (Figure S7a). Based on their size (4.51 + 0.06 nm), we hypothesize that these
spherical structures could be micelles.[8] After prolonged incubation in the HEPES/HAUCI/
TEAA mixture, these spherical structures begin to coalesce (after 10 min; Figure S7b),
ultimately yielding fibers (after 6 h; Figure S7c,d) whose diameters (4.46 + 0.03 nm) are
suggestive of tubular micelles.[8] After BP-A3-PEP,, was allowed to incubate for 2 days in
the mixture of HEPES and HAUCI4/TEAA, we observed exclusively the formation of
sub-50 nm spherical gold nanoparticle superstructures (Figure 2, S8a—d). These structures
have uniform size (diameter = 29.43 + 0.34 nm; Figure S8e), consist of monodisperse
nanoparticles (6.15 £+ 0.14 nm; Figure S8f), and exhibit a sharp absorption band at 540 nm
(Figure S9), which is consistent with their size and relatively narrow size distribution. We
used electron tomography to better understand the three-dimensional architecture of the
superstructures. Tilted images collected at 1° tilt intervals from —70° to 70° were combined
computationally to generate a three-dimensional electron density map (tomogram). The
sample tomographic slices (Figure 2f) and the surface rendered 3-D tomogram (Figure 2g)
reveals that the structures are roughly spherical and that their cores are hollow (devoid of
nanoparticles).

Surprisingly, no linear nanoparticle superstructures were observed, even though tubular
micelles, which could also potentially serve as templates for nanoparticle assembly, were
also present (Figure S10a). We speculate that the spherical nanoparticle assemblies may be
the exclusive product because spheres are the primary structures present upon the addition of
the gold salt solution. Therefore, the gold nanoparticles would first grow on these structures,
resulting in the sub-50 nm spherical nanoparticle superstructure products. The tubular
structures which appear after prolonged incubation (vide supra) must then form from
spherical stuctures which are not decorated by gold nanoparticles. Interestingly, when a
msecond aliquot of the HAUCI4/TEAA solution was added six hours after adding the first
aliquot, a mixture of both spherical and linear nanoparticle superstructures resulted (Figure
S10b-d). We can reason that the first dose of gold salt led to the formation of the spherical
nanoparticle superstructures while the second dose allowed formation of the linear
structures. Thus, one can either produce exclusively spherical nanoparticle superstructures
or a mixture of spherical and linear superstructures depending on the gold salt dosing
regimen.

We have shown that peptide conjugate methodology for synthesizing and assembling
nanoparticle superstructures can be used to prepare two different kinds of spherical
structures. Importantly, we have demonstrated that small modifications to the peptide
sequence, in this case addition of a single alanine residue, can significantly impact the
diameter of the resulting spherical nanoparticle superstructure. In addition, we have shown
that small procedural modifications, such as a second addition of gold salt, can affect
nanoparticle superstructure distribution. These results point toward the versatility of this
methodology and the rich structural diversity that can easily be achieved when this
methodology is employed in a logical and thoughtful manner.

Experimental Section

All instrumental details and general methods are included in the Supporting Information.

Preparation of Peptide Conjugates

Ay-PEPA, (X =0-3; PEPA, = AYSSGAPPMPPF) were synthesized and purified by New
England Peptide. BP-A,-PEP 5, were synthesized and purified using established
methods.[32] Briefly, biphenyl N-Hydroxyl succinimide ester (1.69 x 1076 mol) dissolved in
dimethylformamide (DMF; 50 L) was mixed with Ay-PEPp (x=2, 8.797 x 10~ mol; x=3,
7.874 x 10" mol) in DMF (70 L). Triethylamine (1 L) was added to this solution, and
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the resulting solution was stirred (24 h) at room temperature. Once completed, the reaction
was diluted with a 1:1 mixture of water and acetonitrile (1000 .L). This solution was
purified by reverse-phase HPLC using a linear gradient of 0.05% formic acid in CH3CN and
0.1% formic acid in water (Figure S1). The concentration of the purified peptide conjugates
were determined using the molar extinction coefficient of tyrosine (1280 M~1cm™71) at 280
nm. Once HPLC purification was completed, the eluted product was lyophilized. A sample
of the lyophilized product was deposited onto a a-cyano-4-hydroxy cinnamic acid (CHCA)
matrix and its mass was determined using matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) (Figure S2).

Preparation of Spherical Nanoparticle Superstructures

Lyophilized BP-A,-PEPA, (1.36 x 1077 mol) or BP-A3-PEP A, (2.60 x 1077 mol) peptide
conjugate was completely dissolved in 0.1M HEPES buffer (0.5 ml; pH=7.3£0.1; Fisher
Scientific) in a plastic vial. This solution was allowed to incubate at room temperature (30
min). Thereafter, a freshly prepared solution of 0.1M chloroauric acid (HAuCly) in 1.0 M
triethylammonium acetate (TEAA, pH = 7.0) buffer (2 j.I) was added to the peptide
conjugate solution. The resulting mixture was vortexed for a few seconds as soon as the
HAuUCI, solution was added and then left undisturbed at room temperature (48 h).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic illustration of the synthesis of large hollow spherical gold nanoparticle
superstructures. (b—e) TEM images of the superstructures.
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(a) Schematic illustration of the synthesis of sub-50 nm hollow spherical gold nanoparticle
superstructures. (b—e) TEM images of the superstructures.

(f) X=Y computational slices (i-viii) of the 3-D tomographic volume containing the

nanoparticle assembly (scale bar = 30 nm). (g) 3-D surface rendering of the nanoparticle

superstructures.
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