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Abstract: Sub-100 nm hollow gold nanoparticle superstructures
were prepared in a direct one-pot reaction. A gold-binding peptide
conjugate, Ce-AA-PEP,, (PEPA, = AYSSGAPPMPPF), was
constructed and used to direct the simultaneous synthesis and
assembly of gold nanoparticles. Transmission electron micros-
copy and electron tomography revealed that the superstructures
are uniform and consist of monodisperse gold nanoparticles
arranged into a spherical monolayer shell.

Individual nanoparticles have size-, shape-, and composition-
dependent properties. Nanoparticle assemblies can exhibit unique
ensemble properties that depend on the organization of the
nanoparticles.* Therefore, to control the ensemble properties of a
nanoparticle assembly, methods to precisely control the placement
of nanoparticles within the assembly must be developed. Achieving
rational control of nanoparticle assembly from the “bottom up” is
a significant synthetic challenge and represents one of the most
important hurdles in modern nanoscience.*®? Practical methods that
address this challenge would ideally (1) allow for expeditious
construction of arbitrarily complex nanoparticle superstructures, (2)
enable assembly of nanoparticles of any composition, (3) permit
precise control over structural attributes, including nanoparticle size
and position, and (4) require few preparative steps.

We recently introduced a new methodology for designing and
assembling nanoparticle superstructures that begins to address these
important criteria.? This methodology relies on unique peptide
conjugate molecules comprising peptides with sequences of amino
acids that recognize and bind specific inorganic compositions and
organic tethers designed to influence the self-assembly of these
peptides.® In the presence of inorganic salts and reducing agents,
properly designed peptide conjugate molecules can orchestrate a
one-pot reaction in which the synthesis and assembly of nanopar-
ticles into complex superstructures occurs simultaneously. From
the outset of our studies in this area, we targeted hollow spherical
nanoparticle superstructures® because of their potential practical
application as capsules or delivery agents® and because of the
inherent challenge of expeditiously generating such structures in a
directed one-pot synthesis. Here we introduce a new peptide
conjugate that directs the construction of such structures (Scheme
1). Importantly, we demonstrate that when this methodology is used,
small modifications of the peptide conjugate can dramatically impact
the topology of the final nanoparticle superstructure.

In our previous work, we showed that C;,-PEP,, conjugates
(PEPA® = AYSSGAPPMPPF), when mixed with a gold salt and
a reducing agent, direct the synthesis and assembly of 1D gold
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Scheme 1. Direct Preparation of Hollow Spherical Gold
Nanoparticle Superstructures (Red Spheres = Gold Nanoparticles)
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nanoparticle double helices exhibiting tailorable metrics and struc-
tures.? These results prompted us to systematically investigate how
shortening the length of the aliphatic tether would impact the
synthesis and assembly process and the ultimate structure of the
product nanoparticle superstructure. Accordingly, we prepared Cyo-
PEPAy, Cg-PEPay, and Cg-PEP,, using established methods.?* Each
conjugate was individually dissolved in 0.1 M HEPES buffer [pH
7.3 4+ 0.1; HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid], and an aliquot of chloroauric acid/triethylammonium acetate
(HAUCI/TEAA) buffer solution (0.1 M HAuCI, in 1.0 M TEAA,
pH 7.0) was added to each solution. In this system, HEPES served
as the primary reducing agent.” C1p-PEP, reactions yielded 1D
nanoparticle superstructures, while Cs-PEP,, and Cg-PEP4, reac-
tions yielded only dispersed individual nanoparticles or nanoparticle
aggregates (Figure S3 in the Supporting Information). On the basis
of these observations, we concluded that the Cg and Cg tethers were
not sufficient for directing either the assembly of the peptide
conjugate or the organization of the nanoparticles.

We note that both the amino acid sequence and the organic tether
can influence the self-assembly of the peptide conjugate. Therefore,
we prepared Cg-AA-PEP,,, reasoning that the alanine residues
attached to the N-terminus of PEP 4, could impact the self-assembly
of the conjugate.® Interestingly, Cs-AA-PEP,, self-assembled into
spherical structures (diameter = 136.5 & 2.6 nm) upon incubation
in water (24 h), as evidenced by transmission electron microscopy
(TEM) (Figure S4) and atomic force microscopy (AFM) (Figures
S5 and S6). However, no self-assembly was observed in HEPES
(Figure S7). AFM height images suggested that the spheres spread
onto the MICA surface, resulting in broader and flatter structures
(height = 29.3 £ 1.0 nm and diameter = 525.2 4 8.9 nm; Figure
S5). AFM phase images of the structures collected after TEM
imaging and consequent exposure to high vacuum revealed that
the structures had collapsed in the middle (Figure S6). Collectively,
these AFM data suggest that the self-assembled Cg-AA-PEPA,
spherical structures are hollow.®

Encouraged by these observations, we proceeded to evaluate
whether Cg-AA-PEP,, could direct the self-assembly of gold
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Figure 1. (a, b) TEM images of spherical gold nanoparticle superstructures. (c) X—Y computational slices (i—viii) of the 3D tomographic volume containing
the nanoparticle assembly (scale bar = 20 nm). (d) 3D surface rendering of the tomographic volume.
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Figure 2. Progress of superstructure formation: TEM images and particle size distributions after (a) 20 min, (b) 2.5 h, (c) 4.5 h, and (d) 38 h of reaction.

The arrow indicates an incomplete nanoparticle superstructure.

nanoparticles into spherical superstructures (Scheme 1). HAuCl,/
TEAA was added to a solution of Cs-AA-PEP,, in HEPES buffer
to yield a colorless solution. After incubation at room temperature
for 24 h, the solution became light-purple, suggesting the formation
of gold nanoparticle assemblies. TEM analysis of samples of this
solution revealed the exclusive formation of spherical structures
comprising gold nanoparticles (8.3 £+ 0.2 nm) (Figure 1a,b and
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Figure S8). The UV —vis spectrum of the spherical superstructures
exhibited a maximum absorbance at 540 nm, which, as expected,
is red-shifted compared to that of colloidal solutions of 9 nm gold
nanoparticles (~517 nm).*° Close examination of the TEM images
indicated that, with dark edges and light interiors, the structures
likely consist of self-assembled Cg-AA-PEP,, cores (35.3 £+ 1.0
nm) surrounded by gold nanoparticle monolayer shells (51.6 + 0.8
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nm) (Figure 1a,b and Figure S8). Electron tomography was used
to probe the three-dimensional structure of the nanoparticle as-
semblies. Tilted images collected at 1° tilt intervals from —70 to
70° were combined computationally to generate a three-dimensional
electron density map (tomogram). Sample tomographic slices
(Figure 1c) and the surface-rendered 3D tomogram (Figure 1d)
definitively revealed that the structures are spherical capsules
comprising a single layer of gold nanoparticles.

At this stage of our investigation, it was clear that Ce-AA-PEPa,
directs the assembly of gold nanoparticles into spherical super-
structures and that hollow self-assembled Cg-AA-PEP,, structures
serve as the underlying structure-directing entities. In fact, when
we performed the same reaction using AA-PEP,, instead of Cg-
AA-PEP,,, random gold nanoparticle aggregates were observed as
the product (Figure S10). We note that the average diameter of the
nanoparticle superstructures is smaller than what one might expect
on the basis of the average diameter of the Cs-AA-PEP,, nano-
spheres that self-assemble in water. This suggests that the assembly
of Cs-AA-PEP,, and gold nanoparticles in HEPES buffer may in
fact be coupled and that both the peptide conjugate and nanoparticle
components could influence the size, shape, and self-assembly of
the resulting superstructure.

To more completely understand the mechanism of superstructure
formation, we studied samples of the reaction mixture at increasing
time points using both TEM and AFM. After ~20 min, we observed
islands of nanoparticles containing nanoparticles of uniform
diameter (4.7 £ 0.1 nm) (Figure 2a and Figure S11). Over the
course of several hours, the nanoparticles within the islands grew
(5.4 £ 0.2 nm at 2.5 h, Figure 2b; 6.2 £ 0.1 nm at 4.5 h, Figure
2c). We hypothesize that as small nanoparticles form in solution,
they provide a surface onto which Cs-AA-PEP,, can attach and
aggregate. Aggregates of C4-AA-PEP,, then attract more nanopar-
ticles, leading to the formation of island structures. At a certain
critical point, the island structures accumulate and concentrate
enough Cg-AA-PEP,, in one area that it becomes favorable for
Ces-AA-PEP,, to self-assemble into spherical structures, thus driving
the spherical assembly of the gold nanoparticles (Figure 2d). We
note that this assembly process also results in a small number of
incomplete structures (see arrow in Figure 2d) that need additional
nanoparticles to complete their spherical nanoparticle monolayer
shells.

In summary, we have discovered that Cs-AA-PEP 4, conjugates
direct the formation of well-defined hollow spherical nanoparticle
superstructures. Remarkably, Cg-AA-PEP, and Ci,-PEPA,,%? which
have slightly different compositions, direct the formation of
dramatically different nanoparticle superstructures (hollow spheres
vs double helices®®). This result points toward the versatility of
this methodology and the ability to program the shape of the
ultimate nanoparticle superstructure simply by programming specific
information into the composition of the peptide conjugate.
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