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Discrete nanoparticle (NP) ensembles have attracted increas-
ing attention because of their potential in fundamental
research and novel functional devices. For example, discrete
gold and silver NP dimers displayed strong plasmon coupling
and functioned as molecular rulers.!l Self-assembly is a
powerful and widely used route to construct discrete super-
structures of NPs.”! To tailor the components and conforma-
tion of such structures, different strategies have been explored
to guide NP self-assembly. Small molecules and peptides have
proven their efficacy in forming various nanostructures but
are restricted to organizing NPs into one-dimensional (1D)
and 2D nanostructures.’! DNA provides a better platform
for guiding assembly of 3D as well as 1D and 2D nano-
structures.* !l Recently, pyramidal™ and tubular™ nano-
architectures were constructed by assembling unitary or
binary NPs with DNA as scaffold. However, a robust platform
for controlling 3D NP assembly with finer tunability still
remains a challenge. An ideal strategy to assemble discrete
3D nanoarchitectures should offer 1) tunability of particle
species, particle number, and interparticle distance in a single
ensemble, 2) good stability, and 3) high yield of products.
Proteins can be composed of more than twenty different
amino acid residues and thus have much greater structural
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diversity than DNA. Various protein structures such as shells,
fibers, tubes, and layers have been found in nature and can
perform as potential templates, containers, and scaffolds for
building nanostructures."'"1 Moreover, proteins can be
genetically engineered to introduce functional amino acids
into specific sites, which enables precise control of the
organization of rationally designed nanostructures. Virus-
based NPs (VNPs) are spherical shells formed by viral capsid
proteins. Due to the uniform nanoscale size, symmetric
structure, controllable self-assembly, easy fabrication, and
modification, VNPs are recognized as effective nanowork-
benches.'®>! Here we report controllable assembly of
discrete 3D nanoarchitectures of quantum dots (QDs) and
gold nanoparticles (AuNPs) with mutated VNPs as scaffolds
by simultaneous use of their inside and outside space. The
VNPs were formed by the major capsid protein of simian
virus 40 (SV40), VP1. The assembly process consists of two
steps: I) loading QDs into VNPs and II) attaching AuNPs to
VNP surfaces (Figure 1).
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Figure 1. VNP-templated assembly of 3D discrete hybrid Au/QD nano-
architectures. A) Cryo-TEM image of QD-VNPs. B) 3D reconstructed
image of QD-VNPs.

First, QDs coated with 3-mercaptopropionic acid (MPA)
were encapsulated in VNPs in a highly efficient manner by
molecular self-assembly, with one QD center per VNP
(Figure 1 A). The as-prepared QD-containing VNPs (QD-
VNPs) are about 24 nm in diameter and consist of twelve VP1
pentamers with T=1 icosahedral symmetry (7 is the trian-
gulation number, indicating the rules for arranging the
subunits on a surface lattice®), which was revealed by cryo
transmission electron microscopy (cryo-TEM) and 3D recon-
struction (Figure 1B).

Second, different numbers of citrate-capped AuNPs
(4.2 nm in diameter) were controllably assembled onto the
outer surface of QD-VNPs to obtain discrete 3D nano-
architectures. To achieve high affinity of AuNPs to the VNPs,
alanine 74 of VP1 was substituted by cysteine in step I so that
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the VNPs display semi-exposed thiol groups in accordance
with the structure of VPl pentamer™ (see Supporting
Information). In the mutated QD-VNPs, each pentamer
provides five thiol groups for capturing one AuNP with high
affinity. Compared with the reported methods, VNPs have the
intrinsic advantages of rigid 3D conformation and robustness
against pH, as well as buffer ion strength. A critical issue in
step II is how to prevent the Au/QD-VNP nanoarchitectures
from agglomeration due to cross-linking among QD-VNPs
and AuNPs. The state of dispersion of the Au/QD-VNP
nanoarchitectures depends on the competition between the
binding affinity of cysteine residues on QD-VNPs to AuNPs
and the electrostatic repulsion and steric hindrance of QD-
VNPs. In this work, the binding affinity and steric hindrance
are fixed parameters, since the physicochemical properties of
QD-VNPs and AuNPs were constant. Therefore, the state of
dispersion can be regulated by changing the pH, which
determines the electrostatic repulsion among QD-VNPs. A
pH value around 6 was optimum to achieve good dispersion
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of the hybrid Au/QD-VNP nanoarchitectures. The zeta
potential of QD-VNPs at pH6 was measured to be
(—22.4+3.7) mV, which stabilized the QD-VNPs during the
assembly process and was suitable for AuNP binding to QD-
VNPs through gold—sulfur bond formation.

Figure 2 shows that the tunable hybrid Au/QD nano-
architectures can be obtained in high yields by precisely
controlling the ratio of AuNPs to QD-VNPs. Particle
numbers of AuNPs per cluster (PNAC) of 1, 3, 5, 6, 8, 10,
and 12 were achieved (see Supporting Information for more
TEM images). The QDs are not visible in Figure 2 because
their electron contrast is lower than that of AuNPs. The
histograms in Figure 2, obtained by statistically analyzing
about 100 samples, show narrow PNAC distributions. More-
over, the PNACs of all clusters were found to be linearly
correlated to the preset molar ratio of AuNPs to QD-VNPs
(Figure 2H). These observations demonstrate that the VNP
can be utilized as a robust scaffold to precisely assemble
discrete 3D hybrid Au/QD nanoarchitectures. In comparison
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Figure 2. Typical TEM images of Au/QD-VNP nanoarchitectures and histograms of the distribution of PNAC. Inset: high-magnification TEM
image of a single Au/QD-VNP entity. A)-G) As-prepared nanoarchitectures with PNACs of 1, 3, 5, 6, &, 10, and 12, respectively. H) Correlation

between PNAC and AuNP/QD-VNP ratio.
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with DNA scaffolds, which usually give low yields due to use
of electrophoresis for product purification, the simplicity of
VNP-based self-assembly endows this strategy with high yield
and high reproducibility, and facilitates construction of
discrete hybrid nanoarchitectures and further investigation
of interactions between different NPs thereof.

The interaction of the AuNPs with each other is of
interest, since AuNPs are located on the VNP within close
proximity, which may allow surface plasmon resonance (SPR)
coupling to occur and cause a redshift of the surface plasmon
band.”! The SPR coupling effect mainly depends on inter-
particle distance and particle diameter™ and has been
experimentally studied for 2D noble metal NP arrays.">
Absorption spectra of Au/QD-VNP nanoarchitectures with
PNAC=1, 3,5, 6, 8, 10, and 12 are compared with those of
free AuNPs as references in Figure 3 A. As summarized in
Figure 3B, the absorption redshift gradually increased to
5 nm as the PNAC increased from 1 to 12. This suggests that
weak SPR coupling takes place among the 4.2 nm-sized
AuNPs. The discrete dipole approximation was adopted to
theoretically simulate the plasmon coupling effect of the
AuNPs assembled on VNP surfaces. The results also con-
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Figure 3. Effect of PNAC on the absorbance of Au/QD-VNP nano-
architectures, from which the contribution of QDs has been sub-
tracted. A) Absorbance spectra of AuNP clusters compared with those
of free AuNPs. The curve parameter is PNAC. The controls are free
AuNPs at the same concentration as those in the corresponding
clusters. B) Summary of absorbance peaks for AuNP clusters and free
AuNPs.
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firmed that plasmon coupling occurred, albeit to a small
extent, because the role of phase retardation and multiple-
mode effects can be neglected for quasistatic particles.*”

Quantitative study of the interaction between surface
plasmons of metal NPs and fluorescent nanocrystals is of
great importance and has drawn intense attention in the past
decades.F' The as-obtained hybrid Au/QD-VNP nano-
architectures provide a robust platform for such studies, since
a single QD is surrounded by tunable numbers of AuNPs at a
fixed distance (ca. 8 nm). Steady-state fluorescence was first
measured for all of the obtained discrete samples (see
Supporting Information). Because the fluorescence of QDs
can be affected by absorption of the incident light by the
AuNPs and the QD-emitted light in the hybrid Au/QD-VNP
nanoarchitectures, mixtures of free QDs and AuNPs were
used as references to evaluate such effects.

As shown in Figure 4 A, the fluorescence intensity of QDs
in the references decreased slowly with increasing Au/QD
ratio. In contrast, for the hybrid Au/QD-VNP nanoarchitec-
tures, the fluorescence intensity of the VNP-capped QDs
dropped dramatically with increasing PNAC, which can be
attributed to increased energy transfer from QD to the
surrounding AuNPs. Theoretical calculations of the quench-
ing effect of AuNPs on QDs (see Supporting Information for
details) showed high similarity to the experimental data.
Consistently, time-resolved fluorescence measurements
showed that the lifetimes of QDs in the hybrid nanoarchi-

>
=3
=
o
T

Free AuNPs + QDs
AuNPs + QD-VNPs (experimental)

0.8 FZZZ) AuNPs + QD-VNPs (theoretical)

0.6

0.4

Normalized fluorescence —»

0.2

0.0

1000

800

600

400

Counts —»

200

Time/ns —»

Figure 4. Effect of AuNPs on the fluorescence of VNP-capped QDs.
A) Fluorescence intensity of QDs with different numbers of AuNPs.
B) Time-resolved fluorescence measurements on a) QD-VNPs; b)—
h) QD-VNPs with PNACs of 1, 3, 5, 6, 8, 10 and 12; i) instrument
response.
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tectures gradually became shorter as the number of AuNPs on
the VNP increased (Figure 4B), while those of the references
(free QDs and AuNPs) remained nearly unchanged (see
Supporting Information).

In summary, we have obtained a series of discrete 3D
hybrid Au/QD nanoarchitectures with VNPs as scaffold,
which have a central QD and a tunable number of surround-
ing AuNPs (1, 3, 5, 6, 8, 10, and 12). Thus, VNPs can serve as
robust scaffolds for controllably guiding the self-assembly of
3D nanoarchitectures. The well-defined symmetry and size,
together with addressable functionalities of VNPs through
rational design and genetic engineering, offer precise control
of particle species and number, interparticle distance, and
conformation. This VNP-based strategy is versatile because
1) a variety of viruses can be exploited to assemble NPs"® and
2) a wealth of NPs with different components and different
sizes ¥ can be assembled. We expect that this strategy will
provide perfect control over the number and tropism of NPs
in a single entity when highly selective functionalization of the
VNP surface is achieved. VNP-guided NP assembly can be
extended to other methods based on protein structure and
may find application in biosensing, controllable delivery of
bioactive molecules, energy harvesting, and so on.
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