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T
he use of biomolecules as scaffolds
for directed organization of func-
tional inorganic and organic nanoma-

terials addresses the grand challenge of
assembling multiple functional units with
precise control over their spatial arrange-
ment at the molecular level. Peptides, pro-
teins, and nucleic acids have been used as
building blocks for the bottom-up assembly
of intricate suprastructures due to their
inherent chemical and biological address-
ability, structural precision, and efficiency of
synthesis.1�6 Inspired by natural photosyn-
thesis systems, one appealing application of
this bioinspired assembly strategy is to design
artificial plasmonic structures through the in-
tegration of optical species, such as fluoro-
phores or quantum dots, and conductive
nanostructures that can manipulate light ab-
sorption and emission.7�19 In a typical natural
photosynthesis complex, the light-harvesting
units are organized with molecular-level

precision around the photochemical units
so as to generate antenna complexes that
ensure efficient photon absorption and en-
ergy transfer.20 In a similar manner, biomi-
metic assembly of plasmonic nanostructures
provides molecular-level spatial precision,
creating potential improvement in efficiency
of light-harvesting platforms, light-emitting
devices, and optical sensors.21�26

DNA oligonucleotides have been used as
tunable spacers to control the distance
between gold nanoparticles (AuNPs) and
fluorophores due to their sequence specifi-
city and the spatial addressability.5,27,28 In
a major advance toward programmable
structures, DNA origami has recently pro-
vided an alternative paradigm for biotem-
plating, acting as molecular pegboards to
locate noble metal nanostructures, single
dye molecules, and quantum dots.8�12,29,30

Additionally, virus capsids have recently
been explored as versatile biological scaffolds
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ABSTRACT Building plasmonic nanostructures using biomolecules as scaffolds

has shown great potential for attaining tunable light absorption and emission via

precise spatial organization of optical species and antennae. Here we report

bottom-up assembly of hierarchical plasmonic nanostructures using DNA origami

templates and MS2 virus capsids. These serve as programmable scaffolds that provide molecular level control over the distribution of fluorophores and

nanometer-scale control over their distance from a gold nanoparticle antenna. While previous research using DNA origami to assemble plasmonic

nanostructures focused on determining the distance-dependent response of single fluorophores, here we address the challenge of constructing hybrid

nanostructures that present an organized ensemble of fluorophores and then investigate the plasmonic response. By combining finite-difference time-

domain numerical simulations with atomic force microscopy and correlated scanning confocal fluorescence microscopy, we find that the use of the scaffold

keeps the majority of the fluorophores out of the quenching zone, leading to increased fluorescence intensity and mild levels of enhancement. The results

show that the degree of enhancement can be controlled by exploiting capsid scaffolds of different sizes and tuning capsid�AuNP distances. These

bioinspired plasmonic nanostructures provide a flexible design for manipulating photonic excitation and photoemission.

KEYWORDS: bioinspired assembly . DNA origami . virus capsid . plasmonic nanostructure . scanning confocal microscopy .
atomic force microscopy (AFM) . finite-difference time-domain (FDTD) simulation
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for building functional nanostructures.1,31 Virus cap-
sids present tens to hundreds of equivalent sites
that can be covalently modified to attach functional
molecules (e.g., a T3-type MS2 virus has 180 equivalent
sites). Their exterior surfaces have been modified
to display peptides,32 polymers,33 DNA,34,35 and
fluorophores,36 whereas their interior surfaces have
been modified to include fluorophores34,35 and por-
phyrins.37 Additionally, quantum dots and nanoparti-
cles can be inserted inside the capsids.36,3838

Here we report hierarchical assembly of plasmonic
structures using rectangular DNA origami templates
and MS2 virus capsids as programmable molecular
scaffolds to control both the distribution of fluoro-
phores and their distance from a AuNP plasmonic
antenna. While previous studies of DNA origami-based
plasmonic nanostructures focused on the distance-
dependent response of single-molecule fluorescence
near noble metal nanoparticles,11,27 in this work, we
study the collective plasmon-coupled response of an
ensemble of fluorophores to the presence of a AuNP at
controlled distances. We show that the ensemble of
fluorophores exhibits greater intensity than its single-
molecule counterpart, because the size of the capsid
scaffold keeps the majority of fluorophores out of the
quenching region, and that the appropriate choice of
capsid and particle dimensions, separation, and wave-
length can lead to significant enhancement. This strat-
egy is readily applicable to bottom-up assembly of
complex nanophotonic architectures.

RESULTS AND DISCUSSION

We assembled the hierarchical plasmonic nano-
structures by attaching a AuNP (Ted Pella, Inc., 10 nm
diameter) and a fluorophore-modified MS2 capsid to a
rectangular DNA origami template as illustrated in
Figure 1. The rectangular template (length 90 nm,

width 60 nm) was folded from one single-stranded
M13mp18 ssDNA (∼7200 nt long) using 226 single-
stranded staple strands.39 The AuNPwas fixed onto the
DNA origami by linking it to one staple strand whose 50

end was modified with lipoic acid at the 50 end. The 1:1
DNA-modified AuNP was then mixed with the scaffold
M13 DNA and all the other staple strands, along with
the capsid capture strands (poly A sequence extended
from one end of the selected group of staple strands),
in the first thermal annealing step. An N87C mutation
was introduced to the MS2 capsid to allow for interior
labeling with Alexa Fluor 532 maleimide dye (AF 532,
Life Technologies). The dye labeling reaction had very
high yield, reaching approximately 90 ( 5% of max-
imum loading capacity (i.e., 150�170 AF532 molecules
per capsid), giving a fluorophore density of one mole-
cule per 14 nm2 on the inside. An unnatural amino acid,
para-amino-L-phenylalanine (pAF), was introduced at
the capsid T19 position, which enabled us to further
modify the capsids on the exterior surfaces with 20 nt
poly-T sequences, at up to ∼20 strands/capsid (∼11%
surface coverage), through a previously reported oxi-
dative coupling reaction.32 The internally dyemodified
and externally DNA modified capsids were then at-
tached to the AuNP-decorated DNA origami through
DNA hybridization in the second thermal annealing
step.
We constructed four plasmonic structures (d1, d2,

d3, and d4) by varying the location of the AuNP capture
strands and hence the distance between the AuNP and
the capsid as shown in Figure 2 (see Supporting
Information for specific capture strand sequences).
The attachment of the AuNP and the capsid to the
DNA origami was confirmed by transmission electron
microscopy (TEM), which also verified their actual
separation distances. Because we incorporated six
capture strands into the origami templates over an

Figure 1. Assembly of hierarchical plasmonic nanostructures usingDNAorigami templates andMS2 virus capsids. A two-step
thermal annealing process involves (1) incorporation of one ssDNA-modified AuNP and the capsid capture strands (6 strands
extended with A20 per origami) into the DNA origami templates and (2) attachment of internally AF532 modified and
externally DNA (T20) modified MS2 virus capsids to the DNA origami templates. The distance between the two particles was
adjusted by varying the position of the strand that linked to the AuNP surface.
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area within a 10 nm radius in order to maximize the
immobilization efficiency, we calculated the range of
edge-to-edge capsid�AuNP distances from the DNA
origami design scheme. The minimum, maximum, and
optimal distances were calculated assuming the capsid
is attached to the nearest, farthest, and center of the
capture strands as shown in Figure 2c. The TEM
measurements yielded rather narrow distributions of
the capsid�AuNP distances, with d1 = 4.9 ( 1.5 nm,
d2 = 7.7( 1.8 nm, d3 = 15.8( 2.2 nm, and d4 = 28.0(
5.6 nm, which are near the centers of the design
ranges. Note that although we tried to minimize the
capsid�AuNP spacing, the lower limit we were able to
achieve was 4.9 nm for d1, presumably because a
strong coupling interaction prevented the pair from
reaching closer proximity.40

High-resolution tapping mode atomic force micro-
scopy (AFM) imaging was also used to characterize the
assembled structures. AFM images provided three-
dimensional profiles of the DNA origami templates,
capsids, and AuNPs, hence a routine method to distin-
guish the AuNPs from the capsids (Figure 3a). The
measured AuNP height distribution of 9.7 ( 0.7 nm
matched well with the nominal AuNP diameter of
10 nm (Figure 3b). The capsids, however, did not
maintain their spherical shape when deposited on

mica substrates and scanned under an AFM tip. Their
measured heights of 8.0 ( 1.0 nm were about one-
third of their 27 nm diameters,35 as obtained by
scanning transmission electron microscopy (STEM)
(Figure 3c). The capsid widths of around 35 nm deter-
mined by AFM were significantly larger than those
measured by STEM (Figure 3c). Although AFM provides
precise height measurements up to ∼0.08 nm resolu-
tion, tip convolution artifacts lead to significant over-
estimates of lateral dimensions.41 In addition, STEM
imaging confirmed the icosahedral symmetry of the
MS2 capsids, with the majority exhibiting hexagonal
cross sections. From the STEM-based statistics of the
long (a) and short (b) diagonals, we obtained an
asymmetry factor (a/b) of 1.10 ( 0.14, which is con-
sistent with the asymmetry of an equilateral hexagon
forwhich a/b= 1.16. Nevertheless, the high precision of
the AFM height measurements enabled us to obtain a
detailed perspective of the top surface morphology of
the capsids not obtainable by transmission imaging
methods such as TEM or STEM. Figure 3d demonstrates
a fairly smooth top surface of the capsids, showing a
root-mean-square (RMS) roughness value of 0.7 (
0.1 nm, in comparison with its thickness of 8.0 nm as
measured by the AFM height profiling. Therefore, we
modeled the capsid deposited onto a flat mica surface

Figure 2. Control over the distance between an ensemble of AF532 fluorophores and a AuNP in the DNA origami�capsid
nanostructures. (a) Schematic ofDNAorigami template design showing the locations of the capture strands for the capsid and
the strand linked to the AuNP. The control over the distance between the dye-modified capsid and the AuNP is enabled by
varying the location of the AuNP linkage strand (d1, d2, d3, and d4). (b) TEM images of the hierarchical nanostructures with
four different distances. (c) Statistics from TEM imaging analysis of d1�d4 (total n = 83) shown in comparison with the
designed ranges as indicated by design-min, design-max, and design-optimal.
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as a cylinder of low aspect ratio, with a height of 8 nm
and diameter of 27 nm.
By correlating the AFM images with the scanning

confocal fluorescence microscopy images, we were
able to simultaneously validate the identities of fluo-
rescent particles;determining whether they were
either excess unbound capsids or capsids bound to
the origami templates;andmeasure the fluorescence
intensity as a function of the edge-to-edge distance
between the capsids and the AuNPs. To perform these
measurements, one 2 μL aliquot of sample solution (in
2� TAE-Mg2þ buffer) was deposited on a poly-L-lysine
(Ted Pella, Inc.)-coated mica substrate (SPI Supplies).
The samples were diluted to ensure adjacent plasmo-
nic nanostructures were a couple of micrometers away
from one another when deposited onto the mica sur-
face. This was necessary to optically resolve fluorescent
particles considering the diffraction limit of the optics,
which can be estimated by λ/(2 3NA) ≈ 280 nm, for a
532 nm laser illumination using a NA = 0.95 100� air
objective. The sample was washed with milli-Q water
(18 MΩ 3 cm

�1) and dried with a gentle stream of
nitrogen gas before measurements.
Immediately after the sample was prepared, scan-

ning confocal fluorescence images were acquired by
raster scanning the sample in the focal plane of the
incident 532 nm laser beam and by mapping the

fluorescence emission using a WITEC scanning confo-
cal optical microscope. In this setup, a single counting
photomultiplier tube (PMT) detector was used to re-
cord the fluorescence emission through a long-pass
emission filter with cut-on wavelength of 550 nm,
which corresponds to the AF532 peak emission wave-
length. The samples were then transferred to an AFM
(Veeco Multimode VIII) for tapping mode topographi-
cal imaging at moderate resolution (380 nm2/pixel).
We were able to retrieve the locations of the same
particles seen in the confocal fluorescence imaging
with the aid of visual marks patterned on the mica
substrate. Figure 4a shows a typical correlative imaging
analysis as described above (see Figure S3 in the
Supporting Information for more information). Higher
resolution tapping mode AFM topographical images
(4 nm2/pixel, Figure 4b and c) were then used to
distinguish the capsid�AuNP pairs from the unbound
capsids in the fluorescence images (as highlighted in
the red and yellow dashed-line box in Figure 4a,
respectively). The small particle in the center of the
DNA origami template was determined to be the AuNP
from its ∼10 nm height profile (Figure 4b, #1). The
mismatch between the measured width (25 nm) and
its nominal diameter (10 nm) is due to tip convolution
described above.41 The particle near the AuNP was
determined to be a capsid from its height of 8 nm and

Figure 3. AFM three-dimensional topography analysis. (a) AFM topography images and height profiles of assembled
hierarchical nanostructures with different interparticle distances, d1, d2, d3, and d4. (b) Histograms showing the height
distribution of the AuNPs and the capsids on DNA origami templates as measured by AFM (n = 54 for AuNP, n = 74 for MS2
capsids). (c) Histograms showing the lateral profiles of the capsids as measured by STEM and AFM (n = 122 for STEM analysis,
n = 16 for AFM analysis). (d) RMS roughness histogram revealing the morphology of capsids' top surface when deposited on
mica substrates (n = 107).
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widths of 47 and 57 nm (Figure 4b, #2 and #3). The
center-to-center distance of capsid�AuNP ismeasured
to be 38 nm. Thus, the edge-to-edge separation be-
tween the two was determined to be ∼19.5 nm by
subtracting the radius of the AuNP (5 nm) and the
radius of the MS2 capsid (13.5 nm). Here the deviation
in the AFM width measurements of capsids and
AuNPs from those obtained by electron microscopy

(Figure 3c) is again due to the intrinsic tip convolution
and tip-induced capsid deformation in AFM imaging.
To gain a predictive physical understanding of the

light absorption and emission behaviors of these
hierarchical plasmonic nanostructures, we carried
out finite-difference time-domain (FDTD) numerical
simulations to calculate the distance dependence of
emission rate for the dye molecules on the capsid with

Figure 4. AFM correlated scanning confocal fluorescence microscopy and FDTD numerical simulations of the plasmon-
coupled response of the hierarchical nanostructures. (a) Work flow of the AFM-confocal fluorescence correlation. After
scanning confocal fluorescence microscopy images were acquired, high-resolution AFM imaging was used to correlate with
the fluorescence images. The identities of the two fluorescent particles boxed in the red and yellow dashed line boxes were
confirmed to be an assembled AuNP�capsid on the same DNA origami and an unbound capsid, respectively. Higher
resolution AFM images with the cross-section height profiles are shown in (b) and (c), respectively. (d) Modeling of the
plasmonic behavior of the DNA origami�capsid nanostructure. The capsid can be viewed as a hollow circular cylinder in
which thedyemolecules are uniformlydistributedon the top, bottom, and side surfaces. (e) Electricfield intensity distribution
map for a 10 nm AuNP at λ = 532 nm obtained from FDTD simulation based on the Mie scattering model. (f) Plot of
experimental data from AFM-fluorescence correlation in comparison with FDTD simulation results for single-molecule
fluorescence and ensemble fluorescence. The horizontal and vertical error bars of the experimental results represent the tip
convolution in AFM imaging and variation in capsid fluorescence intensity, respectively. Note that six groups of experimental
data from experiments were plotted to represent the d1�d4 design. (g) FDTD prediction of the AuNP size dependence of the
ensemble fluorescence.

A
RTIC

LE



WANG ET AL . VOL. 8 ’ NO. 8 ’ 7896–7904 ’ 2014

www.acsnano.org

7901

respect to the AuNP (see Figure S4 in the Supporting
Information for details). Because the capsids have a
cylindrical shape as determined by the TEM, STEM, and
AFMmeasurements (Figures 2 and 3), we assumed the
dye molecules were distributed over the surface of a
hollow circular cylinder rather than on a sphere
(Figure 4d). We further assumed a uniform distribution
on the top, bottom, and side surfaces of the circular
cylinder, because of the high dye loading level on the
inner surface of the capsid. For simplicity of calculation,
the top and bottom surfaces were viewed as circular
disks of 1 nm thickness, and the side surface of the
cylinder was further divided into six concentric rings
with 1 nm thickness that stacked between the top and
the bottom disks. Based on the dye loading of 90( 5%
of the 180 available attachment sites, the top and
bottom disk then each contained ∼51 dye molecules
and each concentric ring contained ∼10 dye mol-
ecules, giving approximately uniform number density
over the capsid surface.
The fluorescence emission rate γem is determined by

a two-step process and can be expressed as the
product of the excitation rate γex that captures the
effect of the local excitation field and the quantum
yield q that represents the emission probability.21

Figure 4e depicts the electric field intensity distribution
map for a 10 nm AuNP at λ = 532 nm from the FDTD
simulation based on the Mie scattering model.42 This
vertical cross section map shows that the electric field
enhancement occurs near the AuNP, which leads to
improved excitation rates and enhanced absorption of
the light. In addition, the field enhancement drops
rapidly beyond d = ∼5 nm on the equatorial plane
(Z = 5 nm) and even more rapidly on the substrate
surface plane (Z = 0 nm) and the particle's top plane
(Z = 10 nm), indicating a Z-dependent field enhance-
ment profile. The quantum yield q of a single-molecule
fluorescence was calculated from an FDTD simulation
where the dye molecule was modeled as a dipole near
a AuNP. The radiative and nonradiative decay rates
from the simulation were used to calculate the emis-
sion rate γem of a single AF532 molecule as shown in
Figure 4f (see the Supporting Information for FDTD
simulation details). The simulation result suggests a
significant quenching of the emission rate for a single
dyemoleculewhen d< 20 nm, because the decrease of
quantum yieldwins over the increase of excitation rate.
This quenching phenomenon is consistent with many
previous studies fromboth theoretical calculations and
experimental observations on single-molecule fluores-
cence behavior.11,21,27 However, since the capsid acts
as a molecular scaffold for the three-dimensional
organization of AF 532 molecules, it opens new possi-
bilities beyond planar organization of dye molecules
and allows us to evaluate the plasmonic response of
the entire ensemble of the dye molecules on the
capsid. In Figure 4f, we show the FDTD simulation

results of a single-molecule fluorescence case (blue
dashed line) and for the case of an ensemble of
fluorophores on a cylinder as discussed above (red
dashed line), respectively. The ensemble fluorescence
can raise the emission rate in the single-molecule
quenching regime where d < 20 nm, because the
size of the virus capsid is much larger than the AuNP,
so that the majority of the dye molecules stay out of
the quenching zone and less than 39% are located in
the regionwhere fluorescence is significantly affected
by the AuNP. This can explain the weak distance
dependence of the measured fluorescence intensity
outside and near the single-molecule quenching
regime (d < 20 nm). Figure 4f shows a good agree-
ment between the AFM-fluorescence correlation
measurements and the FDTD simulations of ensem-
ble fluorescence.
The capsid size effect on fluorescence emission rate

is further illustrated in Figure 4g, where we show the
FDTD predictions for the effect of increasing the AuNP
size, from 10 nm to 20 nm, 30 nm, 60 nm, and 80 nm.
For 60 and 80 nm AuNPs, for which the size is much
larger than that of the capsid, the quenching regime is
reduced to d <∼12 nm and an emission enhancement
is predicted. Because there exists a diverse collection of
virus capsids with diameters ranging from 9 to
31 nm,1,31 the results in Figure 4g imply that one can
select a capsid species as a template for which the size
is comparable to the AuNPs in order to achieve the
desired control over the fluorescence intensity.

CONCLUSIONS

In summary, we have demonstrated the use of DNA
origami templates and MS2 virus capsids as spatially
addressable scaffolds for constructing hierarchical
plasmonic nanostructures in which AuNPs serve as
plasmonic antennae. We have shown tight control
over the distance between capsid�nanoparticle sur-
faces, which is possible due to the programmable
nature of the DNA origami template and the ability
to site-specificallymodify theMS2 virus capsid scaffold.
The judicial choice of dye molecules organized in 3D
on the virus scaffold can effectively increase the fluo-
rescence intensity because of the size of the capsid.
Moreover, FDTD simulations show that increasing the
size of the AuNPs to be commensurate with that of the
capsids and the choice of illumination wavelength to
optimize the plasmonic antenna effect can enable
significant fluorescence enhancement.
We believe that the intensive research activities in

DNA origami and virus capsid scaffolds hold promise
for bringing added optical species and chemical
moieties to this biomimetic assembly strategy for
building more robust plasmonic nanostructures. Our
future studies will focus on improving the design of
plasmonic structures by exploring an extended variety
of metal species, nanoparticle shapes, and spectral
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properties of fluorophores to achieve optimal interac-
tion and enhancement of photoemission.43 This bioin-
spired approach to building plasmonic nanostructures

may address the need for multicomponent plas-
monic systems for future optical and optoelectronic
applications.

MATERIALS AND METHODS
Activation of Lipoic Acid to Synthesize NHS Ester of Lipoic Acid. N,N0-

Dicyclohexylcarbodiimide (DCC, 2.10 g, 10 mmol) was mixed
with lipoic acid (2.06 g, 10 mmol) in tetrahydrofuran (THF,
10 mL) followed by the addition of N-hydroxysuccinimide
(NHS, 1.15 g, 10 mmol). The reaction mixture was filtered
(using filter paper) after stirring continuously for 72 h. The
filtrate was evaporated to obtain a crystalline solid. The NHS
ester of lipoic acid was further purified by recrystallization from
toluene.

Conjugation of Lipoic Acid with Amine-Modified Oligonucleotides. The
NHS ester of lipoic acid prepared as described above was added
in excess to 50-amine-modified oligonucleotide in a solution of
70% acetonitrile and 30% water (pH ∼8). The reaction mixture
was kept overnight at room temperature. The lipoic acid-
conjugated oligonucleotide was purified by microspin G25
columns (GE Healthcare) and used for the next step.

Phosphination and Concentration of AuNPs. AuNPs (10 nm, Ted
Pella Inc.) were stabilized with adsorption of bis-p-sulfonato-
phenylphosphene dihydrate, dipotassium salt (BSPP, Strem
Chemicals). Phosphine coating increases the negative charge
on the particle surface and, therefore, stabilizes the AuNPs in
high electrolyte concentrations at a higher particle density.
BSPP (15 mg) was added to the colloidal nanoparticle solution
(50 mL, particle density 5.7 � 1012/mL), and the mixture was
shaken overnight at room temperature. Sodium chloride (solid)
was added slowly to this mixture while stirring until the color
changed from deep burgundy to light purple. The resulting
mixture was centrifuged at 3000 rpm for 30 min, and the
supernatant was carefully removed with a pipet. AuNPs were
then resuspensed in a 1 mL solution of BSPP (2.5 mM). Upon
mixing with 1mL of methanol, the mixture was centrifuged, the
supernatant was removed, and the AuNPs were resuspended in
1mL of BSPP solution (2.5 mM). The concentration of the AuNPs
was estimated from the optical absorbance at ∼520 nm.

Preparation of AuNP�DNA Conjugates with Discrete Numbers of DNA
Strands. The lipoic acid-modified DNAs were incubated with an
equimolar ratio of phosphinated AuNPs in 1� TBE buffer
(89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0) containing
50 mM NaCl overnight at room temperature. AuNP�DNA
conjugates with discrete numbers of oligonucleotides were
separated by 3% agarose gel (running buffer 0.5� TBE, loading
buffer 50% glycerol, 15 V/cm, 25 μL load volume).2 The band
with a 1:1 ratio of AuNP/DNA was electroeluted into the glass
fiber filter membrane, backed by dialysis membrane (MWCO
10000). AuNP�DNA conjugates were recovered using a 0.45 μm
pore size centrifugal filter device. The concentration of these
AuNP�DNA conjugates was estimated from the optical absor-
bance at ∼520 nm.

Self-Assembly of DNA Origami with One AuNP. The molar ratio of
the M13 ssDNA, the 1:1 DNA�AuNP conjugate, the staple
strands (unpurified), and the capture strands was 1:1:5:5. The
mixture solution was annealed in 1� TBE buffer with 0.5 M NaCl
by cooling slowly from 65 �C to 4 �C. In order to remove the
excess staple strands and to exchange the buffer, the resultant
solution was purified by a Microcon filtration device (100 kDa
MWCO) and washed with 0.5� TAE-Mg.

Preparation of DNA Origami Templates. To assemble the rectan-
gular-shaped DNA origami, 5 nM single-stranded M13mp18
DNA (NEB, 7249 nt long) is mixed with the staple strands
(unpurified) and six capture strands (IDTDNA denaturing PAGE
purified, detailed sequences later) in 1:5:5 molar ratio, following
the design outlined in the literature in 0.5� TAE-Mg2þ (20 mM
Tris, 10 mM acetic acid, 1 mM EDTA, and 6.2 mM magnesium
acetate, pH 8.0).1 The resulting solution was cooled from 95 �C
to 4 �C to form the DNA origami structures. It was then purified
using a Microcon centrifugal filtration device (100 kDa MWCO

filters, Millipore, Bedford, MA, USA) to remove the excess staple
strands.

Assembly of AuNPs and MS2 Capsids on DNA Origami Templates. The
mixture of M13 ssDNA, the ssDNA�AuNP conjugate, the staple
strands (unpurified), and the capture strands (molar ratio:
1:1:5:5) was annealed in 1� TBE buffer with 0.5 M NaCl by
cooling slowly from 65 �C to 4 �C. In order to get rid of excess
staple strands and to exchange the buffer, the resultant solution
was purified by a Microcon filtration device (100 kDa MWCO)
andwashedwith 0.5� TAE-Mg2þ buffer. Once the AuNP-modified
origami structures (∼5 nM concentration) were prepared, they
were mixed with MS2 virus capsids modified inside with
maleimide-terminated AF532 dye molecules (Invitrogen, Life
Technologies) and outside with 20 nt poly-T sequence ssDNA
in 1:5 molar ratio and annealed. For annealing reactions be-
tween capsids and templates, the components were mixed in
0.5� TAE-Mg2þ buffer and annealed from 37 �C to 4 �C at a rate
of 1 �C/min on a S1000 Thermal Cycler PCR machine (Bio-Rad,
USA). Typical final origami concentrations were ∼2 nM, and
the capsid concentration was 4 times that of the origami
concentration.

TEM, STEM, and AFM-Correlated Confocal Fluorescence Microscopy.
Near-field confocal fluorescence imaging was carried out on a
WITec Alpha 300 S scanning near-field optical microscope. A
frequency-doubled Nd:YAG solid-state laser was used to supply
a single-mode 532 nm laser for AF532 dye excitation. The laser
was focused by a Nikon 100� near-field air objective (Nikon CFI
LU PlanApo EPI 100�, NA= 0.95,WD=0.4mm). The laser power
was maintained at∼1 μW to avoid excessive photobleaching of
the dye molecules. A typical scanning confocal fluorescence
image was taken in a 15 μm� 15 μm area with 100� 100 pixel
spatial resolution and 100 ms dwell time at each pixel. The
fluorescence intensity signal was recorded by a single photon
counting PMT detector (Hamamatsu Photonics, typical QE 15%,
and dark count rate <100 cps). Tapping mode AFM topogra-
phical imaging was performed on a Veeco Multimode VIII AFM
system. Ultrasharp AFM tips (Nanoworld AG, tip radius <10 nm,
k = 2.8 N/m, f = 75 kHz) were used to acquire high spatial
resolution operating in tapping mode. The 2D and 3D AFM
images were processed and analyzedwith SPIP software (Image
Metrology A/S). The STEM image of d1 and TEM images of d2,
d3, and d4 as shown in Figure 1b were collected by a Zeiss
Ultra55 Analytical FESEM equipped with STEM detector and a
Zeiss Libra 120 Plus TEM, respectively. Prior to the transmission
electron microscopy imaging, a 2 μL aliquot of sample solution
was applied to ultrathin carbon film coated Cu grids (Ted Pella,
Inc.) that had been cleaned with oxygen plasma (Harrick
Plasma). An optimized negative-staining step was applied to
the sample for improved contrast during TEM imaging.44,45

FDTD Numerical Simulations. We performed FDTD simulations
using a commercial software package: FDTD Solutions from
Lumerical Solutions, Inc. In the Mie 3D simulation, a total-field
scattered-field plane wave source propagating along the Z-axis
was used. In the quantum yield simulation, the dye molecule
was modeled as a dipole near a AuNP. A uniformmesh size in x,
y, and z directions of 0.5 nmwas used for Mie 3D simulation, and
1.0 nm was used for the quantum yield simulation. In both
calculations, the AuNP was modeled as a sphere, its optical
constants of gold were taken from Johnson and Christy46 in the
spectrum range from 300 to 800 nm, and perfectly matched
layer boundary conditions were set for x, y, and z directions.
Since the fluorescence emission rate γem is a two-step process
that can be expressed as the product of excitation rate γex and
the quantum yield q, we first calculated the single-dye fluores-
cence emission rate from the Mie 3D and quantum yield
simulations (see Figure S4 in the Supporting Information). The
Mie 3D simulation generated an electric field enhancement
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profile near the AuNP surface that reflects the enhancement of
the excitation rate γex.

21 The radiative and nonradiative decay
rates calculated from the quantum yield simulation were used
to calculate the quantum yield of the dye molecule. The dye
molecule ensemble is the entire collection of the dyemolecules
labeled on the interior surface of the capsid; we assumed their
ensemble fluorescence to be the superposition of the individual
dye molecules to the first order. From the single-molecule
calculation results (Figure 4e and f), we learned that the emis-
sion rate of a dyemolecule depends on its distance to the AuNP
and its z-height with respect to the substrate. On the basis of the
modeling scheme as illustrated in Figure 4d, the ensemble
fluorescencewas calculated from theweighted average emission
rates of individual dyemolecules uniformly distributed on the top
and bottom surfaces (viewed as disks) and the side surface
(further divided into concentric rings) of a circular cylinder.
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