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Particle-particle interaction

ABSTRACT: Nanoparticle assemblies have generated intense
interest because of their novel optical, electronic, and magnetic
properties that open up numerous opportunities in fundamental and
applied nanophotonics, -electronics, and -magnetics. However,
despite the great scientific and technological potential of these
structures, it remains an outstanding challenge to reliably fabricate
such assemblies with both nanometer-level structural control and
precise spatial arrangements on a macroscopic scale. It is the
combination of these two features that is key to realizing
nanoparticle assemblies’ potential, particular for device applications.
To address this challenge, we propose a hierarchical assembly
approach consisting of both template—particle and particle—particle interactions, whereby the former ensures precise
addressability of assemblies on a surface and the latter provides nanometer-level structural control. Template—particle
interactions are harnessed via chemical-pattern-directed assembly, and the particle—particle interactions are controlled using
DNA-directed self-assembly. To demonstrate the potential of this hierarchical assembly approach, we demonstrate the
fabrication of a particularly fascinating assembly: the nanoparticle heterodimer, which possesses a surprisingly rich set of
plasmonic properties and is a promising candidate to enable a variety of imaging and sensing applications. Each heterodimer is
placed on the surface at predetermined locations, and the precise control of the nanogaps is confirmed by far-field scattering
measurements of individual dimers. We further demonstrate that the gap size can be effectively tuned by varying the DNA
length. By correlating measured spectra with finite-difference time-domain (FDTD) simulations, we determine the gap sizes to
be 4.2 and 5.0 nm—with subnm deviation—for the two DNA lengths investigated. This is one of the best gap uniformities ever
demonstrated for surface-bound nanoparticle assemblies. The estimated surface-enhanced Raman scattering (SERS)
enhancement factor of these heterodimers is on the order of 10°—10° with high reproducibility and predictable polarization-
dependence. This hierarchical fabrication technique—employing both template—particle and particle—particle interactions—
constitutes a novel platform for the realization of functional nanoparticle assemblies on surfaces and thereby creates new
opportunities to implement these structures in a variety of applications.
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— Controlled gap size

Nanoparticle Heterodimer

INTRODUCTION

Designing and fabricating functional nanostructures from
individual nanoparticle (NP) building blocks is both a
foundational activity and an enduring challenge for the
nanoscience and -technology communities. The ability to
successfully and reliably exploit the properties of these
structures depends sensitively on the control we can exert
upon their morphology and spatial arrangement. Morpho-
logical control depends largely upon mediating the thermody-
namic interactions between individual building blocks (i.e.,
particle—particle interactions), whereas modulating the inter-
actions between NPs and surfaces (i, template—particle
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interactions) is crucial to achieving a controlled and
predetermined spatial arrangement of assemblies. Common
fabrication approaches rely on only one or the other of these
two types of interactions. Nanostructures assembled in
solution utilize interactions between low-cost single-crystal
colloidal NPs with tailored composition, size, and shape,l’2
which allows for well-controlled properties of these assemblies.
The interparticle spacing of dimers in solution, for example,
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Figure 1. Fabrication of AuNP heterodimer arrays. (a) Schematic of the hierarchical assembly of AuNP heterodimers. Following electron beam
lithography and oxygen plasma etching, the PEG brush is selectively grafted to the substrate within the lithographically patterned areas; the
unpatterned areas are protected by xPS. Single AuNPs are selectively immobilized on the patterned areas due to hydrogen bonding between the
citrate-capped AuNPs and the PEG brush. (b) The yield of single-AuNP arrays is essentially 100%. Single-AuNP arrays are then functionalized with
ssDNAL. To construct heterodimers, AuNP conjugates functionalized with complementary ssDNA2 then hybridize with the ssDNAI-
functionalized AuNPs, bringing the ssDNA2-functionalized AuNPs to an adjacent position. Alternatively, linker ssDNA can be added between the
two particles to further alter the length of the hybridized DNA. The hybridized DNA is 15 bps and 36 bps long for heterodimers assembled without
and with linker ssDNA, respectively. Larger interparticle spacing is expected for “36 bps” dimers as a result of the longer DNA length. (c)—(e)
Heterodimers of 40—50, 60—50, and 80—S50 nm sizes can be readily assembled following the hierarchical approach. (g) Dominant structures after
assembly are heterodimers and single AuNPs. Scale bars: (b), (f) S00 nm; (c), (d), (e) SO nm.

can easily reach sub-5 nm which, coupled with the tremendous
field enhancement in the gap, enables single-molecule level
detection.> ™ However, a reliable way to transfer the assembled
structures from solution to a surface with full addressability
and minimal structural alterations remains elusive, thereby
limiting the technological usefulness of such solution-
processed structures. On the other hand, a few approaches
have been developed to assemble functional nanostructures on
lithographically defined patterns combined with chemical
contrast, topographical contrast, and DNA origami,""""
enabling the controlled spatial arrangement and addressability
of assemblies on a macroscopic length scale. However, in these
cases, control over the uniformity and reproducibility of the
structures (e.g, the interparticle spacing) is usually insufficient
because of the lack of control over interparticle interactions.
Consequently, an assembly approach that harnesses both
template—particle and particle—particle interactions would
represent a considerable advance in nanofabrication and
enable access to structures that are otherwise near-inaccessible.

To answer this challenge, we demonstrate a hierarchical
assembly approach consisting of chemical-pattern-directed
assembly and DNA-directed self-assembly; the former provides
control over template—particle interactions and the latter
provides control over particle—particle interactions. To
demonstrate this robust assembly approach, we fabricate a
particularly interesting nanostructure, the nanoparticle hetero-
dimer—two metallic nanoparticles differing in size in close
proximity to one another. The surface plasmon resonances of
the two nanoparticles can mix and hybridize analogously to
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molecular orbitals in diatomic molecules.'>"* This results in a
surprisingly rich set of plasmonic properties for such a simple
structure, such as electromagnetic field enhancement,'*~*¢
Fano resonances,’” " and the “optical nanodiode” effect,
enabling a wide range of potential applications. Despite the
great potential of such heterostructures, they are still restricted
in applications because of the lack of facile and robust
assembly approaches.

Our hierarchical approach comprises two main steps: (1)
the fabrication of single-nanoparticle arrays as “seeds” via
chemical-pattern-directed assembly and (2) the “growth” of
heterodimers from these seeds via DNA-directed self-assembly.
The first step provides addressability for each nanostructure,
and the second step offers tunable control of the interparticle
spacing. The precise placement of each heterodimer enables
straightforward optical characterization of individual structures
and, therefore, statistical analysis of multiple structures, which
in turn enables the determination of the distribution of gap size
in combination with FDTD simulations. By comparing
heterodimers formed with and without DNA, as well as
heterodimers with different DNA lengths, we confirm the
essential role of DNA in controlling the gap size. Far-field
scattering and surface-enhanced Raman scattering (SERS)
measurements of individual heterodimers further reveal their
strong plasmonic coupling and potential as robust SERS-active
nanostructures. This versatile assembly process, with precise
addressability of individual nanostructures on a macroscopic
scale and well-controlled structural properties, provides a
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valuable platform for high-throughput nanomaterials for both
fundamental exploration and device implementation.

B RESULTS

The fabrication scheme for gold nanoparticle (AuNP)
heterodimer arrays is shown in Figure la. Fabrication begins
with the positioning of single AuNPs on lithographically
patterned substrates via a chemical-pattern-directed assembly.
The substrate is first coated with cross-linked polystyrene
(xPS) and poly(methyl methacrylate) (PMMA) resist,
followed by electron beam lithography and oxygen plasma
etching to create the desired patterns. The exposed substrate
within the patterned areas is functionalized with hydroxyl-
terminated poly(ethylene glycol) methyl ethers (PEG), and
the unpatterned areas are protected by both the PMMA resist
and xPS mat. After PMMA and excess PEG brush are removed,
AuNPs are selectively immobilized within the patterned areas
and form single-AuNP arrays with essentially 100% vyield
(Figure 1b), since the citrate ligands of AuNPs can form
hydrogen bonds with the PEG, whereas the xPS mat provides
only minimal adhesion.

To form heterodimer arrays, single-AuNP arrays are
functionalized with thiolated single-strand DNA1 (ssDNA1)
through a thiol attachment process modified from previously
reported methods.””>’ The ssDNA1 can hybridize with the
single-strand DNA2 (ssDNA2)-functionalized AuNP conju-
gate and bring it adjacent to the immobilized single AuNP.
The ssDNAI and ssDNA2 are complementary; their sequence
can be found in the Supporting Information. In this
experiment, the hybridized double strand DNA (dsDNA)
has 15 base pairs (bps), and the assembled dimer is referred to
as the “IS bps” dimer. Alternatively, linker ssDNA can be
added to increase the length of the hybridized dsDNA to 36
bps, and the dimer assembled with linker is correspondingly
referred to as the “36 bps” dimer.

This flexible hierarchical assembly strategy can be readily
applied to fabricate heterodimers of various sizes, as shown in
Figure lc—e. Indeed, AuNPs with diameters of 40, 60, and 80
nm are all observed to form heterodimers with 50 nm AuNP—
DNA conjugates. This fabrication strategy therefore possesses
clear advantages over other dimer fabrication methods, many
of which require major modifications to the procedure when
altering constituent particle size or shape. For example, dimers
assembled on DNA origami templates would require different
DNA structures to assemble particles of different sizes and
shapes, which would be time-consuming and costly to
implement. Clearly, the hierarchical assembly strategy
demonstrated here requires no such modifications, and
heterodimers of different sizes and shapes can be readily
fabricated with little if any alteration to the established
procedure.

We choose 80—50 nm dimers for further characterization
(Figure 1f), as larger particles present fewer metrology
challenges while still exhibiting similar plasmonic behavior to
smaller particle heterodimers. After primary optimization of
the DNA hybridization conditions (e.g,, salt concentration and
hybridization time), the yield of “15 bps” dimers is estimated
to be 35% (based on the analysis of approximately two
hundred assemblies), compared with 43% for “36 bps” dimers
(Figure 1g). We anticipate the higher yield of “36 bps” dimers
results from the reduced steric hindrance between the two
constituent particles during hybridization. Since dsDNA is
much more rigid than ssDNA,** after ssDNA1 hybridizes with
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linker DNA, the hybridized dsDNA is less likely to adhere to
the particle surface and increases the distance between the
particle surface and the dangling end used for hybridization. As
a result, the steric hindrance between the two particles is
reduced, which facilitates subsequent hybridization with
AuNP-ssDNA3 conjugates. Single nanoparticles are the
predominant nanostructures besides dimers. However, they
can be readily distinguished from dimers and excluded from
subsequent analysis because of their distinctive optical
response. We characterize the fabricated heterodimers by
collecting their far-field light scatterin§ and SERS spectra,
which are very sensitive to the gap size.”>°

In order to characterize the gap sizes of nanoparticle
heterodimers, we measure the longitudinal plasmon resonance
of individual nanostructures. When incident light is polarized
along the dimer axis, coupling of the two single-AuNP
plasmonic resonances results in a strong red-shift of the
resulting dimer longitudinal plasmon resonance. This red-
shifted scattering peak is very sensitive to the heterodimer gap
size. As a result, a narrow distribution of longitudinal plasmon
resonance peak positions is anticipated for a population of
heterodimers with well-controlled gap sizes. The dependence
of the longitudinal plasmon resonance on gap size can be
interpreted using a simple dipole—dipole interaction model.””
For a single nanoparticle, polarized incident light induces an
oscillating distribution of electrons within the particle that is
phase shifted with respect to the incident field. However, when
another particle is nearby (i.e., the case of a heterodimer) and
the light is polarized along the dimer axis, the coupling of the
two particles leads to a lower resonance frequency (red shift).
As the gap size decreases and the coupling effect becomes
stronger, the longitudinal plasmon resonance peak will become
further red-shifted.”® Under perpendicular polarization, on the
other hand, the coulombic forces would be enhanced by the
coupling, resulting in a slightly blue-shifted peak, the transverse
plasmon resonance peak. This peak is relatively insensitive to
the gap size and thus is not the focus of our analysis. The far-
field scattering spectra of AuNP nanostructures are measured
using a custom-built setup with spatially coherent white laser, a
schematic of which is shown in Figure S1.

We first measure the scattering spectra of 80 nm diameter
single AuNPs functionalized with ssDNAI. Three representa-
tive spectra are shown in Figure 2b (green solid lines), which
agree well with the corresponding simulated spectrum (green
dashed line). All spectra are normalized with respect to their
maximum intensity for better comparison. The peak position is
identified for each measured spectrum and their distribution is
shown in Figure 2c. The distribution of peak positions is
approximately normal (Gaussian) with a mean of 561 nm. We
also measured the spectra before ssDNA functionalization in
order to examine the impact of ssDNA on the optical
properties of AuNPs. In this case, the distribution of peak
positions is again approximately normally distributed with a
mean of 562 nm. The 1 nm difference between the means of
the two distributions is clearly within the standard error of the
mean—SD/+/N, where SD is the standard deviation of peak
positions, and N is the number of structures measured. This
small difference is therefore more likely to result from
statistical noise rather than any underlying difference between
the two distributions. This result confirms that ssDNA
functionalization only has a minimal, if any, impact on the
optical properties of the AuNPs. This is not surprising since
ssDNA has a refractive index (n = 1.5—1.6)*’ close to that of
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Figure 2. Scattering spectra of 80 nm single AuNPs and 80—50 nm
heterodimers. (a) Schematic of 80 nm AuNP on the PEG
functionalized substrate. (b) Experimentally measured scattering
spectra (green solid lines) of 80 nm AuNPs are in good agreement
with the simulated spectrum (green dashed line). (c) Experimental
distribution of peak positions has a mean of 561 nm and a standard
deviation of 15 nm. Scattering spectra of (d) “1S bps” dimers and (g)
“36 bps” dimers are measured with incident light polarized along the
dimer axis. Representative spectra are shown in (e) and (h) with good
reproducibility. The gap size of simulated heterodimers is varied to
obtain the best fit between simulated and measured spectra. (f) “15
bps” dimers exhibit a mean peak position of 665 + 11 nm, and (i) “36
bps” dimers exhibit a less red-shifted mean value of 659 + 10 nm as
obtained from the experimental data.

the immersion oil (n = 1.515 at 546 nm) used in these
measurements.

Individual heterodimers were characterized with incident
light polarized along the dimer axis (Figure 2d, 2g).
Representative spectra are shown in Figure 2e and Figure 2h.
The right peak comes from the longitudinal plasmon
resonance, whereas the left peak arises from the transverse
mode, which arises as the incident light is not perfectly parallel
with the dimer axis during measurement. We focus only on the
longitudinal plasmon resonance peak in our analysis. Clearly,
the longitudinal plasmon resonance is strongly red-shifted
compared with the localized surface plasmon resonance of
single AuNPs. For “I15 bps” dimers, the mean of the
experimental distribution of peak positions occurs at 665 nm
(Figure 2f). For “36 bps” dimers, the DNA linking the two
particles is longer, and the resulting mean therefore exhibits a
smaller red-shift, occurr1n§ at 659 nm (Figure 2i). We
conducted a Welch’s ¢ test”™ in MATLAB to examine if the
two distributions of peak positions are significantly different
from one another. The test confirms their difference at the 5%
significance level. Therefore, the difference in mean peak
positions (most likely) arises from a different gap size rather
than measurement noise.

In order to estimate the mean gap size—and its likely
distribution—from the measured longitudinal plasmon peaks,
we calculate the longitudinal resonances of 80—50 nm dimers
with various gap sizes using FDTD simulations (Figure 3a,b).
Although the fractional plasmon wavelength shift decays
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Figure 3. Estimation of mean gap size and gap size distribution.
Longitudinal plasmon peaks of 80—50 nm dimers with various gap
sizes are calculated using FDTD simulations. The dependence of peak
position on gap size is approximately linear in the range of measured
peak distribution. Experimentally measured mean and standard
deviation of the peak distributions are marked by dashed lines. The
(a) orange and (b) blue shaded areas indicate the variation in peak
distribution attributed to variation in gap size, and the gray shaded
areas indicate the variation in peak distribution resulted from variation
in particle size. The estimated gap size is 4.2 + 1.0 nm for “15 bps”
dimer and 5.0 & 0.8 nm for “36 bps” dimer.

exponentially with gap size,”" the longitudinal plasmon peaks
depend approximately linearly on gap size over the narrow
distribution of wavelengths measured. Assuming that all
variation in the longitudinal plasmon peak positions arises
from a variation in gap size, we estimate from the linear fit that
the gap size for “1S bps” dimers is 4.2 + 1.5 nm and that for
“36 bps” dimers is 5.0 + 1.3 nm, which is comparable with
previously reported gap size induced by similar length of DNA
in a dried state.” However, these variations in gap size are
necessarily an overestimate as we are ignoring any impact of
variation of particle size and shape. Therefore, for a more
accurate estimate, we need to disentangle the impact of particle
size and shape from that of gap size. As the impact of particle
shape is challenging to simulate, we assume perfectly spherical
nanoparticles and examine only the impact of particle size, for
which the standard deviation (8%) is provided by the
manufacturer.

We conducted a series of simulations to calculate
longitudinal plasmon resonances at various gap size for
different dimer radius (sum of individual particle diameters),
and we obtained an expression for the peak position as a
function of gap size and dimer diameter. The impact of particle
size and gap size on the peak distribution can be disentangled
using this function and error propagation rules, and the
standard deviation of gap size can be calculated. (A detailed
calculation procedure is provided in the Supporting
Information.) Using this procedure, the variation in gap size
is found to be significantly smaller than that estimated when
ignoring the effect of particle size: the estimated gap size is 4.2
+ 1.0 nm for “15 bps” dimers and 5.0 + 0.8 nm for “36 bps”
dimers, confirming the excellent control over gap distribution
using the hierarchical assembly. However, this is again an
overestimate of the variation in gap size, as the impact of

DOI: 10.1021/acs.nanolett.9b00792
Nano Lett. 2019, 19, 4314-4320


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00792/suppl_file/nl9b00792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00792/suppl_file/nl9b00792_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b00792

Nano Letters

“15 bps”

)

80 nm

7\
Gap=5.0 nm
EF=6.2 x 10°

Gap=4.2 nm
EF=1.4 x 108

90°

4 /

™~ 80 nm ~

- I~
,~ 50 nm /l ' 50 nm
o]

d 120°—— T~ 60" “15 bps”
7 1589.cm? >~ @ “36 bps”
1507/ \30°
180°| ol 0° <23
210°\ /330°
240°—____—300°
270°
<>

“15 bps”
|l— “36 bps”
— off dimer

1589 cm-

Intensity (a.u.)

800 1000 1200 1400

Raman shift (cm™)

1600 1800

Intensity (a.u.)

Time (s)

Figure 4. SERS measurements of 80—50 nm heterodimers. Simulated SERS enhancement factor of (a) the “15 bps” dimer is approximately 1.4 X
10° and that of (b) the “36 bps” dimer is 6.2 X 10°. (c) Both heterodimers show enhanced Raman signals of analytes, while no signal is observed
from areas away from the dimers (“off dimer”). (d) Polar plots of average SERS intensities taken from five dimers exhibit a strong cos?d
dependence. (e) Time-resolved SERS intensities at 1589 cm™' (accumulation time 1 s, 100 measurements) remain stable over time.

particle shape has been ignored. Therefore, we estimate that
the true standard deviation of the gap size should lie in the
subnm regime.

To further confirm the essential role of particle—particle
interaction in controlling the gap size, we compare
heterodimers formed with and without DNA. The hierarchical
assembly approach, as already demonstrated in this paper,
employs both template—particle interaction and particle—
particle interaction (e.g, DNA hybridization). Single nano-
particles are immobilized on a template substrate via chemical-
pattern-directed assembly, followed by formation of hetero-
dimers via DNA hybridization; the gap size is controlled by the
length of the DNA. Alternatively, we can also construct
heterodimers based solely on chemical-pattern-directed
assembly without DNA (Figure S3a). Two adjacent patterned
spots of different sizes are functionalized with the PEG brush,
while the unpatterned areas are protected, as before, with xPS.
The larger particle is first immobilized on the larger area, as the
smaller area cannot provide sufficient adhesion to immobilize
the larger particle. The smaller particle is then immobilized on
the smaller area, forming a heterodimer. The interparticle
spacing of such heterodimers, however, is much less controlled,
and the dimers exhibit a far greater variety of far-field scattering
spectra than those fabricated with DNA. For example, the two
particles can be too distant—and, therefore, behave optically
like two single AuNPs (Figure S3b)—or can be in extremely
close proximity such that the coupled longitudinal plasmon
resonance shifts toward the infrared (Figure S3d). The long-
wavelength longitudinal plasmon scattering peaks of coupled
heterodimers span the 700 to 900 nm range (Figure S3e),
which is a much broader distribution of peak positions than
that obtained with DNA (Figure 2fi). The comparison with
this control experiment confirms that the interparticle
interactions, such as DNA hybridization, are key to controlling
the gap size and optical properties of heterodimers.
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Following characterization of heterodimers by far-field
scattering, we examine their potential as SERS substrates.
We first calculate the SERS enhancement factor (EF) of
dimers using the gap size previously estimated. The EF is
defined as (E/E,)," where E is the local maximum electric field
within the heterodimer gap and E; is the amplitude of the
source electric field. For “15 bps” dimers, the estimated gap
size is 4.2 nm, and the EF is estimated from FDTD simulations
to be 1.4 X 10° (Figure 4a). For the “36 bps” dimer with a 5.0
nm gap, the EF is expected to be 6.2 X 10° (Figure 4b). Note
that the two particles here are not horizontally aligned, such
that the incident electric field vector may be decomposed into
two orthogonal components, parallel and perpendicular to the
dimer center-to-center axis. It is the parallel component which
contributes to the SERS enhancement; the perpendicular
component has a minimal effect. We therefore expect the
resulting height difference leads to a slightly lower EF when
calculated with respect to the (horizontally aligned) incident
electric field as the parallel component of the incident field is
necessarily smaller than the total electric field (E,).

We conducted SERS measurements on assembled 80—50
nm heterodimers and compared the experimental results with
simulations. The ssDNA1 is modified with CyS dye to better
observe the SERS signals, and a 633 nm excitation wavelength
is selected as it is resonant with Cy5.”> A relatively low laser
power (77.5 uW) is employed to prevent laser-induced
damage to the heterodimers. Repeated acquisition of SERS
spectra from the same “15 bps” dimer demonstrates good
reproducibility and reveals that there is no significant
degradation caused by the laser over time (Figure 4e). In
order to make a more quantitative comparison, we plotted the
averaged Raman intensities of five heterodimers at 1589 cm™
(a characteristic peak of Cy5™) for “15 bps” and “36 bps”
dimers with the incident laser polarization rotated from 0 to
360° with respect to the dimer axis (Figure 4d). When the
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incident laser is polarized parallel with the dimer axis, the EF of
“15 bps” dimers is approximately 4.7 times greater than that of
“36 bps” dimers. This finding is larger than that predicted by
simulations. We expect this discrepancy to mainly arise from
the different positions the dye molecules adopt in the two
types of dimers. Dye molecules are attached to the termini of
the ssDNA1 molecules away from the 80 nm AuNPs. For “15
bps” dimers, ssDNAI1 directly hybridizes with 50 nm AuNP-
ssDNA2 and the dye molecules are close to the surface of the
50 nm AuNPs. For “36 bps” dimers, however, ssDNAIl
hybridizes with linker ssDNA before hybridizing with AuNP-
ssDNA3, leaving the dye molecules near the center of the gap.
A previous study revealed that the local SERS enhancement at
the gap center is smaller than that close to the particle
surface,'® an effect that can lead to further exaggerated
difference in the EF of the two dimers. A more detailed
comparison at different polarization angles (¢) is shown in
Figure S4, where the “1S bps” dimers show higher enhance-
ment than that of the “36 bps” dimers at each polarization
angle. The polarization-dependent SERS intensities is well
fitted by cos’@ curves, strongly corroborating the hypothesis
that the dominant contribution to the SERS signal is the
enhanced electromagnetic field arising from the coupled
longitudinal plasmon resonance.’

B CONCLUSIONS

We have demonstrated a hierarchical assembly approach,
combining chemical-pattern-directed assembly and DNA-
directed self-assembly, to fabricate AuNP heterodimer arrays
with controlled and tunable sub-S nm gaps on a macroscopic
scale. The precise placement of heterodimers on the
functionalized surface enables optical characterization of
individual nanostructures, as well as statistical analysis of
multiple structures. Far-field scattering of assembled hetero-
dimers reveals strong plasmonic coupling and a distinct red-
shift of the longitudinal plasmon resonance compared with
single AuNPs. By analyzing scattering spectra and FDTD
simulations, we have confirmed that the interparticle spacing is
indeed controlled by interparticle interaction, and we have
estimated the gap size to be 4.2 and 5.0 nm for the “15 bps”
and “36 bps” dimers investigated, respectively. We have also
examined the variation of gap size and revealed that the
distribution of longitudinal plasmon peaks can be largely
attributed to the variation of particle size, while the gap size
only has minimal, subnm variation. SERS measurements reveal
a strongly enhanced electromagnetic field within the
heterodimer gap resulting from the coupled plasmon
resonance, and the estimated EF is on the order of 10°—10°,
making the AuNP heterodimer arrays excellent SERS-active
nanostructures.

This versatile assembly process has been demonstrated on
both silicon wafer and conductive oxide-coated glass and is
expected to be applicable to a wide variety of additional
substrates. Furthermore, as this is a post-functionalization
approach, where DNA functionalization takes place after the
chemical-pattern-directed assembly, we anticipate that this
assembly approach can also be extended to take advantage of
other interparticle interactions, such as electrostatic attrac-
tion>* and molecular linkers,>° and could therefore be used to
construct even more complex nanostructures (e.g., core—
satellite®” and Au—Ag heterostructures).”® Nanostructure
arrays fabricated from this approach, with nanometer-level
structural control and precise addressability, hold great
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potential for various applications including biosensors,””"*

photocatalysis,”' ~** and optical information processing.**
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1. Experimental section

Fabrication of single AuUNP arrays. Silicon (100) wafers were purchased from WRS Materials,
LLC. Cross-linkable polystyrene (PS) containing 4% glycidyl methacrylate as a crosslinking agent
was synthesized as described previously!. Hydroxyl-terminated poly(ethylene glycol) methyl
ethers (PEG-OH, Mn = 32000 g/mol) was purchased from Polymer Source, Inc. Poly(methyl
methacrylate) (PMMA) photoresist (950 kg/mol, 4 wt% in chlorobenzene) was purchased from
MicroChem, Inc. AuNPs with citrate ligands were purchased from Ted Pella, Inc. 2-propanol
(IPA), 4-methyl-2-pentanone (MIBK), chlorobenzene and 1-methyl-2-pyrrolidinone (NMP) were

purchased from Aldrich and used as received.

Substrates were spin-coated from a 0.5 wt% solution of cross-linkable PS in toluene, followed by
annealing at 190°C under vacuum for 24 hours to form the crosslinked PS (xPS) mat. Diluted
PMMA photoresist (1.5 wt% in chlorobenzene) was then spin-coated on top, and electron beam
lithography was performed to create desired dot arrays. After resist development with a mixture
of MIBK and IPA (1:3 by volume), the patterned substrates were exposed to oxygen plasma (20
W, 30 s) to remove XPS in the patterned areas. The exposed areas were then functionalized with
PEG-OH by spin coating from a 1.5 wt% solution in chlorobenzene and annealing at 200°C for 5
min in a nitrogen atmosphere. The remaining photoresist and excess PEG-OH were removed by
sonication in NMP (3 min, 2 cycles) and chlorobenzene (3 min, 1 cycle). For adsorption of AUNPs
onto patterned areas, 100 uL. AuNP suspension was deposited on the substrate and left still for 40
min in a humid environment. The substrates were then rinsed thoroughly with water and dried with

nitrogen.



Synthesis of AUNP-DNA conjugates. NAP-5 columns were purchased from GE Healthcare, Inc.
1,4-dithiothreitol (DTT), sodium chloride (NaCl), sodium dodecyl sulfate (SDS), sodium
phosphate monaobasic and sodium phosphate dibasic were purchased from Aldrich and used as
received. All oligonucleotides were purchased from Integrated DNA Technologies, Inc and are

sequenced as follows:

sSDNAL: TAACAATAATCCCTCTTTTTTTTT T-SH
(Cy5-TAACAATAATCCCTCTTT TTT TTT T-SH for Raman scattering measurement)
sSDNA2: GAG GGATTATTG TTATTTTTTTTT T-SH

SSDNA3: SH-TTTTTTT TTT TACTTT TCA AGT ACT CTG TGA

linker DNA: GAG GGATTATTG TTA TCA CAG AGT ACT TGA AAA GTA

AUNP-DNA conjugates were synthesized following a thiol-assisted attachment process as reported
previously?3. Briefly, ssDNA2 (or ssDNA3) was treated with 0.1 M DTT solution (pH = 8) for 1
hour and desalted using NAP-5 columns. The purified oligonucleotides were mixed with AUNPs
solution (approximately 3000 oligonucleotides/AuNP) and mixed for 1 h on a mixer to form an
initial loose loading. The surfactant SDS was then added to the mixture to bring the final
concentration of SDS to 0.1%, followed by the addition of 500 mM citrate buffer (pH = 3). After
bringing the concentration of citrate buffer to 10 mM, the mixture was placed on a mixer for 2 h
for further DNA loading. For a “salt aging” process, 2M NaCl solution was slowly added to the
mixture over the next 1 h to bring the final concentration of NaCl to 0.3 M and the solution was
allowed to mix for another 2 h. The excess oligonucleotides were removed by three rounds of
centrifugation (7000 rpm, 15 min each) and the AuNP-DNA conjugates were resuspended in

hybridization buffer (0.3 M NaCl, 0.1% SDS, 0.01 M phosphate buffer, pH = 7).



Fabrication of heterodimer arrays. Arrays of single AuNPs were functionalized with ssSDNA1
following a similar procedure as used to synthesize AUNP-DNA conjugates. After treatment with
DTT and desalting, purified ssSDNA1 was dissolved in a solution of 1 M NaCl, 0.1% SDS and 0.01
M phosphate buffer (pH = 7). The final concentration of oligonucleotides was 2 pM. Substrates
were functionalized with single AuNP arrays by soaking in the ssDNA1 solution and being placed
on a mixer overnight to complete the DNA loading. After loading is complete, substrates were
rinsed by 0.3 M NaCl, 0.1% SDS and distilled water, respectively, and dried with nitrogen. For
“15 bps” dimers, the substrates were soaked in solution of AuNP-ssDNA2 conjugates in
hybridization buffer (0.3M NacCl, 0.1% SDS, 0.01M phosphate buffer, pH = 7) and placed on a
mixer overnight. Following hybridization, the substrates were rinsed with 0.3 M NaCl, 0.1% SDS
and distilled water, followed by drying with nitrogen. For “36 bps” dimers, the substrates were
first soaked in solution of 2 uM linker DNA in hybridization buffer and mixed for 7 hours to
complete hybridization. After rinsing with 0.3 M NaCl, 0.1% SDS and distilled water, the
substrates hybridized with AUNP-ssDNA3 conjugates. The assembled structures were imaged by

a high-resolution Field-Emission Scanning Electron Microscope (Carl Zeiss Merlin).

Scattering Spectroscopy. Samples were prepared on indium tin oxide (ITO)-coated glass
substrates (Structure Probe, Inc) and scattering spectra were measured using a home-built set-up.
Prior to scattering measurements, samples were imaged with SEM to determine the direction of
the dimer axis. The SEM images were taken at relatively low magnification (15,000%) and short
dwell time (6 ps) in a single frame to minimize any potential effect of SEM imaging on the sample.
The scattering setup is equipped with a linear polarizer, and the samples were rotated to align the
measured dimer axis with the polarization axis of the incident light. A schematic of the set-up for

single particle spectroscopy and microscopy is shown in Fig. S1. A broadband white light source



(Fianium, White Lase SC400, 400-2700 nm) was coupled to an inverted optical microscope
equipped with an oil immersion objective with numerical aperture NA = 1.4 (Olympus, 1X-81;
SAPO 100x). The back-scattered images of the sample plane were recorded by a SCMOS array
detector (Andor Neo) connected to the eye-piece of the trinocular microscope, and spectra were
acquired by an EM-CCD (Andor Newton) connected to an imaging spectrometer (Andor
Shamrock 193i) coupled to the side port of the microscope. To minimize the scattering from the
coverslip and sample interface, a drop of immersion oil was put on the coverslip, and the inverted
sample was placed on top of the immersion oil. Then the coverslip was put on the microscope for

measurement. Background correction and normalization were performed for all measurements.

Raman Scattering. Raman spectra were collected on a Horiba LabRAM HR Evolution Raman
spectrometer (Horiba, Ltd.) with 633 nm HeNe laser (77.5 uW) and 100x objective. The Raman
spectra were recorded in the range of 800-1800 cm™! with 1 s acquisition, 2 accumulations. All

data were baseline-corrected by subtracting the background spectra.

Numerical Simulations. FDTD calculations were conducted using FDTD Solutions (Lumerical
Solutions, Inc.) software. The simulation set-up is shown in Fig. S2. The environmental refractive
index was set as 1.5, corresponding to that of the immersion oil. Gold was simulated using a
complex refractive index from Palik et al.* and a previously reported model® was employed to
describe the optical properties of ITO. XPS, PEG brush, and glass were simulated as dielectric
materials with real dielectric constants. The spectra were recorded by a frequency-domain field
monitor. For simulation of SERS, 633 nm incident light was used instead of broadband white light

and the environmental refractive index was set to 1.0 corresponding to that of air.



2. Disentangling the impact of particle size and gap size on distribution of

longitudinal plasmon peak positions

A series of simulations were conducted to calculate the longitudinal plasmon resonances of the
heterodimers at various gap sizes (from 2 nm to 7 nm) for different size of dimers (from 114 nm
to 146 nm). The peak position is approximately linear with gap size and dimer size in the range of

calculations:
P =ay+ a,G + a,R, 1)

where P is the peak position in nm, G is the gap size in nm, and R is the size (diameter) of the
dimer along the major axis. The variables a,, a, and a, are fitting parameters. The adjusted R?
value of the fitted curve is 0.9522, corresponding to a, = 581.3, a; = -8.074, and a, = 0.9081.
Based on equation (1) and the error propagation rules®, the standard deviation of the peak position

may be calculated as
d2(P) = a,%02%(G) + a,?d?(R), )

where a(G) is the standard deviation of the gap size and o (R) is the standard deviation of the

dimer diameter.

Since R = R + R,, where R, = 80 nm, R, =50 nm, and the relative standard deviation of

particle size is 8% for both 80 nm and 50 nm AuNPs, as provided by manufacturer, a2 (R) is

d2(R) = d%(R,) + 0%(R,) = (80 x 0.08)% + (50 x 0.08)? = 57 (nm?).  (3)



Since ¢2(P) is measured experimentally, o(G) is the only unknown variable in equation (2). We
can therefore estimate the standard deviation of gap size o(G) to be 1.0 nm for “15” bps dimers

and 0.8 nm for “36 bps” dimers.

Note that the impact of particle shape variation is not included in this calculation, which would
contribute another term to (1) and (2), and lead to an even smaller estimate of deviation of gap

size.



3. Supplementary figures

Sample cell Immersion oil

Incident light

Spectrometer

Camera

Figure S1. Home built setup for single-particle far-field scattering measurements. P: polarizer, BS:
beam splitter, L: lens. A spatially coherent (broadband) white light continuum is coupled to an
inverted optical microscope equipped with an oil immersion objective (100x) with numerical
aperture, NA < 1.4. The backscattered images and spectra of the sample plane are recorded either
by a CCD array detector connected to the eyepiece of the microscope or by a CCD connected to
an imaging spectrometer. Note that not all lenses and optical components are shown for simplicity.
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Figure S2. Side view and top view of FDTD simulation. Simulation replicates the experimental
configuration. Dielectric functions: Au (Palik*), ITO (Konig®), xPS (refractive index n=1.597),
PEG brush (n=1.46), immersion medium (n=1.5). Dimensions (t=thickness, d=diameter): tiro=105
nm, txrs=8 nm, trec= 8 nm, drec=100 nm. Incident light is polarized along the x axis and spectra
are recorded by the frequency-domain field monitor (not shown). Symmetric boundary condition
has been chosen for efficiency.
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Figure S3. Fabrication of 80-50 nm heterodimers without DNA and the corresponding scattering
spectra. (a) Schematic of the process for positioning and patterning AuNPs into heterodimers on
chemically patterned substrates without DNA. The assembly solely depends on template-particle
interactions and the two AuNPs can be (b) distant from, (c) adjacent to or (d) touching each other,
giving rise to one, two or three peaks respectively. (e) A broad distribution of rightmost peak
positions indicates that the gaps are much less controlled using this approach compared with
hierarchical assembly with DNA included.
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Figure S4. Polarization-dependent SERS intensities at 1589 cm™. “15 bps” dimers show stronger
SERS enhancement than that from “36 bps” dimers due to the associated smaller gap of the
heterodimers. Intensities are averaged from five heterodimers for the two types of dimers
respectively, and error bars represent one standard deviation.



References

1)
)
(3)

(4)
(5)

(6)

(7)

Onses, M. S.; Nealey, P. F. Small 2013, 9 (24), 4168-4174.

Zhang, X.; Servos, M. R.; Liu, J. J. Am. Chem. Soc. 2012, 134 (17), 7266—7269.

Hurst, S. J.; Lytton-Jean, A. K. R. R.; Mirkin, C. A. Anal. Chem. 2006, 78 (24), 8313—
8318.

Palik, E. Handbook of Optical Constants of Solids; Elsevier, 1997.

Konig, T. A. F.; Ledin, P. A.; Kerszulis, J.; Mahmoud, M. A.; EI-Sayed, M. A.; Reynolds,
J. R.; Tsukruk, V. V. ACS Nano 2014, 8 (6), 6182-6192.

Taylor, J. R. An Introduction to Error Analysis; University Science Books: Sausalito, CA,
1996.

Sultanova, N.; Kasarova, S.; Nikolov, I. Acta Phys. Pol. A 2009, 116 (4), 585-587.



