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ith the development in nanotech-

nology, controlled assembly of

nanoparticles into complex nano-
structures has attracted extensive research
attention.' The organization of nanoparti-
cles into nanoscale clusters or higher di-
mensional structures is of great importan-
ce to realize their novel optical, electrical,
and chemical properties.>® In contrast to a
vast majority of research efforts in symme-
trical assembly, asymmetric assembly of
nanomaterials is much less explored, even
though the unique anisotropic properties
they exhibit are not found in their sym-
metric counterparts.””'° Despite these ex-
citing properties and promising applica-
tions of asymmetric nanostructures, con-
trolled fabrication of these materials re-
mains a challenge." Up to now, methods
of assembly to asymmetric nanostructures
have been limited to either the use of an
interface of different phases as steric hin-
drance or the formation of geometric de-
fects in the nanoscale building blocks.'*'3
The difficulties achieving both spatial and
chemical controls in previous processes
limit the type, yield, and thus application
of the asymmetrically assembled nano-
materials.'*'® Therefore, there is a compel-
ling need to develop novel methods that can
make asymmetric nanostructures with uni-
form scale, controllable composition, and
tunable properties for future applications.

A simple route to generate monodis-
perse, asymmetrically functionalized nanos-
tructures is to utilize a nanoscale platform
with predetermined, programmable, spa-
tially separated functionalizations. Janus
particle, which is termed from the double-
faced Roman god, consists of one type of
colloidal structure with two different phy-
siochemical properties on opposite regions.
This anisotropic property makes the Janus
particle suitable for applications such as
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Asymmetric assembly of nanomaterials has attracted broad interests because of their unique
anisotropic properties that are different from those based on the more widely reported
symmetric assemblies. Despite the potential advantages, programmable fabrication of
asymmetric structure in nanoscale remains a challenge. We report here a DNA-directed
approach for the assembly of asymmetric nanoclusters using Janus nanoparticles as building
blocks. DNA-functionalized spherical gold nanoparticles (AuNSs) can be selectively attached
onto two different hemispheres of DNA-functionalized Janus nanoparticle (JNP) through DNA
hybridization. Complementary and invasive DNA strands have been used to control the degree
and reversibility of the assembly process through programmable base-pairing interactions,
resulting in a series of modular and asymmetric nanostructures that allow systematic study of
the size-dependent assembly process. We have also shown that the attachment of the AuNSs
onto the gold surface of the Janus nanoparticle results in red shifting of the UV—vis and

plasmon resonance spectra.
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optical probes, two-phase stabilizers, solid
surfactants, as well as building blocks for
supramolecular assemblies.'®'” Taking ad-
vantage of the asymmetric properties of
Janus particles, researchers have demonstra-
ted the assembly of dipolar and amphiphilic
Janus particles through electrostatic and
hydrophobic/hydrophilic interactions.'”'®
However, both of these two types of interac-
tions are nondirectional and highly depen-
dent on the environment. In contrast, due to
high programmability through the specific
Watson—Crick base pairing and ease of
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chemical and enzymatic modification,’® %' DNA has
been used as a template to position nanoscale com-
ponents on double-stranded backbones in well-
defined 1-D,*%* 2-D,**?* and 3-D patterns®®~% or as
a linker to attach nanoparticles, proteins, and quantum
dots to direct the formation of large periodic struc-
tures.??3° However, DNA is much less explored for the
design and assembly of asymmetric nanostructures.
Most efforts so far have focused on utilizing mono-
functionalized nanoparticles.>'™° While these pio-
neering works demonstrated the power of directional
interactions provided by DNA in templating different
building blocks, the requirement of using complicated
HPLC or agarose gel for purification, or using the
surface of microsized magnetic particles as geometric
restriction, has made it difficult to relocate different
DNA strands on different regions efficiently and thus
generate limited types of structures and lack of the
ability to provide high yield and uniform asymmetric
structures.

Herein, we report a new approach of using DNA for
directing the assembly of asymmetric nanoclusters on
a prefabricated JNP platform. The formation of asym-
metric nanostructures with tunable optical properties
has been demonstrated. We also show that DNA used
as a linker between different building blocks allows
programmable assembly and disassembly of Janus
nanoclusters with tunable optical properties. Further-
more, the approach of incorporating DNA with Janus
nanoparticles is modular and programmable. A series
of asymmetric nanoclusters have been rationally designed
and assembled through programmable base-pairing
interactions to study the size-dependent nanoparticle
self-assembly process.

RESULTS AND DISCUSSION

The fabrication of JNPs with gold covered on one
hemisphere used a previously reported procedure
(Figure S1 in Supporting Information).3**” By manip-
ulating the duration of O, plasma etching, we can
control the shrinkage and interparticle distance of the
PS nanospheres (Figure S2a). The final diameter of PS
nanospheres is around 160 nm. In order to grow a gold
layer on the top surface of the PS nanoparticles, a 2 nm
chromium layer and a 6 nm gold layer are deposited
subsequently using an electron-beam evaporator
(Figure S2b). The resulting JNPs can be released into
the water solution from the surface by ultrasonication.
As shown in by scanning electron microscopy (SEM,
Figure S2c), monodisperse JNPs with half gold and half
polystyrene were observed in high yield.

Figure 1 illustrates schematically the approach of
DNA-directed assembly. A JNP with 160 nm diameter
serves as the anisotropic platform for selective decora-
tion. The active gold surface of JNPs can be functiona-
lized with a thiolated DNA linker, ssDNA-1, while the
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DNA Sequences:

ssDNA-1 : 5'-HS - AAA AAA AAA AAA AAA ACT CAT CTGTGA - 3"
ssDNA-1' : 5'- HS - AAA AAA AAA AAA AAA TCA CAG ATG AGT - 3'

Figure 1. Schematic view of DNA-directed asymmetric self-
assembly process. The gold surface of JNP is modified with
thiolated ssDNA-1, while AuNS is functionalized with com-
plementary ssDNA-1". Asymmetric assembly occurs when
thiolated ssDNA-1 pairs with complementary ssDNA-1'. For
clarity, DNA molecules on nanoparticles are not shown in
scale. The recognition sequences are listed below in colors.

Figure 2. SEMimage of asymmetric nanoclusters formed by
160 nm JNPs and 15 nm AuNSs (scale bar = 400 nm). Three
nanoclusters are highlighted to illustrate the structure de-
tails. Fifteen nanometer AuNPs only attach to the gold
surface of JNPs.

other polystyrene surface remains unmodified. The
spatially separated regions with different chemical
properties on a single JNP building block enable us
to assemble asymmetric structures. To demonstrate
the nanoassembly process, 15 nm AuNSs were first
treated with thiolated complementary ssDNA-1" and
purified by using previously reported methods.3*°
Two types of particles, JNP-1 and AuNS-1/, were then
incubated in a ratio of 1:1000 in a buffer solution
containing 5 mM HEPES buffer (pH 8.2) and 200 mM
NaCl at room temperature for 24 h. During the incuba-
tion process, ssDNA-1 on JNP can hybridize to ssDNA-1/
on AuNS through a 12 base-pairing 1-1’ recognition to
generate dark purple precipitates at the bottom of the
test tube. SEM was employed to investigate the result-
ing precipitates. We observed that, on every single JNP,
the gold hemisphere was occupied by a number of
15 nm AuNSs while the PS hemisphere remained
largely clear of any AuNSs, resulting in asymmetric
nanoclusters. Excess 15 nm AuNSs were observed in
the background (Figure 2). Asymmetric nanoclusters

VOL.6 =

NO.1 = 802-809 =

2012 @LMJ/\\

)\

WWW.acsnano.org

803



== 0h AuNS-1'+JNP-1
i,
— T - - — T -
24 h AuNS-1+ JNP-1 = |. = W d '. 7 'd ‘ :, f’

- 151 == 24 h AuNS-1'+ JNP-1
-]
c_u'_ = 15 nm AuNS-1'
8 160 nm JNP-1
£ 1
©
=}
£
o]
(7}
Q
< o5 ' ' ' ' '

§ 15 nm 160 nm 24h 24 h Oh

400 500 600 700 goo AuNS-1'  JNP-1  AuNS-1  AuNS-1'  AuNS-1*

- + +
Wyl wnigth {nim) JNP-1 JNP-1 JNP-1

Figure 3. (a) UV—vis spectra of different solutions: 15 nm AuNS (dark red line), 160 nm JNP (dark blue line), freshly prepared
mixture of JNP-1 and AuNS-1 particles (purple line), AuNP—JNP asymmetric nanoclusters formed in assembly group after
24 h incubation and further purification (red line), and the control group, the mixture of JNP-1 and AuNS-1 particles modified
with noncomplementary DNA strands after 24 h incubation (blue line). (b) Photograph images of corresponding solutions in

centrifuge tubes.

could be further purified by centrifugation, removing
the supernatant and rinsing the precipitates multiple
times with buffer solution to remove excess 15 nm
AuNSs. The TEM image (Figure S3) confirmed that most
of the free AuNSs were removed and the purified asym-
metric nanoclusters were uniform with 15 nm AuNSs
selectively attached on the gold side but not on the PS
side.

In order to understand the importance of biofunc-
tionalization and DNA-directed nanoassembly process,
we monitored the self-assembly process by ultraviolet—
visible spectrophotometry (UV—vis) and photograph
images of different DNA-functionalized JNP/AUNS mix-
tures. JNPs functionalized with ssDNA-1 (JNP-1) were
incubated with 15 nm AuNSs, functionalized either
with its complementary ssDNA-1" (AuNS-1') as the
assembly group or with noncomplementary ssDNA-1
(AuNS-1) employed as a negative control group. After
mixing JNP-1 particles with AuNS-1" and AuNS-1, each
in a buffer containing 5 mM HEPES buffer (pH 8.2) and
200 mM NaCl, both assembly group and negative
control group displayed similar purple color initially
with UV—vis absorbance centered at 520 nm (see
Figure 3). Since no UV—vis absorbance is observable
for JNPs in the wavelength range from 400 to 800 nm,
while a standard peak at 520 nm is commonly visible
for 15 nm AuNSs, we conclude that the 520 nm peak in
the fresh JNP/AuNS mixtures is from the surface plas-
mon absorbance of free 15 nm AuNSs. After JNP/AuNS
mixtures were incubated at room temperature for 24 h,
the color and UV—vis spectrum of the negative control
group remained almost the same as the freshly pre-
pared sample. In contrast, the assembly group formed
dark blue precipitates during the same period, with the
visible peak further shifted to 535 nm and the absorp-
tion intensity lowered (Figure 3). The red shift of the
spectrum is attributable to the surface plasmon cou-
pling between localized 15 nm AuNPs and the gold
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surface of JNP. In order to elucidate the DNA-induced
optical property change after assembly, we further
employed the dark-field microscope (DFM) coupled
to a CCD digital camera to investigate the light scatter-
ing property. The measurement of the localized sur-
face plasmon resonance (LSPR) spectrum of JNP and
nanoclusters was carried out by using a high-speed
multispectral imaging system described in a previous
paper (Figure 54).*° Under white illumination, the AUNS—
JNP asymmetric nanoclusters showed orange and light
green colors (Figure S5a). The average scattering spec-
tra obtained from multiple dots of JNPs and AUNS—JNP
nanoclusters showed a similar pattern, while AuNS—
JNP nanoclusters displayed an increase in scattering
intensity and a red shift of approximate 30 nm relative
to the unlinked JNPs (Figure S5b). Both the increased
scattering and the band shift indicate the increased
plasmon coupling and are consistent with the scatter-
ing properties observed previously in other multipar-
ticle systems.>>* =% The asymmetric assembly can be
further confirmed by comparing the SEM images of
assembly group and control group. As shown in Figure 4,
no AuNS and gold surface interaction was observed
when noncomplementary DNA strands were used to
functionalize AuNSs. These results not only indicated
the recognition property of DNA molecules but also
confirmed the ability of directional base-pairing inter-
actions in guiding the assembly process of asymmetric
nanostructures.

The power of DNA-directed nanoassembly lies in its
programmability and reversibility. To demonstrate the
use of DNA strands to control the degree and the
reversibility of the asymmetric nanoassemblies, we first
introduced a complementary DNA strand (cDNA-1")
with the same 12 base hybridization sequence as
ssDNA-1" into the mixture of JNP-1 and AuNS-1’ solu-
tions to control the assembly process. Since cDNA-
1" strands are free DNA molecules in solution, the
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Figure 4. SEM images of the mixture of 160 nm JNPs and 15 nm AuNSs after 24 h incubation at room temperature. (a) Mixture
of JNP-1 and AuNS-1. No attachment was found between AuNSs and gold surface. (b) Mixture of JNP-1 and AuNS-1'.
AuNS—JNP nanoclusters were observed when using complementary DNA strands (scale bar = 100 nm).
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ssDNA-2' . §'-ATT GGATTG GAAGTATTTTITTTITTTITTTIT-SH -3’
IDNA-2": §5'-ATT GGATTG GAAGTAGAC ACAAG-3'

Figure 5. Schematic view of the usage of cDNA (a) and iDNA (c) for programmable control of the nanoparticle assembly and
disassembly process. (b) UV—vis spectra of the mixture of JNP-1, AuNS-1/, and cDNA-1". Freshly mixed solution (red line)
showed the same peak position and similar pattern with the mixture after 24 h incubation (blue line). (d) UV—vis spectra of
different solutions: freshly prepared mixture of JNP-2 and AuNS-2’ solution (red line); same solution after 24 h incubation and
further purification (blue line), and the same solution after further adding iDNA-2” with another 24 h incubation (blue line).
During the whole process, the spectrum shifted to red and then shifted back.

DNA-1/cDNA-1" hybridization should be much more
facile than the DNA-1/DNA-1" hybridization on the particle
surface. Therefore, cDNA-1" could out-compete the
DNA-1" on the AuNS for hybridization with DNA-1 on
the JNP-1 and thus prevent JNP-1 and AuNS-1’ assem-
bly (Figure 5a). As shown in Figure 5b, in the presence
of ¢cDNA-1", the spectrum of the mixture solution
remained the same and no red shift was observed.
Having demonstrated the use of complementary DNA
as the block agent to prevent the DNA-directed as-
sembly process, we then wanted to show the reversible
assembly and disassembly process by using an inva-
sive DNA strand.3* Thiolated DNA strands ssDNA-2 and
ssDNA-2" were attached onto the surface of JNPs and
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15 nm AuNSs, respectively. After incubating the JNP-
2 and AuNS-2" mixture for 24 h, asymmetric nano-
clusters formed through a 15 base-pairing DNA-2/
DNA-2" hybridization, similar to what was observed
in Figure 3 based on DNA-1/DNA-1" hybridization.
Then, we introduced a 23-base invasive DNA strand
(iDNA-2") to release 15 nm AuNSs from the surface of
JNP by replacing the DNA-2/DNA-2' hybridization on
the surface with the more stable DNA-2/iDNA-2"
hybridization (Figure 5c). As shown in Figure 5d,
introducing iDNA-2" resulted in a blue shift of the
plasmon absorbance, suggesting successful disas-
sembly of the asymmetric nanoclusters using an
invasive DNA.
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In order to demonstrate the generality of our ap-
proach, we applied the similar assembly process for
fabrication of different asymmetric nanoclusters.
AuNSs with different sizes from 15 to 80 nm were
employed as nanoscale building blocks. Due to the
thermodynamic instability of large AuNSs, the NaCl
concentration used in the assembly was decreased to
100 mM and the incubation time was shortened from
24 to 12 h. By using AuNSs with five different sizes, a
series of asymmetric nanoclusters were assembled
onto the 160 nm JNP with well-controlled morphology
and yield (Figure 6). Consistent with the prediction,
with the increase of AuNS size, the number of AuNSs on
each JNP decreased. Interestingly, although asym-
metric nanoclusters can be observed in different or-
ientations under SEM, the top view of nanoclusters
with the PS hemisphere on the bottom is very rare. We
hypothesized that gold hemisphere is more likely to
precipitate onto the silicon substrate during the ad-
sorption process since the attached AuNSs make it
much heavier than the PS site.

A representative statistical analysis of different
asymmetric nanoclusters has been achieved based
on SEM and TEM images (Figure 7a). The analysis
illustrates that, within a certain number range, different
AuNSs can be attached onto the JNP platform with

JNP + AuNS 15nm 30nm 40nm 60nm 80nm

Figure 6. SEM images of representative asymmetric na-
noclusters in different orientations (scale bar = 200 nm).

narrow number distribution (Figure S6). The results
further demonstrate that our approach is modular to
extend to different building blocks, producing pro-
ducts with high yield. To obtain deeper insight into
the size-dependent self-assembly process, we used a
theoretical model based on hexagonal closed-packing
structure to calculate the number of AuNSs on each
JNP. Effective diameters of DNA-capped particles
were calculated based on a reported worm-like chain
model.** The calculated results accurately repre-
sented the experimentally observed changing trend
(Figure 7b).

We further investigated the surface assembly degree
by comparing the ratio of experimental number of
AuNSs to the theoretical number of AUNSs on a single
JNP for different size AuNSs. Interestingly, we found
that, although the surface assembly degrees for differ-
ent size AuNS are all ~50% of the predicted by
calculation, a trend exists. As illustrated in Figure 7c,
15 nm AuNSs possess the highest self-assembly de-
gree, while 80 nm AuNPs have the lowest one. The
differences between the experimental and theoretical
results might be due to AuNPs being randomly attached
to the gold surface. Unlike a hexagonal closed-packing
model, the random attachment process of AuNPs
results in large empty spaces between particles. There-
fore, it is easier for small AuNPs to further occupy
these empty spaces and thus reach a high surface
assembly degree (Figure S7).

Taking advantage of the asymmetric structure, pre-
fabricated JNPs can be further modified with spatially
separated different DNA strands, providing a powerful
platform for the assembly of novel nanostructures. To
provide functional groups on the PS hemisphere of
JNP, 200 nm amine-modified PS nanospheres were
utilized to fabricate amine-modified JNPs through the
same procedure mentioned above. After the gold
deposition process, half of the amine-modified PS area
was covered by gold, while the other half was pro-
tected and the remaining amine groups are still func-
tional. Two types of thiolated DNA strands, ssDNA-2
and ssDNA-3, were employed to modify two separate
surface of JNP (Figure 8a). DNA-2 was first modified
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Figure 7. (a) Statistical analysis of the number of AuNSs per nanocluster. (b) Comparison of theoretical and experimental
number of AuNSs per cluster. (c) Diagram of the relationship between surface assembly degree and the size of AuNS.
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Figure 8. (a) Schematic view of two different coupling
chemistries on the surface of an amine-modified 200 nm
JNP. (b—e) Schematic views and SEM images of representa-
tive asymmetric nanoclusters formed by dual DNA-functio-
nalized JNP and different DNA-encoded AuNSs: (b) 40 nm
AuNS-2/, (c) 40 nm AuNS-3’, and (d) equal mixture of 40 nm
AuNS-2" and AuNS-3'; (e) equal mixture of 80 nm AuNS-2’
and 40 nm AuNS-3’ (scale bar = 100 nm).

onto the gold hemisphere through gold—thiol inter-
action. After purification, ssDNA-3 was then covalently
attached to the amine-modified polymer hemisphere
via sulfo-SMCC coupling, forming a dual DNA-functio-
nalized JNP (3-JNP-2). To demonstrate the dual func-
tionalizations and potential novel assembly, different
sized AuNSs, functionalized with ssDNA-2" or ssDNA-3/,
were prepared, respectively. After incubating the JNP
with 40 nm AuNS-2/, AuNSs were selectively attached
onto the gold hemisphere through DNA-2/DNA-2
hybridization (Figure 8b). However, if JNP was incu-
bated with 40 nm AuNS-3’, few AuNSs could be found
on the gold hemisphere. Instead, AuNSs were selec-
tively immobilized onto the PS hemisphere, indicat-
ing the 3-3' DNA recognition (Figure 8c). If JNP was

METHODS

Chemicals and Materials. (3-Aminopropyl)triethoxysilane (APTES,
CoH»3NOsSi, 97%), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, CoH1506P-HCl), and 4-(N-maleimidomethyl)cyclohexane-
1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt
(sulfo-SMCC, Cy6H;7N,;Na0oS) were purchased from Sigma-
Aldrich and used without further purification. Gold nano-
sphere (AuNSs) solutions with 15, 30, 40, 60, and 80 nm
diameter were purchased from Ted Pella (Redding, CA) and
purified by centrifugation before use. Plain and amine-mod-
ified polystyrene nanospheres with 200 nm diameter were
purchased from Polysciences (Warrington, PA). All olignu-
cleotides used in this study were purchased from Integrated
DNA Technologies Inc. (Coralville, I1A), with following sequences:

ssDNA-1: 5'-HS-(A);5-ACTCATCTGTGA-3’

ssDNA-1": 5'-HS-(A)sTCACAGATGAGT-3'

cDNA-1": 5'-TCACAGATGAGT-3’

ssDNA-2: 5'-CTTGTGTCTACTTCCAATCCAAT-(T);5-SH-3
ssDNA-2": 5'-ATTGGATTGGAAGTA-(T);5-SH-3’
iDNA-2": 5'-ATTGGATTGGAAGTAGACACAAG-3'
ssDNA-3: 5'-HS-(T);o-CAATGCTCTGGA-3’

ssDNA-3': 5'-HS-(T)1o-TCCAGAGCATTG-3’

incubated with an equal mixture of 40 nm AuNS-2’ and
AuNS-3’, JNP was found to be surrounded by 40 nm
AuNSs in all directions (Figure 8d). Furthermore, if two
different sized AuNSs with appropriate DNA modifica-
tions were introduced to attach to JNP, a novel trivalent
asymmetric nanocluster was formed with 80/60 nm
AuNSs-2" on the gold site and 40/30 nm AuNSs-3’ on
the other side (Figure 8e and Figure S8). These results
further indicate the power of DNA-directed nanoassem-
bly. By simply encoding AuNSs with different DNA
strands, we could selectively modify the target region
on JNP in a well-controlled manner.

CONCLUSION

In conclusion, we have demonstrated for the first
time that DNA can be used for directing the assembly
of asymmetric nanoclusters on the prefabricated JNP
platform. Both cDNA and iDNA can be used to tune the
assembly and disassembly of particles, indicating that
DNA plays an essential role for programmable control
the self-assembly process. Furthermore, this approach
has been applied to construct a series of asymmetric
nanoclusters. A theoretical model has also been estab-
lished to systematically study the size-dependent as-
sembly process. By taking advantage of a simple
fabrication technique, we can generate Janus nano-
particles (JNPs) with high yield and promote directed
self-assembly with DNA modification. We have shown
that our approach is modular. The combination of DNA
linkers and JNPs provides both spatial and chemical
control over the assembly process. This new strategy
for the synthesis of using monodisperse DNA-functiona-
lized JNPs is a promising route for construction of many
different asymmetric structures with spatially separated
functionalities for potential photonic, electronic, and
biomedical applications.

Fabrication of Janus Nanopartide. The fabrication begins with
the formation of a 200 nm polystyrene (PS) nanosphere mono-
layer. The glass substrates (3 in. x 1in. x 1 mm, Fisher Scientific,
PA) were cleaned in piranha solution for 2 h and then carefully
rinsed with deionized water and anhydrous ethanol subse-
quently. The clean glass slides were incubated into 1% 3-ami-
nopropyltriethoxysilane (APTES) ethanol solution for 12 h to
form a homogeneous APTES film. The APTES-covered glass
substrates were then rinsed with ethanol and dried by nitrogen
gas. The 200 nm PS nanosphere solution was first 1:30 diluted in
5 mM HEPES buffer (HEPES = 4-(2-hydroxyethyl)-1-piperazi-
neethane sulfonic acid, pH = 7.0, T mM citrate), then dropped
onto the APTES-covered glass substrate. After 1 h incubation,
the glass substrates were rinsed with deionized water to form a
monolayer of PS nanospheres by removing excess PS nano-
spheres. Completely dried substrates were then loaded into a
nondirectional oxygen plasma etching system (March Plasmod,
250 W) to tune the PS nanosphere size by varying the etch-
ing time. Metal evaporation (Cr/Au, 2 nm/6 nm) was then
performed on the monolayer of PS nanospheres (Temescal six
pocket e-beam evaporation system) to obtain the monolayer of
JNPs. All JNPs were further released from the surface by
immersing the glass substrates in deionized water and
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sonicating for 2 min. The concentration of obtained JNP solu-
tion is about 0.2 nM.

Preparation of Thiolated DNA-Functionalized AuNSs and JNPs. Func-
tionalization of thiolated DNA on 15 nm gold nanospheres
was carried out by following a previous published protocol
with some modifications.>®3° Briefly, 3 uL of 1 mM thiolated
DNA was first mixed with 0.5 uL of 10 mM TCEP solution and
0.4 uL of 500 mM acetate buffer (pH 5.2) to activate
the thiolated DNA. After 1 h incubation, the mixture was
then transferred into T mL of 15 nm AuNS solution (10 nM)
followed by incubation overnight. The mixture solution was
then added to 500 mM Tris acetate buffer (pH 8.2) to bring
the buffer concentration to 5 mM. The solution was left to
anneal for another 24 h after gradually increasing the NaCl
concentration to 100 mM over 1 h. To purify the nano-
spheres from the unreacted DNA, the excess DNA strands
were removed from the solution by centrifugation at 16 110g
for 15 min.

Functionalization of thiolated DNA on larger AuNSs (30, 40,
60, and 80 nm) and JNPs was carried out in an analogous
process. Sonication and magnetic stirring was applied to pre-
vent precipitation and facilitate the reaction.

Preparation of Dual DNA-Functionalized JNPs. Amine-modified
JNPs were first functionalized with thiolated DNA-2 onto a gold
hemisphere by using the above-mentioned process. For func-
tionalization of DNA-3 onto the amine-modified PS hemisphere,
JNP was dispersed in buffer A into 0.2 nM. Sulfo-SMCC of 1 mg
was added into 500 uL JNP solution and then placed on a shaker
for 1 h at room temperature. The insoluble excess sulfo-SMCC
was removed from solution, and the sulfo-SMCC-activated JNP
was purified by using buffer A five times. The purified sulfo-
SMCC-activated JNP was mixed, and the activated thiol-DNA-3
solution gently shaken for 1 min. The mixture was then incu-
bated at room temperature for 48 h. The final solution was
applied to Amicon-100K eight times using buffer A without
Tween-20 to remove any unreacted DNA-3.

Buffer A:0.1 M NaCl, 0.1 M sodium phosphate buffer, pH 7.3.

Assembly of Thiolated DNA-Functionalized JNPs and AuNSs. The
assembly of 15 nm AuNS—JINP clusters was performed in a
1.5 mL centrifuge tube in 5 mM Tris acetate buffer (pH 8.2) and
200 mM NaCl. AuNSs (10 nM) and JNPs functionalized with
complementary thiolated DNA strands were mixed in a con-
centration ratio of 500:1 and incubated for 24 h at room
temperature to allow assembly. During this process, the color
of the mixture solution gradually decreased from dark purple to
optically transparent with blue precipitates formed at the
bottom of the centrifuge tube. After incubation, the AUNS—JNP
mixture solution was centrifuged at 2000g for 5 min to remove
the free 15 nm AuNSs in the supernatant, and the blue
precipitates were redispersed in buffer solution (5 mM Tris
acetate, pH 8.2, 100 mM NaCl) for further characterization. The
assembly of larger AUNS—JNP clusters was followed by a similar
process with the exception of lower AuNS concentration ratios.
Salt concentration and incubation time were decreased to
100 mM and 12 h, respectively.

The assembly and disassembly of AUNS—JNP clusters was
achieved in identical buffer conditions to cluster fabrication
mentioned above. Complementary DNA (cDNA) strands and
invasive DNA strands were used to manipulate the assembly
process. For the usage of cDNA, 10 uL of 100 mM cDNA was
added into the buffer solution together with thiolated DNA-
functionalized JNPs and AuNSs before the incubation. For the
usage of iDNA, the final assembled blue precipitates were
redispersed in fresh buffer and 10 uL of 1 M iDNA was added
followed by incubation for 6—12 h at room temperature with
gentle stirring. All of the assembly processes can be monitored
by UV—vis adsorption.

Characterization Methods. The size and morphology of nano-
particles as well as the nanoassembly structures were analyzed
using a JEOL 2010LaB6 transmission electron microscope
(TEM) and a Hitachi S4800 high-resolution scanning electron
microscopy (SEM). Samples were prepared by drop-casting
nanoparticle solutions onto a carbon-coated copper TEM grid
or a silicon wafer (Ted Pella), followed by removing excess
solution with filter paper after 10 min.
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The UV—vis spectra of the nanoparticles and asymmetric
nanoclusters were collected on a Hewlett-Packard 8453 UV—vis
spectrophotometry. Dark-field light scattering images of nano-
clusters were acquired using a Zeiss Axiovert 200 M inverted
microscope with an EC Epiplan 50 x HD objective (NA =0.7) and
CCD camera. The digital camera was white-balanced by using
Zeiss Axiovision software before data acquisition. Therefore, the
color observed in the digital images represented the true color
of the scattered light. The localized surface plasmon resonance
spectra were collected on a self-built multispectral dark-field
imaging system with a 0.42 NA objective.

Measurement of Localized Surface Plasmon Resonance Spectrum. For
single particle plasmon resonance scattering spectroscopy, a
multispectral dark-field imaging technique with high-speed
and high-throughput was established based on previously
reported method.*® Compared with conventional spectrometry
of single particle scattering, which relies on white light illumina-
tion and spectrograph, thus an aperture is needed and the
distribution of particles has to be sparse enough to capture the
scattering spectra of single particle at one time, this multi-
spectral imaging system utilizes a sweeping monochromatic
light source along with a dark-field condenser for illumination
and a camera synchronized with the sweeping wavelengths for
recording the intensity for all particles in the whole field of
vision simultaneous. The scattering spectrum of each particle is
plotted by its intensity in each frame with respect to its
corresponding wavelength. In that case, spectra of all particles
in the field of vision can be captured in a short time with no
aperture needed, and the sparseness of particles is not rigor-
ously required. In our measurement, the monochromator swept
from 400 to 700 nm with the step of 2 nm and standing or
exposure time of 3000 ms for each wavelength. The whole
capturing process took 7.5 min. In order to calibrate the light
source and instrumental bias, all particle scattering spectra were
corrected by the scattering spectrum of polystyrene particles
with the diameter of 200 nm, which is supposed to have no
resonance or peaks according to Mie theory. Scattering spectra
were corrected and normalized before comparison.
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