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ABSTRACT: Anisotropic nanoparticles can provide
considerable opportunities for assembly of nanomaterials
with unique structures and properties. However, most
reported anisotropic nanoparticles are either difficult to
prepare or to functionalize. Here we report a facile one-
step solution-based method to prepare anisotropic DNA-
functionalized gold nanoparticles (a-DNA-AuNP) with
96% yield and with high DNA density (120 + 20 strands
on the gold hemisphere). The method is based on the
competition between a thiolated hydrophilic DNA and a
thiolated hydrophobic phospholipid and has been applied
to prepare a-DNA-AuNPs of different sizes and with a
variety of DNA sequences. In addition, DNA strands on
the a-DNA-AuNPs can be exchanged with other DNA
strands with a different sequence. The anisotropic nature
of the a-DNA-AuNPs allows regioselective hetero- and
homonuclear assembly with high monodispersity, as well
as regioselective functionalization of two different DNA
strands for more diverse applications.

NA-functionalized gold nanoparticles (DNA-AuNPs) are

among the most useful building blocks for nanoscale
assembly of a variety structures," mainly due to the program-
mable nature of the DNA strands that allow structural tuning and
introduction of functional groups not achievable by conventional
methods.> Most DNA-AuNPs used in assembly, however, are
isotropic particles. Because of the unique directional interactions
imparted by anisotropic DNA-functionalized gold nanoparticles
(a-DNA-AuNPs), such as Janus particles® and regioselective
assembled systems with nanorods and nanospheres,” these a-
DNA-AuNPs have been demonstrated to form more diverse
structures with unique properties,” including chiral meta-
materials with promising applications as circular polarizers,®
negative refractive index materials,” chiral plasmonic rulers.® and
chiral-selective sensors.” Despite such promise, a-DNA-AuNPs
are challenging to synthesize,'" with only a few efficient
methods,'' as most synthesis methods require careful surface-
based fabrication, long incubation time, or have low yields that
require additional step of puriﬁcation.sa’b’12 Furthermore, the
prepared anisotropic nanoparticles are often difficult to function-
alize selectively.'® Here, we report a facile method to synthesize
a-DNA-AuNPs with high yields, and subsequently functionalized
with DNA for chemoselective and regioselective assembly of a
variety of AuNPs. We further demonstrate that this particle can
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be used to regioselectively functionalize two different DNA
strands on the same particle.

An anisotropic AuNP (a-AuNP) was synthesized based on
competition between hydrophobic and hydrophilic ligands on
gold nanoparticle surface to produce anisotropic attachment of
polymers, as reported preeviousl)r.13’14 While this method allows
facile synthesis of a-AuNPs in high yield, the a-AuNPs have not
been used for nanoscale assembly, due to limited functional
groups that can be used for the synthesis and low efficiency for
post-synthesis modifications. Initial functionalization attempts in
mixing a AuNP with thiolated DNA failed, probably due to the
high density of the small thiolated ligands already present on the
Au surface and low thiolated ligand exchange rate, as observed
previously.”> To overcome this limitation, we used a 10-mer
oligo of adenine with thiol at the S’ end (HS-A10) as the
hydrophilic ligand and a thiolated phospholipid (PSH) as the
hydrophobic ligand (Figure 1a). Both ligands were incubated
with either 15 or 20 nm AuNPs and an amphiphilic polymer
polystyrene-b-poly(acrylic acid) (PSPAA) in DMF/H,0 at 95
°C for 2 h, and the mixtures were then cooled to room
temperature. Transmission electron microscope (TEM) images
of the samples containing 15 nm (Figure 1b, large-area view in
Figure S1) or 20 nm AuNPs (Figure 1c and Figure S2) shows
that a-DNA-AuNPs were formed uniformly throughout,
suggesting that this method can be applied for synthesis of a-
DNA-AuNPs of different sizes. To quantify the synthesis yield,
we counted a total of 633 particles from the TEM micrographs
and found ~96% of 20 nm a-DNA-AuNPs, with the remaining
4% having either no polymer attachment, full polymer
encapsulation or encapsulated dimer of particles.

The ratio of PSH to DNA can be tuned to balance the
competition between the two ligands. As shown in Figure S3, a
PSH to DNA ratio of 2 gave a larger polymer but still uniform
coverage on the AuNP, while a 1:1 ratio resulted in a mixture of
unencapsulated and partially encapsulated particles (Figure S4).
A ratio of 1:2.8 and 1:1.5 was found to be optimal for 15 and 20
nm a-DNA-AuNPs, respectively. Control experiments using only
DNA or only PSH as the ligand resulted in unencapsulated
AuNPs (Figure 1d) and the fully encapsulated AuNPs with
PSPAA (Figure le), respectively. These results support the roles
of DNA as a hydrophilic ligand and PSH as a hydrophobic ligand.
The areas on the AuNPs not encapsulated by polymer are
covered by DNA.
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Figure 1. (a) Synthesis of a-DNA-AuNP, where HS-A10, PSH, PSPAA,
and AuNPs are incubated at 95 °C for 2 h in DMF/H,0. TEM
micrographs of (b) 15 nm a-DNA-AuNP, (c) 20 nm a-AuNP, (d)
completely unencapsulated AuNP when no PSH was added, (e) fully
encapsulated AuNP when no SH-A10 was added. (f) UV—Vis
absorption spectra of citrate-capped AuNP, a-DNA-AuNP sample in
(b), and fully encapsulated AuNP (d); inset shows the shift of the
plasmon peak from 525 to 535 nm. Scale bar = 50 nm.

To investigate whether this method can be generally applied to
DNA strands with different sequences, thiolated A10, A30, and
R20 (full sequence available in SI) were used to repeat the above
procedures, and all of them produced anisotropic structures, as
long as proper PSH to DNA ligand ratios of 1.5, 2.2, and 5.6 are
maintained, respectively (Figures S2, SS, and S6). These results
suggest that DNA sequences have minimal effects on the
formation of an anisotropic structure. Instead, the ligand ratio is
critical, especially to produce uniform anisotropic encapsulation
of AuNPs.

Localized surface plasmon resonance spectra of AuNPs are
strongly correlated to the structure of the AuNP and its
monodispersity. The UV—Vis absorbance spectra of the a-DNA-
AuNPs showed a clear peak at 535 nm, which is slightly red-
shifted from that of citrate-capped AuNPs (Figure 1f). The peak
width was retained, and there were no additional peaks or
shoulders, suggesting that the AuNPs are well-dispersed and
individually modified with polymer after synthesis, which is
consistent with the TEM results in Figure 1c. The slight red shift
of the plasmon resonance of the a-DNA-AuNP is due to the
functionalization of the AuNP with a ligand shell.

Upon demonstrating the one-pot synthesis of these a-DNA-
AuNPs, we next investigated regioselective ligand exchange on
the a-DNA-AuNPs to introduce any desired functionality at
specific locations. To achieve this goal, we adopted a quick
functionalization method'® where thiolated DNA (D1) was
incubated with a-DNA-AuNPs in 50 mM of pH 3 Na-citrate and
NaCl solution to give a-(D1)-AuNPs (Figure 2a). The UV—Vis
absorption spectra of a-DNA-AuNPs before and after function-
alization with D1 were nearly identical, indicating that the
functionalization process did not disrupt the integrity of the a-
DNA-AuNP particle (Figure S7). The DNA attachment was
confirmed by functionalizing the a-DNA-AuNP with fluorescein
(FAM)-labeled DNA at the 5’ end. From the fluorescence
measurement, we found that ~120 + 20 strands of DNA were
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Figure 2. (a) Functionalization of a-AuNP with D1 resulting in a-(D1)-
AuNP. Schematic of selective assembly of a-(D1)-AuNP with (b) S nm
c-AuNPs and (c) 10 nm c-AuNPs with its corresponding TEM
micrographs and histogram showing particle analysis. Scale bars = S0
nm.

functionalized per particle and 100 + 20 complementary DNA
strands can be attached per particle (Figure S8 and Table S1).
Control experiments using nonthiolated DNA strands indicated
a negligible amount of DNA (0.3 strands attached per particle;
data in Table S1) was detectable, suggesting that the attachment
of DNA was via the thiol—gold interaction, and there were little
nonspecific binding of DNA to the polymer layer. In comparison
to the maximum loading of 180 + 20 DNA strands on an
isotropically functionalized spherical 20 nm AuNP,'® the DNA
density on the a-DNA-AuNP is comparable considering that only
half of the a-AuNP surface was available for functionalization.
Such high-density has been shown to increase AuNP stability and
allow cooperative assembly.'”

To probe regioselective functionalization of D1 on the a-(D1)-
AuNP, S nm AuNPs functionalized with complementary
sequence to D1 (c-AuNPs) were used to probe the hybridization
ability and position of the DNA. After removing excess 5 nm c-
AuNPs via centrifugation, TEM images showed that the 5 nm c-
AuNPs attached only onto the exposed AuNP region and not on
the polymer shell (Figures 2b and S9), indicating that the D1 on
a-(D1)-AuNP not only retained its hybridization ability but also
its regioselectivity. When S nm AuNPs with noncomplementary
strands were used, no significant attachment of S nm AuNPs on
a-(D1)-AuNP was observed (Figure S10). These results indicate
that a-(D1)-AuNP interacts and assembles with other particles
via specific hybridization of DNA. Since the interaction is
sequence-specific, we expand the scope of asymmetric assembly
with the use of AuNPs of various sizes but functionalized with the
same cDNA. As an example, when the same a-DNA-AuNP was
conjugated to either S nm (Figure 2b) or 10 nm AuNPs (Figure
2¢), a cat-paw-like structure was formed. For the assembly with S
nm c-AuNPs, an average of 5 + 2 particles was found to be
attached onto each a-AuNP, from a count of 81 particles
tabulated from TEM micrographs (see histogram in Figure 2b).
For 10 nm c-AuNPs, the average number was lower, at 3 + 1
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Figure 3. (a) a-(D1)-AuNP/30 nm c-AuNP assemblies at a ratio of 1:1
(top) and 10:1 (bottom). (b) Heteroassembly of 20 and 13 nm a-(D1)-
AuNPs. (c) Homoassembly of a-(D1)-AuNP using linker strand D3.
Scale bar = 100 nm; (insets) 25 nm.

from a total of 107 particles (see histogram in Figure 2c and large-
area view in Figure S11).

Having demonstrated regioselectivity of the a-DNA-AuNPs,
we further explored its application in forming more complex
structures. As shown in Figures 3a and S12, when the
concentration of a-DNA-AuNP is the same as that of c-AuNDP,
a 1:1 interaction between a-(D1)-AuNP and 30 nm c-AuNP was
achieved. In the presence of an excess of a-(D1)-AuNP to 30 nm
c-AuNP (10:1) satellite assemblies were formed with multiple a-
(D1)-AuNPs surrounding the 30 nm c-AuNP (Figure 3a and
Figure S13). This result is in contrast to previously reported
assembly using isotrospic DNA-AuNPs, which often resulted in
AuNP aggregates.Zd’1 The protection offered by the polymers
on the a-DNA-AuNP made it possible to prepare monodispersed
satellite assemblies.

To demonstrate even better control over assemblies between
two particles, instead of using one anisotropic and one
isotropically functionalized particle, we investigated the use of
all anisotropic particles. A shown in Figure 3b and Figure S14,
mixing 20 nm a-(D1)-AuNP and 13 nm a-(D2)-AuNP
functionalized with D1 and D2, respectively, at a 1:1 ratio
resulted in heteroassembly of dimers consisting of a 20 nm and a
13 nm a-DNA-AuNP, observed as snowman-like assemblies. Of a
total of 47 assemblies observed, 85% formed dimers with the
correct combination, while the remaining 15% were either
dimers with the wrong orientation and combination or were
trimers and tetramers.

In addition to heteroassembly using two different AuNPs,
homoassembly of a-(D1)-AuNP with the use of a linker strand,
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Figure 4. (a) Functionalization of D4 on the polymer side of the particle
via EDC coupling. Fluorescence spectra of a-(D1+D4)-AuNP before
and after incubation with (b) DS c-AuNP and (c) D2 c-AuNP.

D3, consisting of the complementary sequence to D1, a single
base spacer, and CGCG bases at the 3’ end which can self-
hybridize,lg was investigated. Since the direction and area of
interaction is controlled by the a-(D1)-AuNP, formation of Au
clusters was observed (Figure 3c and Figure S15). In the absence
of such directional control, as in isotropic AuNP, uncontrolled
aggregations of the particles would occur.”

In addition to regioselective functionalization of DNA onto
the asymmetric hybrid particles and its use in selective and
directional assemblies, a major advantage of the a-DNA-AuNPs
is that they can provide two different functionalities with spatial
separation, preventing cross-talk or interference. To achieve this
goal, we introduced a second functionality through the
carboxylate groups on the amphiphilic polystyrene-b-polyacrylic
acid. Conjugation of the polymer, via 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) coupling chemistry, with
amine-functionalized DNA on one end and a fluorophore
(FAM) label (D4) results in formation of a-(D1+D4)-AuNP
(Figure 4a). The yield of DNA coupling was calculated to be ~30
DNA strands per particle. We then hybridized the a-(D1+D4)-
AuNP to two different c-AuNPs, one functionalized with D2 that
is complementary to D1 and the other with DS that is
complementary to D4. If the D1 and D4 functionalities are
indeed located on different hemispheres of the particle,
hybridization with DS c-AuNP will selectively quench the
fluorescence from D4 due to hybridization, while D2 c-AuNP
will not quench the fluorescence from D4 becasue of lack of
hybridization. Our fluorescence results in Figure 4b and ¢
strongly support that the D1 and D4 were functionalized on the
Au and polymer surface, respectively.'”

In summary, we have demonstrated a facile method to prepare
different sizes of a-DNA-AuNPs containing a variety of DNA
sequences in high density. In addition, the DNA on the a-DNA-
AuNP can be readily exchanged with DNA of different
sequences, allowing more sequence-specific control of nano-
particle assembly. The role of DNA in this ligand competition
method serves as a unique bulky ligand which allows efficient
postfunctionalization on the Au surface. Taking advantage of this
property, we have shown that the combination of a-DNA-AuNP
and c-AuNPs results in cat-paw and satellite flower assemblies,
while a-DNA-AuNPs functionalized with different DNA strands
results in hetero- and homoassemblies, all with high
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regioselectivity and monodispersity. More importantly, the
anisotropic nature of our a-DNA-AuNP allows regioselective
functionalization of two different DNA strands, resulting in
localized quenching reactions. These a-DNA-AuNPs which are
easily synthesized in high yields and versatile to be functionalized
on both sides with different DNA sequences may find many
applications, such as building blocks for creating optically active
nanoassemblies®® or as chiral agents for precise and specific
trageting and response.”'
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