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The ability to regulate the kinetic behavior of DNA-based

nanosystems is required for emerging nanoparticle applications in

sensing, nanodevice assemblidgnd gene delivery DNA-based
methodology takes advantage of the tunable and programmabl
hybridization between DNA-capped nanomatertdést® This ap-
proach has allowed for the development of sensitive colorimetric

detection based on the optical and physical properties of assembled

nanoparticles, as well as detection based on their novel melting
disassembly propensify#~—° In addition, the scaffolding properties
of DNA can be used for the programmed construction of discrete
assembli€s’” and well-defined 2D arrays of nanoparticles with
nanometer precisiol:1* As these systems allow for more sophis-
ticated detection and increasingly complex bottom-up construction
a protocol for the regulation of their assembly kinetics would be
beneficial. This ability is especially important since single-stranded
DNA is known to form highly entropic secondary structures, and
its bases coordinate strongly to metal surfdéeghich may inhibit
assembly in complex systems.

Herein, we demonstrate the tunability of assembly kinetics for
DNA-capped nanoparticle systems by tailoring the conformational
changes of the surface-bound DNAWe used model systems of
gold nanoparticlesAu, 9.6+ 0.6 nm) complementary-capped with
either single-stranded (ss) or partially rigid double-stranded (ds)
designs, as illustrated in Scheme 1. Phewere encapsulated with
~50 ssDNA of typel (1 = 5-TAC TTC CAA TCC AAT-(T):s
C3He-SH-3) or type2 (2 = 5-ATT GGA TTG GAA GTA-(T)15
C3He-SH-3) forming 1-Au and 2-Au, respectively. In the first
assembly systensys-I), only ssDNA capping was used (i.&-Au
+ 2-Au). In system 2 gys-11), the identicall-Au and2-Au were
first partially hybridized at their poly-dT spacer segment with a 15
base poly-dA strand, forming a more rigid dsDNA cappind.bf
Au and 2*-Au (see Supporting Information). This hybridization
results in a conformational change from coiled ssDNA to partially

Scheme 1. An ldealized lllustration for the Self-Assembly of Gold
Nanoparticles with ssDNA Capping (sys-l) and Partially Rigid
dsDNA capping (sys-II)
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' is the basis for many colorimetric detection methd#i8Figure 1
shows a set of UM vis data forsys| (A) andsysll (B), measured
during assembly under identical conditions and concentrations.
Assembly is apparent in the UWis due to a red shift in SP band
position with band broadening (52900 nm) and the decrease in
extinction over time. Recently, electrodynamics simulations of the
optical properties for DNA-mediated assembly revealed major
contributions to the extinction spectra from the screenind\of
within the growing aggregate, an increasing scattering component
over time, and the requirement that aggregates contain a few
hundred individualAu to show changes similar to Figure*1n
the experimental system, the aggregation is also followed by
sedimentation at long assembly times. Bgs-I (Figure 1A), the
first hour of assembly reveals little observable changes to the SP
band (a, b). Over the course of8 h, the SP band undergoes a
small red shift in wavelength from 525 to 533 nm, with a noticeable
extinction decrease (c, €). These changesyarl are the result of
relatively inefficient hybridization betweelAu and2-Au and slow
aggregate growth.

In contrast, Figure 1B shows the enhanced-tiNé progression

rigid dsDNA, which causes the extension of the linker sequences for sys-l, which reveals two major differences frosys-I. First,
away from the particle interface, helping to overcome the assembly there is an immediate SP band red shiftt635 nm (a), followed

interfering effects of coiling and base coordination to t#e
interface!? A third system ¢ys-Ill) used an equal mixture of sSDNA
and dsDNA capping (not shown). The assemblgys-I andsys-

Il led to the well-documented growth of larger aggregates contain-

ing thousands of individually isolate&li.*® The melting properties
of these aggregates were characterfzemjealing melting temper-
atures Trm) of ~59 and~61 °C for sys-l andsys-Il, respectively

by a continued red shift and broadening afteh (b). Second, the
decrease in extinction at long reaction times proceeds at a much
higher rate (e-e). These optical changes suggest increased assembly
kinetics and larger aggregate sizessys-ll compared to those in
sys-l. To investigate aggregate size and morphology, Transmission
Electron Microscopy (TEM) results for samples from the corre-
sponding UV~vis spectra are also shown in Figure 1A,B. A trend

(see Supporting Information). These results provide evidence for of increasing aggregate size during assembly is clearly observed,

the DNA linkages betweerdu and suggest local differences
betweensys-l and sys-Il.

with aggregates fasys-1I showing larger morphologies for a given
assembly time. To probe the structural details of these aggregates

To investigate these differences, we monitored the self-assemblyin their native buffer environments, we utilized in situ Small-Angle

process in situ with the U¥visible spectrophotometry (UVvis)
method. U\~vis probes the surface plasmon (SP) resonance band
which is associated witAu and assemble8u nanostructures, and
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X-ray Scattering (SAXS) with synchrotron radiatifSAXS results
,revealed interparticle distances for the assembled aggregates of 11
12 nm after annealing at 5T, with sys-Il consistently showing
larger interparticle distances by ©6:%.0 nm oversys-l (see
Supporting Information).

10.1021/ja0654229 CCC: $33.50 © 2006 American Chemical Society
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Figure 1. Representative U¥vis and TEM results for the assembly in
sys-l (A) and sys-1l (B) measured at 10 (a), 60 (b), 180 (c), 350 (d), and
485 (e) min. (L-Au] = [2-Au] = 4.6 nM, [1*-Au] = [2*-Au] = 4.6 nM,

0.3 M PBS). (C) The kinetic plots fays-I () andsys-II (') as monitored
by UV—vis at 525 nm with Avrami fitting (dashed line). (D) DLS results
for uncappediu, 1-Au, and1*-Au.

To further assess the assembly processystl andsys-II, we

dsDNA 15-bp spacer segment, afgf is the end-to-end distance
for the remaining 15 base oligonucleotide. From this approximation,
we can expect @ increase of~3 nm for isolated nanopatrticles in
sys-ll versussys-I. To measure the actual changedjnve utilized
Dynamic Light Scattering (DLS). Figure 1D shows the DLS results
for isolated uncappediu, 1-Au, and 1*-Au, which revealed
hydrodynamic diameter valueBy) of ~10.1,~21.0, and~28.1

nm, respectively. These values correspondTma~5.5 and~9.0

nm for thel-Au (sys-l) and1*-Au (sys-Il). This~3.5 nm increase

in T for the isolated nanopatrticles is close to the estimated model,
and taken with the SAXS results, showing an increased interparticle
distance forsys-Il for the assembled aggregates, reinforces the
conclusion that the extension of linker segments from the interface
is responsible for more favorable assembly conditions.

In summary, we have illustrated the approach of utilizing the
conformational changes between a ssDNA and a partially dsDNA
DNA capping as a method toward tuning nanoparticle assembly
interactions. By increasing the rigidity of the DNA-capping
structure, we allowed for the extension of crucial linker segments
away from the nanoparticle interface, which facilitated enhanced
assembly kinetics. This approach can be generalized for more
sophisticated DNA-capped systems, which have potential use in
nanoconstruction by design.
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described them using Avrami law for nucleation and grotfth.
Assuming that the SP band at 525 nm is mainly attributed to the
individual particles and relatively small aggregates (few hundred
Au), an expression of Avrami law can be parametrized for the-UV
vis monitoring as Abs= Abseexp((t — to)/7)"), wheret is
assembly timet is reaction onset time; is the characteristic time
that depends on reaction rate and aggregate geometry iaritie
Avrami exponent that depends on the physical mechanism of

aggregate growth. While this description does not separate various

factors that influence extinction, as described above, it provides a
reasonable description of the observed effects. By fitting the kinetic
plots in Figure 1C, we determinadof 568 and 328 min and of

2.2 and 2.4 fosys| andsysll, respectively. The decreaseritfior
sys-1l is indicative of an increased assembly rate, while the
magnitude oh suggests a honconstant reaction rate, which can be
attributed to diffusion-limited growth and coalescence of the
growing aggregates. The magnitude ofvas influenced byAu
concentration as well as DNA surface density; however, the trend
in kinetics,sys-Il > sys-I, was always observed. It is interesting
to note thatsys-lll, which possessed a component of beys-I
andsys-ll (i.e., 1-Au + 2*-Au), showed an intermediateof 492

min (see Supporting Information).

We attribute the observed kinetic enhancemer-{old) to the
added rigidity of the DNA capping, which causes the extension of
linker sequences away from the interface. To model this effect,
we estimated the DNA-cappintpickness(T) for the particles in
each system (Scheme 1). Théor nanoparticles isys! (T1) was
modeled ag; = T:¢ ~ 6 nm, whereT ;€ is the end-to-end distance
of a 30 base random coil oligonucleotide as described by the worm-
like chain model3 The T for nanoparticles isys-1l was modeled
asT, = TR + T,° ~ 9 nm, whereTR is the length of the rigid

beamline at NSLS.

Supporting Information Available: Additional experimental de-
tails, melting analysis, HRTEM, U¥vis, DLS, and SAXS results. This
material is available free of charge via the Internet at http://pubs.acs.org.
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