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T
he ability to organize nano-objects
into well-defined architectures allows
for the functional exploitation and

harnessing of the unique properties of na-
nomaterials. In recent years, DNA has been
successfully used as a programmable
glue,1,2 scaffold,3,4 and selective and tun-
able mediator5-8 for the precise organiza-
tion of a variety of nanomaterials, including
gold and silver nanoparticles,9 quantum
dots10 and nanotubes11 in clusters,9,12 2D
arrays,3,4,13,14 and 3D superlattices.5-8 De-
spite this variety of assembly approaches,
the majority of the current strategies for
programmable DNA-based assembly on a
nano- and microscale15-17 rely on single-
stranded DNA (ssDNA) directed hybridiza-
tion. In brief, particles, for example gold
nanoparticles (AuNPs), are typically functio-
nalized with ssDNA, and specific Watson-
Crick base-pairing is used to direct the
binding of DNA-functionalized AuNPs to
complementary ssDNA from another parti-
cle or to DNA scaffold arrays. Respectively,
this allows for the formation of discrete
clusters, 3D aggregates, or particle position-
ing on 2D periodic arrays. The underlying
strategy of these nanoparticle organizations
relies on the use of single-stranded DNA,
either to connect particles or to be used as
an elemental block for building DNA scaf-
folds. This reflects the principal limitation of
these approaches, which require ssDNA as
an initial material for system fabrication.
On the other hand, the most common

and tailorable DNA material, double-
stranded DNA (dsDNA) has not been used
in nanotechnology to its full potential.
Genetically modifiable dsDNA, which can
be micrometers in length, can potentially
serve as a highly addressable, tunable
arbitrary template for particle positioning.
However, one of the unresolved problems
toward the application of dsDNA as a

template for assembly is the absence of reli-
able methods for by-design site-selective pla-
cement of nano-objects on a given duplex.
The sequence-selective pyrrole-imidazole
polyamides have been used to target dsDNA
ona2DDNAtile array andallow for theprecise
positioning of streptavidin along the array.
Polyamides sequence specifically bind the
minor groove of dsDNA; however, they are
limited in their sequence specificity and the
length of the DNA sequence they target.18

Here we present a strategy for site-selective
attachment of nanoparticles to dsDNA that
might allow for the arbitrary organization of
nano-objects. While recognition of ssDNA is
readily achieved based on the principles of
nucleic acid base-pairing, recognition of
dsDNA ismorechallenging.Our approachuses
a peptide nucleic acid (PNA)-DNA chimera to
addressably target dsDNA. PNA is a synthetic
mimic of DNA and RNA with a neutrally
charged backbone, and has been shown to
invadeduplexDNA sequence specifically.19-21

A PNA-DNA duplex is more stable than an
analogous DNA-DNA duplex due to the re-
duced electrostatic repulsion provided by the
neutral PNA backbone. Recently, several
groups have demonstrated the use of PNA
for fabrication of AuNP clusters,22-27 including
direct functionalizationofAuNPswithPNAand
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ABSTRACT We demonstrate a novel method for by-design placement of nano-objects along

double-stranded (ds) DNA. A molecular intercalator, designed as a peptide nucleic acid (PNA)-DNA

chimera, is able to invade dsDNA at the PNA-side due to the hybridization specificity between PNA

and one of the duplex strands. At the same time, the single-stranded (ss) DNA tail of the chimera,

allows for anchoring of nano-objects that have been functionalized with complementary ssDNA. The

developed method is applied for interparticle attachment and for the fabrication of particle clusters

using a dsDNA template. This method significantly broadens the molecular toolbox for constructing

nanoscale systems by including the most conventional not yet utilized DNA motif, double helix DNA.
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PNA-DNA chimeras, nonspecific absorption of PNA to
citrate-stabilized AuNPs, and the use of PNA as a linker
for DNA-functionalized AuNPs. However, each of these
methods relies on the single-stranded recognition of a
DNA strand by a PNA strand.
In our approach, the PNA region of a PNA-DNA

chimera (PNA-DNA-1) acts as a molecular intercalator

to “invade” dsDNA at sequence-specific locations. PNA
has long been used as a duplex invader in biological
applications, such as transcription regulation and fluor-
escence imaging for in situ hybridization assays.28,29 In
nano-assembly, duplex invasion by a PNA-DNA chi-
mera permits the subsequent attachment of nano-
objects or macromolecules at this location due to its
recognition to the DNA side of the chimera. The
utilization of PNA invasion offers a powerful way to
organize nanoparticles using dsDNA templates and
provides novel means for building nanoscale architec-
tures. As a proof of concept, we investigated two
scenarios that are applicable to a broad range of
DNA-based nanofabrication approaches: (i) particle-
particle assembly mediated by a PNA-DNA chimera,
and (ii) positioning of particles on a dsDNA template
using a PNA-DNA chimera.

RESULTS AND DISCUSSION

Our strategy for PNA-directed particle-particle as-
sembly, depicted in Figure 1, uses a 10 base PNA and15
base DNA (PNA-DNA-1) chimera (see Methods
section) to direct the formation of aggregates of DNA
functionalized AuNPs. Gold nanoparticles, 10 nm in dia-
meter, were functionalized with two types of non-
complementary ssDNA, A and B (A-AuNPs and B-AuNPs),
respectively (sequences shown in the Methods
section). Assembly of noncomplementary particles is
carried out in a stepwise fashion: a 26 bp duplex is
formed between A-DNA strands on a particle and
complementary A0-DNA (Figure 1), followed by the
invasion of the terminal 10 base pairs of the duplex
by the PNA tale of PNA-DNA-1 (Figure 1), where the
PNA binds to the A0-DNA strand. Finally, B-AuNPs are
hybridized to the 15 base DNA side of PNA-DNA-1
(Figure 1). At each assembly step, the DNA and PNA

Figure 1. Schematic of noncomplementary particle-parti-
cle assembly. (i) A0-DNA hybridizes to the surface of A-DNA
functionalized 10 nm AuNPs. Unhybridized A0-DNA is re-
moved by centrifugation. (ii) PNA-DNA-1 is added and
invades the duplex on the particle surface. (iii) Finally,
B-AuNP is mixed with the A-AuNPs bearing bound
PNA-DNA-1 on their surface, and nanoparticle aggregates
are formed through the base-pair hybridization of B-AuNP
with the 15 base DNA section of PNA-DNA-1.

Figure 2. UV melting profiles (heating ramps) of DNA and PNA-DNA components for nanoparticle assembly. The
concentration of each strand was 1 μM, and samples were prepared in 0.1 M sodium chloride, 10 mM sodium phosphate
buffer, pH 7.0. The Tm values for the different components were determined from the first derivative of themelting curve and
are indicated in the figure legend.
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modified samples were collected by centrifugation.
The specific amounts for each component and specific
hybridization times are discussed in theMethods section.
In this process, a quaternary complex is formed between
the A-DNA sequences on the A-AuNPs, the complemen-
tary A0-DNA, the PNA-DNA-1 chimera, and the B-AuNPs.
Prior to examining PNA-invasion of duplex DNA for

directed nanoparticle assembly, we studied the ther-
mal stability of the components of the quaternary
complex formed by UV-vis spectroscopy. Samples
containing equimolar amounts of PNA-DNA-1 and
complementary oligonucleotides at 1 μM strand con-
centration each were prepared in 0.1 M sodium chlor-
ide, 10 mM sodium phosphate buffer, and their UV-
absorption at 260 nmwasmonitored for both a cooling
and heating ramp. The 26 bp duplex formed by A-A0

DNA duplex, which contains the 10 base PNA recogni-
tion site, dissociates at a melting temperature (Tm) of
66 �C, and the binding of PNA-DNA-1 to this duplex
results in destabilization characterized by an 11 �C
decrease in Tm (Figure 2). However, the shape of the
melting curve indicates that invasion by PNA-DNA-1
does not significantly disrupt the duplex structure.
Figure 2 also shows the melting profile of PNA-DNA-
1 with the single-stranded 26 base DNA oligonucleo-
tide (A0-DNA) containing the 10 base PNA binding site.
The recognition site is A-T rich and as a result the
melting transition, with an average Tm = 37 �C, is broad
compared to that of the invasion complex. The 15 base
duplex formed between B-DNA and the 15 base DNA
complement of PNA-DNA-1 dissociates at Tm = 49 �C,
which should allow for the formation of stable nano-
particle assemblies at room temperature.
The aggregate structures formed by PNA-directed

assembly of noncomplementary AuNPs were studied
by transmission electron microscopy (TEM) and dy-
namic light scattering (DLS) without any further pur-
ification. Figure 3A shows a typical TEM micrograph,
illustrating the formation of nanoparticle clusters. A
representative statistical analysis based on TEM ob-
servations (Figure 3B) revealed that∼80% of nanopar-
ticles were assembled into larger aggregates (Figure 3D)
containing from tens to hundreds of nanoparticles. Con-
trol experiments, where PNA-DNA-1 was not added,
clearly show no clustering behavior and only isolated
particles were observed by TEM (Figure 3C). This conclu-
sion is strongly supported by dynamic light scattering
measurements. DLS profiles (Figure 3E), determined in
the terms of the volume-averaged hydrodynamic dia-
meter (Dh) population, exhibit successful cluster forma-
tion for chimera-mediated assembly, whereas control
samples that do not have chimera present remain as
separated particles. The sample assembled via the PNA
invasion approach demonstrates a population with Dh

ranging from 100 to about 500 nm, suggesting the
existence of the larger-scale aggregates. Moreover, a
statistical analysis based on the DLS profile reveals a

yield of 83% of assembled aggregates, agreeing well
with our TEM conclusions. The control sample shows a
single population at Dh ≈ 25 nm, similar to the DNA-
functionalized AuNPs (see Supporting Information,
Figure S1). Similar results were obtained for systems
in which PNA-DNA-2, which has a shorter 10 bp DNA
recognition sequence, was used for assembly at 4 �C.
(see Supporting Information, Figure S2).
The results of TEM and DLS characterization reveal

that the PNA-DNA chimeras successfully mediate the
assembly of mesoscale aggregates containing up to
hundreds of nanoparticles per cluster. The range of
aggregate sizes can be attributed to a limited number of
chimeras that successfully invade thedsDNA. To examine
the binding efficiency of PNA-DNA-1 to A-AuNPs we

Figure 3. Assembly of noncomplementray gold particles
via PNA invasion on AuNP surface. (A) Representative low-
magnification TEMmicrograph. (B) High magnification TEM
micrograph of the same sample depicted in panel A of
assembled aggregates. (C) TEM micrograph of the control
sample, in which no PNA-DNA chimera is added. (D)
Statistical analysis of the TEM micrograph. The result sug-
gests that∼80% of particles are assembled into aggregates
(n = 1401 particles). (E) DLS measurements of Dh

(hydrodynamic diameter) of single particles (control, black)
and assembled aggregates (red). The quantitative analysis
of the DLS curve reveals that ∼82% of the particles have
been assembled into aggregates.
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performed steps similar to the method outlined in
Figure 1, except that a DNA with a fluorescent dye, Cy3,
(Cy3-DNA-B) was added instead of B-AuNPs. Hybridized
Cy3-DNA-B, bound to theAunanoparticles, was removed
by centrifugation, and thedecrease influorescenceof the
supernatant was used to determine that approximately 2
to 3 PNA-DNA chimeras bind per nanoparticle (Figure
4), which is consistent with the abundance of smaller
clusters compared to macroscopic aggregates observed
in TEM images and DLS data. PNA recognition of duplex
DNA requires sufficient free energy for invasion, and
has been limited to purine and pyrimidine-rich targets.
Successful invasion of mixed DNA sequences has been
demonstrated, but often requires modifications of the
PNA backbone.30 Here, the PNA-DNA chimeras invade
at the terminus of the duplexes packed on the particle
surface. The geometrical constrains of the surface com-
pared to free molecules in solution impose barriers for
base-pairing. Particularly, we observed the efficiency of
A0-DNA hybridization to A-DNA attached to AuNP to be
about 26% (∼ 13 DNA per particle). This indicates that a
relatively dense packing of ssDNA on particle surface,∼6
nm2 per strand, causes an entropic penalty for penetra-
tion of complementary strands and their hybridization.
The geometrical constraints are further increased when
double helixes are formed due to the tighter packing.
Therefore, it is remarkable that the PNA invasion process
is not significantly affected, and its efficiency is similar to
that of complementary A0-DNA strands, ∼20%.
Duplex DNA structures formed between target DNA

and DNA-functionalized AuNPs typically exhibit sharp
melting profiles and increased melting temperatures in
aggregate assemblies compared to those observed for

single complementary DNA strands.31 The melting pro-
cess, probed byUV-vis spectroscopy, for a 1μMsolution
of a 15 bp DNA duplex formed between PNA-DNA-1
and single-stranded B-DNA shows a broad melting pro-
file, and the duplex melts with a Tm= 49 �C (Figure 2 and
Supporting Information, Figure S3A). Temperature de-
pendent DLS was used to determine the melting transi-
tion of the PNA-directed aggregate assemblies (Support-
ing Information, Figure S3B). Here, the concentration of
DNA is 200-fold less than in UV-vismelting experiments.
The melting transition of the nanoparticle-linked 15 bp
DNA duplex occurs at a similar temperature (Tm= 45 �C)
and is in agreementwith that obtained for the 15bpDNA
duplex formed between the DNA of the chimera and
complementary B-DNA, and themeltingprofile is sharper
than that observed for theduplex in the absenceof nano-
particles,which is due to thehybridization cooperativity.32

The comparative UV-vis and DLS melting transitions
further support the formation of PNA-directed particle-
particle assembly.
To achieve the by-design placement of nano-objects

on double-stranded DNA, we used the discussed PNA
invasion strategy to assemble AuNPs along a 200 bp
DNA template (Figure 5). A 200 bp duplex was designed

Figure 4. Determination of the invasion efficiency of
PNA-DNA-1 on A-AuNP surface. (A) Schematic of method
used to determine invasion efficiency. (B) Fluorescence
spectra of the supernatant of A-AuNP bound PNA-DNA-1
tagged with Cy3-B-DNA (open circles) and the supernatant
of the control sample (without PNA invasion, black). The
number of PNA invasion on A-AuNPs is determined by
subtracting the fluorescence intensity of A-AuNPs from the
control. The inset figure in panel B is the standard fluores-
cence curve as a function of Cy3-B-DNA concentration.

Figure 5. PNA-directed AuNP assembly along a 200 bp
dsDNA template. (i) Complementary 200baseDNA sequences
are annealed to form a duplex. The DNA duplex has three
identical anchoring positions which contain recognition sites
for the 10 base PNA of PNA-DNA-1. (ii) Subsequently,
PNA-DNA-1 is added, and invasion allows for the binding of
up to three chimeras. (iii) B-AuNPs functionalized with the
DNA sequence that is complementary to the 15 base DNA
region of PNA-DNA-1 are introduced. Nanoparticle trimers
can thus be ideally assembled along the dsDNA template.
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with three identical PNA binding sites consisting of
10 base pairs, located at positions 28-37, 96-105, and
164-173 along the duplex (sequence in the Methods
section). The 200 bp duplex was formed through
hybridization of two complementary 200 bp ssDNA
fragments (200 bp ssDNA A and A0). Gel electrophoresis
confirmed complete hybridizationof the complementary
ssDNA into a duplex structure (Supporting Information,
Figure S4). In contrast to the previous experiment, the
PNA binding sites are not at the termini of the duplex
(located at 27 base pairs,∼10 nm, from both ends), but
rather evenly spaced throughout the duplex (58 base
pair separation, ∼20 nm spacing in between adjacent
binding sites), assuring sufficient space for attaching
three 10-nm AuNPs. The chimera's PNA end invades the
duplex at the designated positions along the 200 bp
sequence, while the chimera's DNA terminus sub-
sequentlyprovides three anchoringpositions for B-AuNPs.
Thus, ideally, nanoparticle trimers should be assembled
along the dsDNA duplex (Figure 5).
Representative TEM micrographs, shown in Figure

6A, reveal that the structures formed contain a mixture
of isolated particles, dimers, trimers, and a small frac-
tion of larger clusters. A statistical analysis based on
TEM imaging (Figure 6C) provides assembly yields for
formed structures: (i) 23% trimers corresponding to
ideally assembled structures, (ii) 24% dimers that re-
present a population of dsDNA which reacted only
with two chimeras and/or two particles, (iii) 21% larger
clusters (4-10 particles) which are likely formed due to
the cross-linking of particles reacting with more than
one chimera on different dsDNA, and (iv) 32% single
nanoparticles, a fraction of them which might be
attached to dsDNA that cannot be visualized on the
TEM image. Moreover, more detailed evaluation of
trimer clusters reveals all three types of possible con-
figurations of trimers, formed by particles attached to
the 200 bp dsDNA laying on a flat surface: (a) straight
line, (b) triangle, and (c) “L-shaped” (Figure 6B). DLS
measurements obtained from the solutions containing
the assembled structures corroborate the formation of
nanoparticle clusters by PNA invasion, as shown in
Figure 6D. As expected, PNA invasion does not occur
when the 200 bp duplex is incubated with PNA-DNA-
1 for 12 h at room temperature (Figure S5 in Support-
ing Information). Invasion of the mixed base 10-mer
PNA-DNA chimera requires heating at 50 �C for 12 h
and subsequent cooling to room temperature. The
melting temperature of the 200 bp duplex is 77 �C
(data not shown), and heating to 50 �C allows the
duplex to breathe, thereby facilitating invasion. In
addition, we conducted “invasion” experiments with
a 200% excess of the nonbinding 200 base DNA strand.
This ensured that all of the target binding sites were in
their duplexed form. DLS and TEM analyses showed
agreement with the results shown in Figure 6 (Figures
S6 and S7 in Supporting Information).

Analysis of the DLS results demonstrates a yield of
63% nanoparticle clusters, which is consistent with our
TEM analysis (68% in total for dimers, trimers, and
larger clusters). This indicates the higher efficiency of
PNA binding to an isolated duplex compared to the
duplexes on a particle, which may be due to the
reduced steric constraints. The 23% yield of trimer
formation via dsDNA template decorated with
PNA-DNA chimeras agrees well with theoretically
predicted ∼20% yield for scaffold-induced particle
clustering in the regime of irreversible binding.33

Figure 6. Assembly of nanoclusters based on PNA invasion
of 200 bp dsDNA. (A) Representative TEM micrograph of
assembled nanoclusters along a 200 bp dsDNA. The red
circles indicate the assembled trimers. The insert is a high-
magnification TEM image of assembled trimers. (B) Three
possible configurations of assembled trimers along the
dsDNA template on a flat surface (top, schematic; bottom,
TEM images). (C) Statistical analysis based on panel A,
suggesting ∼24% dimers, ∼23% trimers, and ∼21% larger
clusters assembled (n = 1363 particles). (D) DLS measure-
ments of Dh of single particles (control, black) and as-
sembled clusters (red). The quantitative analysis of the DLS
curve reveals that ∼63% of particles have been assembled
into clusters.
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To further confirm that the observed nanoparticle as-
sembly along the 200 bp dsDNA scaffold was caused by
PNA invasion of the DNA duplex, a series of control experi-
ments were performed. As expected, samples that do not
contain thePNA-DNAchimera fail to formnanoclusters, as
was shownbyTEM(Supporting Information, FigureS8A). In
addition, when the recognition sites are not present, nano-
clusters do not form and only single particles are observed
by TEM (Supporting Information, Figure S8B). However,
samples that contain amixture of single-stranded 200base
DNA oligonucleotides (with the PNA recognition site),
PNA-DNA-1 and the B-AuNPs formed nanoclusters (Sup-
porting Information, Figure S8C). Here no invasion is
required and the PNA readily hybridizes to its recognition
site. By comparison, TEM indicates similar assembly mor-
phology for the ssDNA and the dsDNA templates.
In order to determine the specificity of PNA invasion

for nanocluster assembly along a dsDNA template, we
examined the effect of mismatches along the PNA
binding site of the duplex in the systems formed with
200%excessof thenonbindingDNAstrand.We introduced
0, 1, or 5 mismatches (MM) in the central recognition
region spanning bases 96-105 (seeMethods section for
specific sequences). Using TEM analysis, we observed a
decrease in the amount of trimers and higher order
nanoclusters and an increase in the amount of dimers
by about 15%, as the number of mismatches increased
from 1 to 5 (Figure 7A and Figure S7). DLSmeasurements
further supported this conclusion, bydemonstrationof a

nearly 3-fold decrease in the hydrodynamic diameter of
the population containing particle clusters (dimers, tri-
mers, and higher order), which signify an enhanced yield
of dimer formation. At the same time, the fraction of
particlemonomers for experiments withmutated 200 bp
duplexes remained the same as that observed for un-
mutated DNA templates (Figure 7B and Figure S7), thus,
indicating that mismatches affect redistribution only in
the populations of clusters. These experiments with the
mutated 200 bp template confirmed that PNA invasion
occurs sequence specifically, and the presence of mis-
matches in the middle binding site created a significant
barrier for invasion at this location, thus, resulting inmore
favorable dimer formation.
In summary, we have demonstrated a new strategy

for the assembly of DNA functionalized nanoparticles
mediated by the sequence-specific “invasion” of
dsDNA duplexes by PNAs. We experimentally demon-
strated that this method can be used to direct both
particle-particle assembly and by-design placement
of nano-objects on dsDNA. We believe that our ap-
proach will allow for inclusion of the most regular,
stable, readily available and broadlymodifiable form of
DNA in nanotechnology constructs. Future developments
might provide assembly opportunities for the fabrication
of diverse nanoarchitectures based on stable DNA du-
plexes. PNA modifications to improve invasion efficiency
and thereof localization of nanoparticles along additional
dsDNA templates are currently underway.

METHODS
Materials. DNA oligonucleotides were purchased from Inte-

grated DNA Technologies, Inc. (www.idtdna.com) as lyophilized
powders. Unmodified and thoilated oligonucleotides were

purified by gel filtration chromatography. Sequences for the
DNA strands were

A-DNA: 50-HS-T15-ACG TCA GAT GTA GAA GGC GTG GAG
CTA ATA ACA AT-3

Figure 7. Assembly of nanoclusters based on PNA invasion of 200 bp dsDNA with 0, 1, or 5 mistmatches (MM) in the middle
binding site bases 96-105. (A) Analysis of assembled nanoclusters using TEM statistical analysis (representative TEM
micrographFigure S7A). As the number ofmismatches increases, thepercentageof single particles present remains the same,
whereas the percentage of dimers increases and the percentage of trimers decreases. (B) Analysis of assembled clusters using
DLS. As the number of mismatches increases, the population of single particles remains the same with an average
hydrodynamic radius (Dh)∼25 nm. However, as the number of mismatches increases from 1 to 5, the Dh of the higher order
nanocluster population decreases (representative DLS graphs are shown in Figure S7B).
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A0-DNA: 50-ATT GTT ATT AGC TCC ACG CCT TCT AC-30

B-DNA: 50-HS-T15-TTC AGA AGA GAT GTG-30

200 bp ssDNA A: 50-TCC GCA AGC TGG CCC TCA CTT CAA
CGC ATT ATT GTT AAT CTT CCA ATG GGC CAC CTA CCG TAG
ACA CGG ACT CTC TAC GCG TTA TGC CTC AGC ATA TTA TTG
TTA CTGCGGGACATA CGA TAGAGC TTTGCT AAAATAAGT
CCC TGC CTT TCC ACC AAT AGA AAT TAT TGT TAC GTA GCC
AAT CGA CGT ATT TGG TAC GT-30

200 bp ssDNA A0 : 50-ACG TAC CAA ATA CGT CGA TTG GCT
ACGTAACAA TAATTT CTA TTGGTGGAAAGGCAGGGACTT
ATT TTA GCA AAG CTC TAT CGT ATG TCC CGC AGT AAC AAT
AAT ATG CTG AGG CAT AAC GCG TAG AGA GTC CGT GTC
TAC GGT AGG TGG CCC ATT GGA AGA TTA ACA ATA ATG
CGT TGA AGT GAG GGC CAG CTT GCG GA-30

Three PNA binding positions for all sequences are underlined.

PNA-DNA chimera's were synthesized and purchased from
Bio-Synthesis Inc. as lyophilized powders. The chimeras were
purified by HPLC. Sequences for the chimeras were

PNA-DNA-1: 50-TAA TAA CAA T-linker-T15-CAC ATC TCT
TCT GAA-30

The PNA is underlined and is written fromN-C and the DNA
is written from 50-30 . The linker is

cysteine-SMCC-C6 amino
MM 1: ATTATTATTA (corresponding to bases 96-105, mis-
match shown in bold)
MM 5: ATTCGGACTA (corresponding to bases 96-105, mis-
matches shown in bold)

Au Nanoparticle Synthesis. Au nanoparticles of 10-nm were
synthesized through a classic citrate reduction method with
slight modifications. Briefly, 1 mMHAuCl4 aqueous solution was
first heated to boil for 20-30 min. Subsequently, 10 mL of
trisodium citrate solution with a concentration of 38 mM was
added to the above solution. The reaction was allowed to react
until the initial color changed to red, andwas then quenched by
deionized water. After cooling to room temperature, the Au
nanoparticle solution was stored in a glass bottle at ambient
conditions for further functionalization with DNA. The particle
size was examined by DLS and TEM and the concentration was
determined through UV-vis absorption at λ = 519 nm with an
extinction coefficient of 1.0 � 108 L 3mole-1

3 cm
-1.

UV-Visible Melting. Concentrations for DNA strands and the
PNA-DNA chimera were determined by UV absorbance at 260
nm using a Perkin-Elmer Lamda 35 UV-vis spectrometer. For
UV melting experiments, 1 μM of each strand was mixed and
UV-vis absorbance at 260 nm was recorded at the rate of 1 �C/
min for both the heating and cooling runs. Melting tempera-
tures (Tm) were determined by taking the first derivative of the
absorbance versus temperature profile.

Functionalization of Au Nanoparticles. Before DNA loading, the
thiol functionality was deprotected by the addition of 0.1 M
dithiothretol (DTT) for at least 2 h on ice (typically, 10-11 OD of
concentrated DNA; 200 μL of DTT). The deprotected DNA solutions
were purified using desalting NAP-5 columns (Sephadex G-25,
AmershamBiosciences). Au nanoparticleswere functionalizedwith
deprotected thiol-oligonucleotides followingmethods for high DNA
coverage reported byMirkin and co-workers. In a typical experiment
with 10 nm gold nanoparticles, an aliquot (1-50 μL) of a purified
DNA 50-300 μM solution was added to a 1 mL aliquot of gold
particles (10-30 nM). The ssDNA and particle solutions were incub-
ated at room temperature in a nonbuffered solution for at least 3 h
before addingphosphate buffer to bring its concentration to 10mM
(pH = 7.4). The solutionwas left to anneal at 25 �C for 4 h before the
additionofNaCl (0.025M). Thesalt concentrationwas then increased
gradually from0.025 to0.3MNaCl over 24h, and left to anneal for an
additional 24hat 0.3M. TheexcessDNAnextwas removed from the
solutions by centrifugation for 30 min at 4500g (3�).

PNA-Directed Assembly of Aggregates. The molar concentration
of AuNP probes was measured by UV-vis spectroscopy (molar
extinction coefficient 1.0� 108M-1 cm-1 at 524 nm). A 15 nM (50
uL) solution of AuNPs functionalized with A-DNA strands was
mixedwith a 60-fold excess of A0 cDNA (900 nM). The solutionwas
heated to 65 �C for 10 min and cooled to room temperature.
Unhybridized A0-DNA was removed by centrifugation. A 60-fold
excess of PNA-DNA chimera (900 nM) was added, and the
solution was heated to 50 �C for 10 min and cooled to room

temperature. Unbound PNAwas removed by centrifugation. Here
the PNA recognition site is on the A0-DNA strand. The PNA-DNA
chimera will only bind to hybridized A0-DNA. An equal molar ratio
of B-AuNPs (15nM)/A-AuNPswas added. The solutionwasallowed
to sit overnight at room temperature. The samples were analyzed
without further purification.

PNA-Directed Assembly of Nanoparticle Trimers. Equal molar con-
centration of 200 bp DNA A and its complementary strand, 200
bp DNA A0 , were first mixed in 0.1 M PBS and annealed for
hybridization at 80 �C for overnight. Subsequently a 3-fold
excess of PNA-DNA chimera was added and the solution was
allowed to anneal at 50 �C for overnight. A 3-fold excess of
B-AuNPs to the dsDNA in 0.1 M PBS was then added to the
above solution and heated to 65 �C for 10 min and then cooled
to room temperature for overnight. The nanoclusters were
characterized without further purification.

Three control experiments were performed under the same
condition to the above experiment except that (1) no PNA-D-
NA chimera was added, (2) no 200 bp DNA Awas added, and (3)
no 200 bp DNA A0 was added, respectively.

Characterization of Aggregates and Trimers. Dynamic Light Scat-
tering (DLS). DLS measurements were performed on a Malvern
Zetasizer ZS instrument. The instrument is equipped with a 633
nm laser source and a backscattering detector at 173�.

Transmission Electron Microscopy (TEM). TEM micrographs
of DNA-functionalized Au NPs and assembled aggregates and
nanoclusters were collected using a JEOL 1300 transmission
electron microscope operated at 120 kV. Samples were pre-
pared by placing a droplet of the aqueous solution onto a 400-
mesh carbon-coated copper grid, followed by drying at room
temperature for overnight before imaging.

Temperature-Dependent DLS. DLS measurements were re-
corded for aggregate samples at a rate of 1 �C/min, with
measurements taken every 4 �C. Prior to measurement record-
ing samples were equilibrated for 5 min. Melting temperatures
(Tm) were determined by taking the first derivative of the
absorbance vs temperature profile.

Quantitation of Hybridized PNA-DNA Chimeras. To determine the
number of hybridized PNA-DNA chimeras, which were partially
complementary to nanoparticle-hybridized A0-DNA oligonucleo-
tides, a 15 nM (50 uL) solution of AuNPs functionalizedwith A-DNA
strands wasmixed with a 60-fold excess of A0 cDNA (900 nM). The
solution was heated to 65 �C for 10 min and cooled to room
temperature. Unhybridized A0-DNA was removed by centrifuga-
tion. A 60-fold excess of PNA-DNA chimera (900 nM) was added,
and the solution was heated to 50 �C for 10 min and cooled to
room temperature. UnboundPNAwas removedby centrifugation.
Here the PNA recognition site is on the A0-DNA strand. The
PNA-DNA chimera will only bind to hybridized A0-DNA. A 60-fold
excess of Cy3-B-DNAwas added and allowed to hybridize at room
temperature overnight. The samples were centrifuged to remove
unbound Cy3-B-DNA, and the fluorescence of the supernantant
was analyzed using a Varian fluorimeter.
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