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[. Introduction

Learning how to control the formation and two- and
three-dimensional assembly of molecular scale build-
ing blocks into well-defined meso- and macroscopic
structures is the essence of nanotechnology and
materials chemistry. DNA is arguably one of the most
programmable “assemblers” available to the syn-
thetic chemist and materials scientist, yet until
recently, it has been an underutilized synthon in
materials chemistry. The purpose of this review is
to summarize advances made involving new strate-
gies that rely on the use of both naturally occurring
DNA and synthetic oligonucleotides to assemble
nanoscale nonbiological building blocks into extended
meso- and macroscopic structures. Although early in
their development, some of these strategies already
have been shown to be useful in generating novel
nanostructured materials,’™* arranging inorganic
nanoparticles into “anatural” configurations,>® un-
derstanding interparticle electronic interactions,®
templating the growth of nanocircuitry,” and devel-
oping a promising new detection technology for
DNA.8?9

There are two basic types of building blocks that
are applicable to a variety of assembly schemes:
molecules with synthetically programmed recognition
sites or bits of matter with nanoscale dimensions and
well-defined surface chemistries. The latter type of
building block is often referred to as a “nanoparticle”
or “nanocrystal”’. Assembly of such building blocks
into extended, well-defined structures can provide a
variety of functional materials with applications
including ultrasmall electronic devices,'° 13 spectro-
scopic enhancers,'5 high-density information stor-
age media,'®'” and highly sensitive and selective
chemical detectors.?%8 The assembly of nanoparticle
and molecular building blocks into functional struc-
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tures has been accomplished through both physical
and chemical methods.'® Physical methods include
the use of scanning probe microscopy,?°~%? electro-
phoretic strategies,?®?* LB films,?>2¢ or template-
driven sedimentation®” to position particles in a
preconceived fashion within a matrix or on a sub-
strate. Although effective for preparing certain types
of nanoscale architectures, many of these physical
methods are limited because they are often slow and
do not lend themselves to preparing designed nano-
structured architectures that canvas macroscopic
dimensions. Chemical methods include ordering par-
ticles based upon interparticle electrostatic inter-
actions,?87%0 covalent assembly,31-32 template recogni-
tion,%334 template recognition with subsequent cova-
lent cross-linking reactions,35% crystallization based
upon weak intermolecular interactions,®” ! or linking
reactions involving designed organic or biological
recognition sites.»244? The advantages of chemical
methods are that building block linking processes can
occur in a massively parallel fashion and in some
cases possess self-annealing or correcting properties.
This makes them particularly attractive for con-
structing two- and three-dimensional structures on
a faster time scale. The disadvantage is that at
present chemical methods, when compared with some
of the aforementioned physical deposition methods,
are difficult to control.

Recently, there has been substantial interest in
utilizing biomolecules to direct the formation of
extended meso- and macroscopic architectures.*344
The advantage of using biomolecules is that molec-
ular recognition is already built into the building
block of interest (e.g., peptides, oligonucleotides, and
proteins). In some cases, synthetic versions of the
biomolecules are readily available and easily adapt-
able to both inorganic and organic building blocks
and substrates.*®

This review examines the use of one class of these
biomolecules, DNA, to organize nanometer-sized
structures into preconceived extended, functional
structures and materials. It is divided into three
categories; the use of (1) oligonucleotides (single-
stranded DNA) to prepare meso- and macroscopic
organic structures, (2) duplex DNA as a physical
template for growing inorganic wires and organizing
nonbiological building blocks into extended hybrid
materials, and (3) oligonucleotide functionalized nano-
particles and sequence-specific hybridization reac-
tions for organizing such particles into periodic,
functional structures.
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ll. Meso- and Macroscopic Organic Structures
from DNA

Advances in oligonucleotide synthesis and subse-
guent modification have paved the way for the use
of DNA as a tool in materials applications.*®> DNA’s
unique molecular recognition properties and scaffold-
like structure, combined with the straightforward
preparatory methods for modifying DNA, provide
many opportunities for the construction of meso- and
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macroscopic periodic arrays from both inorganic and
organic building blocks.

Seeman and co-workers were the first to exploit
DNA's molecular recognition properties to design
complex mesoscopic structures based solely on
DNA.4446 Their first entry into this area was the
preparation of branched junctions that serve as
building blocks for more complex two- and three-
dimensional DNA structures, Scheme 1. These junc-
tions are stable analogues to Holliday junctions,
which are transient branched DNA intermediates
observed in DNA replication.*” Three- and four-arm
branched junctions have been prepared through
appropriate sequence design, hybridization condi-
tions, and annealing procedures.*®*° Five- and six-
arm branched junctions also have been realized,
although these structures require longer DNA “arms”
because of increased instability at their vertices.*° By
placing single-stranded “sticky ends” on the arms of
these branched DNA building blocks (Scheme 1),
more complex two- and three-dimensional DNA
structures can be prepared. In these structures, the
edges are comprised of double-stranded DNA while
the vertices are formed by the junctions. One of the
first and most elementary structures to be synthe-
sized in this manner was a DNA quadrilateral based
on the assembly of four complementary three-arm
branched junctions through the association of se-
quence-specific sticky ends, Scheme 2.5! Once these
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structures are formed, DNA ligase® can be used to
covalently link the “nicks” in the DNA within these
structures, providing a more rigid scaffolding mate-
rial. It is important to note that since these structures
possess flexible junctions,*® the geometric assignment
relies on topology and not actual geometry. In prin-
ciple, by controlling the number of “arms” in a given
branched DNA structure, the connectivities of more
complex DNA structures can be controlled. However,
thus far it has proven very difficult to synthesize
more complex three-dimensional structures in solu-
tion because of low yields (e.g., 15% for the quadri-
lateral). For example, although a DNA hexacatenane
with the connectivity of a cube has been prepared, it
was isolated in only ~1% yield.53

Seeman and co-workers recently developed a solid-
support methodology for preparing DNA materials
to help overcome the problems (i.e., low yield, puri-
fication) associated with their solution-based meth-
0ds.5* With this approach, the yields were signifi-
cantly increased and more complex structures that
could not be synthesized in solution became acces-
sible. One example is the construction of a DNA
truncated octahedron containing 2550 nucleotides
with an estimated molecular weight of 790 kDa.>® By
comparison, the DNA cube, which was the most
complex structure synthesized in solution, contains
540 nucleotides. The reader is referred to a recent
review by Seeman for further details on the design,
synthesis, and characterization of these fascinating
materials.5®

These initial structures demonstrated that the
molecular recognition properties of DNA, in conjunc-
tion with enzymatic ligation, could be used to con-
struct complex structures based on DNA. However,
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one of the main drawbacks of this strategy is the lack
of rigidity at the vertices of the resulting structures,
which is a consequence of the branched DNA building
blocks used in their preparation. This limits the
potential use of these materials as physical templates
for organizing other materials (i.e., proteins, nano-
scale inorganic and organic building blocks) into well-
defined, three-dimensional structures. In addition, it
is very difficult to characterize these materials which
are comprised solely of DNA; to date characterization
methods have involved extensive use of restriction
enzymes, ligation, and gel electrophoresis.*® Never-
theless, this work is an impressive demonstration of
the synthetic control possible through the use of
oligonucleotide synthons and the relatively simple
base-pairing rules that govern the hybridization
properties of DNA.

To overcome the problem of DNA flexibility, See-
man and co-workers have recently employed DNA
double-crossover molecules (referred to as DX mol-
ecules by Seeman) as building blocks®”%® for the
assembly of two-dimensional DNA crystals, Scheme
3.59 DX molecules are branched DNA molecules that
contain two crossover sites between helical domains.
Two classes of these molecules have been prepared
and are distinguished by the relative orientations of
the oligonucleotide strands that comprise them.5".58
The two classes of molecules are referred to as
“parallel” (DP) and “antiparallel” (DA). In this review,
the focus will be solely on the DA class of DX
molecules because of their superior mechanical prop-
erties.®® The two DA molecules discussed herein are
referred to as “DAE” and “DAO” molecules and differ
by the number of DNA strands per complex and the
number of helical turns between the two crossover
points. The “DAE” molecules possess an even (E)
number of half-turns between the crossover points,
while the “DAO” molecules possess an odd (O)
number of half-turns. As shown in Scheme 3B, the
“DAE” molecules are prepared from five strands of
DNA and possess one full turn of DNA between the
crossover points (circled in Scheme 3B). The “DAO”
molecules are constructed from only four strands of
DNA and possess one and a half full turns of DNA
between the crossover points. Unlike the very flexible
branched junctions discussed previously, both the
DAE and DAO branched DNA building blocks have
a rigidity comparable to linear duplex DNA,%8 which
makes them ideal building blocks for the construction
of DNA-based materials with identifiable and ration-
ally designable structures. In addition, using gel
electrophoresis, the researchers have shown that
>95% of the DX material generated appears in a
single band. By using two DAE (or DAO, not shown
here) molecules (A and B) with complementary
“sticky ends” at the four edges of these structures,
which are synthetically programmed to form a two-
dimensional lattice (note “slipped” design in Scheme
3A), two-dimensional periodic arrays of DNA as large
as 2 x 8 um were formed and characterized by atomic
force microscopy (AFM).%® By using a “reporter” DAE
molecule (B') containing a hairpin sequence that
could be imaged by AFM, the periodicities of the two-
dimensional lattices were determined by measuring
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the distance between the “stripes” located within the
lattice, which represent the hairpin structures, Scheme
3 and Figure 1. The periodicity of the two-dimen-
sional lattices that were imaged (33 £ 3 nm) cor-
related very well with the calculated periodicity (32
nm) based on the length of the DAE building blocks;
this provided the first structural evidence for DNA
rigidity within DNA assemblies. Importantly, lattice
periodicity in these structures could be controlled by
using four DX units instead of two. By using a
reporter hairpin DX molecule (vide supra) in every
fourth unit instead of every second unit (four differ-
ent building blocks are used instead of the two shown
in Scheme 3A), the periodicity of the lattice doubled
from 33 + 3 nm to 66 + 5 nm. In addition to hairpin
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Figure 1. AFM images of two-dimensional DNA lattices
prepared from the DAE double-crossover molecules shown
in Scheme 3. (A) DAE two-unit lattice formed from comple-
mentary DAE building blocks A and B'. The “stripes”,
which represent hairpin reporter groups, have a 33 + 3
nm periodicity; the calculated periodicity is 32 nm. (B) A
larger scale image of the same sample. Image A shows a
500 nm x 500 nm scan while image B shows a 1.5 um x
1.5 um scan. The gray scale indicates the height above the
mica surface; the apparent lattice height is between 1 and
2 nm, which correlates well with a monolayer of DNA.
(Reprinted with permission from ref 59. Copyright 1998
Macmillan Magazines Limited.)

reporter groups, streptavidin-modified DAE mol-
ecules were used to form similar two-dimensional
periodic DNA arrays. These arrays were used as
templates to organize biotin-labeled gold nanopar-
ticles into two-dimensional arrays through specific
interactions with streptavidin. Although periodicity
was observed in the AFM images of these structures,
further experiments are needed to confirm the pres-
ence of nanogold within these structures. Neverthe-
less, this is another impressive demonstration of the
complex designer structures that can be generated
from oligonucleotide building blocks and an under-
standing of their sequence-specific binding properties.

This elegant study was the first demonstration that
oligonucleotide building blocks could be used to form
well-defined structures from DNA. Unlike the previ-
ous structures prepared from branched molecules,
these crystalline mesoscopic materials have assign-
able structures both from topological and geometric
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standpoints and, therefore, offer tremendous op-
portunities for incorporating other molecular and
nanoscale building blocks into designer DNA archi-
tectures.

Other researchers also have recognized the impor-
tance of using DNA to design complex architectures.
Bergstrom and co-workers have designed rigid tet-
rahedral linkers with arylethynylaryl spacers to
direct the assembly of attached oligonucleotide linker
arms into novel DNA macrocycles, Scheme 4.%° Un-
like Seeman’s approach where the DNA serves as
both the vertices and the edges of the assembled
architectures, this approach utilizes rigid tetrahedral
organic vertices, where the attached oligonucleotides
serve as the connectors for the design of more
complex architectures. In principle, a variable num-
ber of oligonucleotide arms could be attached to the
core tetrahedral organic linkers, thereby allowing for
the construction of different types of DNA structures.
In one study, two self-complementary oligonucleotide
arms were attached to the rigid tetrahedral backbone
containing two p-(2-hydroxyethyl)arylethynylaryl spac-
ers, Scheme 4. Under appropriate hybridization
conditions, DNA macrocycles comprised of two to
seven building blocks were formed, Scheme 4. The
relative amounts of each of the macrocycles formed
could be controlled to an extent by varying the
reaction conditions. It is important to note that, in
principle, it should be possible to design organic
linkers that contain oligonucleotide arms with a
higher specificity thereby enabling the construction
of DNA macrocycles of more well-defined size. As
with many of the early designs by Seeman, it is
unclear how geometrically well-defined these struc-
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tures are since there is likely some flexibility within
the organic backbone, and characterization of these
structures is extremely difficult. This limits the
utility of this strategy and the structures prepared
from it for organizing other building blocks into well-
defined arrays.

The current drawbacks of all of these methodolo-
gies are the low yields associated with the generation
of these structures and the necessity to work under
prohibitively small scale conditions. The latter is a
limitation that applies to any current strategy for
preparing structures solely from DNA, and until
scale-up advances are made in the synthesis of
oligonucleotides, the utility of such methods will be
limited to very specialized materials, testing aca-
demic curiosities revolving around the linking prop-
erties of DNA, and proof-of-concept synthetic dem-
onstrations.

lll. DNA as a Template for Organizing Inorganic/
Organic Building Blocks

Many strategies have been used to synthesize
semiconductor particles and particle arrays.®61-64
Coffer and co-workers were the first to utilize DNA
as a stabilizer/template to form both CdS nanopar-
ticles and mesoscopic aggregates from them. Their
original efforts were based on the use of linear
duplexes of DNA in solution as a stabilizer for
forming CdS nanoparticles. The nanoparticles in
their first study were formed by first mixing an
aqueous solution of calf thymus DNA with Cd?* ions
in a sub-stoichiometric quantity.®®> Then, 1 molar
equiv of Na,S was added to the solution, resulting
in the formation of CdS. High-resolution transmis-
sion electron microscopy (HRTEM) confirmed the
formation of polydisperse CdS nanoparticles with an
average particle size of 5.6 nm. The particles exhib-
ited optical properties characteristic of the formation
of quantum-confined particles with an absorption
edge of 480 nm, which is blue-shifted from bulk CdS
(510 nm).

These initial results indicated that CdS nanopar-
ticles could be formed from Cd?*" and S? in the
presence of DNA. However, in these experiments, the
role of DNA in the formation of the nanoparticles and
the interactions between DNA and the particles after
their formation were ambiguous.®® Further studies
demonstrated that DNA base sequence, and more
specifically the content of the base adenine, had a
significant effect on the size of the CdS particles
formed and their resulting photophysical properties.®®
These results were suggestive of a DNA templating
effect during the formation of the nanoparticles,
although no direct evidence was obtained.

To overcome the problems of forming well-defined
mesoscale structures in solution, Coffer and co-
workers developed a new strategy for binding a
template DNA strand to a solid substrate.> The
formation of mesoscale aggregates of CdS nanopar-
ticles using this strategy is outlined in Scheme 5. For
this study, the initial target was to synthesize a
“ring” of CdS nanoparticles by using the circular
plasmid DNA molecule pUCLeu4 which is 3455 base
pairs (bp) in length with a circumference of 1.17 um.
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Initially, Cd?" ions were added to a solution contain-
ing the plasmid DNA to form a plasmid DNA/Cd?*
complex, which was subsequently bound to a poly-
lysine-coated glass surface. Exposure to H,S led to
the formation of CdS nanostructures. A TEM image
of a selected plasmid DNA molecule demonstrated
the DNA templating effect for the formation of CdS
and also showed that the plasmid DNA retained its
open circular form, Figure 2A. The measured circum-
ference of the ring (1.2 um) closely matches the
predicted value of the relaxed circular conformation
of the plasmid DNA molecule (1.17 um). An HRTEM
image of a portion of the ring shows the presence of
~5 nm CdS nanoparticles along the DNA backbone
with different relative orientations and spacings,
Figure 2B. It is important to note that other plasmid
DNA molecules with various orientations also were
observed.

Through their work, Coffer and co-workers have
demonstrated that DNA can be used as a template
to form mesoscale structures of CdS nanoparticles.
This approach provides many possibilities for syn-
thesizing mesoscale structures since particle compo-
sition (i.e., metal, semiconductor) and shape, length,
and sequence of the DNA template can be controlled.
The main drawback of this approach is the difficulty
of forming monodisperse nanoparticle samples since
the nature of the DNA/Cd?" interactions is poorly
understood. In addition, the relative spacing and
orientation of the resulting nanoparticles within the
mesostructure are difficult to control, and conse-
quently, tailoring and predicting the resulting prop-
erties of the materials is problematic.
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Figure 2. (A) Bright field TEM micrograph of a nano-
structure formed using the circular plasmid DNA pUCLeu4
as a template for the formation of a ring of Q-CdS
nanoparticles. (B) HRTEM image of one section of a
different Q-CdS/DNA ring. The ring consists of numerous
CdS nanoparticles with different crystallographic orienta-
tions. (Reprinted with permission from ref 5. Copyright
1996 American Institute of Physics.)

Tour and co-workers recently have taken an ap-
proach similar to that of Coffer in using DNA to
assemble DNA/fullerene hybrid organic materials.®
In their strategy, the negative phosphate backbone
of DNA was used as a template to bind and organize
Ceo fullerene molecules modified with a N,N-dimeth-
ylpyrrolidinium iodide moiety into defined mesoscopic
architectures, Scheme 6. Fullerenes were chosen as
a complexing molecule since previous studies have
demonstrated that carbon nanotubes can easily be
imaged by TEM,®” eliminating the need for other
contrasting agents and stains. The modified fullerene
is electrostatically complexed to the DNA backbone
through cation exchange with sodium in DMSO as
depicted in Scheme 6.2 Although experiments carried
out using a circular plasmid DNA molecule (X174
RFII, 5386 bp) demonstrated that fullerenes could
be organized into mesoscopic structures via templat-
ing and the structures could be imaged by TEM, they
also suggested that the electrostatic binders signifi-
cantly influenced the structure of the plasmid tem-
plate. This work addresses some very important
fundamental issues and limitations pertaining to the
use of DNA as a scaffolding material. To effectively
use DNA as a scaffolding or template material one
must understand both its pre- and postfunctionalized
structures.
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Recently, Braun et al. have utilized DNA as a
template to grow nanometer-scale conducting silver
wires.” The basic assembly scheme for constructing
a Ag nanowire attached to two gold electrodes is
outlined in Scheme 7. Two gold electrodes separated
by a defined distance (12—16 um) were deposited onto
a glass slide using photolithography. The gold elec-

Scheme 72
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trodes subsequently were modified with noncomple-
mentary hexane disulfide modified oligonucleotides
through well-established thiol adsorption chemistry
on Au.®® Subsequently, a fluorescently labeled strand
of A DNA (16 um in length) containing “sticky ends”
that are complementary to the oligonucleotides at-
tached to the electrodes is introduced. Hybridization
of the fluorescently tagged 4 DNA molecule to the
surface-confined alkylthiololigonucleotides was con-
firmed by fluorescence microscopy, which showed a
fluorescent bridge connecting the two electrodes.
After a single DNA bridge was observed, the excess
hybridization reagents were removed. Silver ions
then were deposited onto the DNA through cation
exchange with sodium and complexation with the
DNA bases. This process can be followed by monitor-
ing the quenching of the fluorescent tag on the DNA
by the Ag ions. After almost complete quenching of
the fluorescence, the silver ion bound to the template
DNA is reduced using standard hydroquinone reduc-
tion procedures® to form small silver aggregates
along the backbone of the DNA. A contiguous silver
wire is then formed by further Ag ion deposition onto
the previously constructed silver aggregates followed
by reduction. Figure 3 shows an AFM image of a
typical 100 nm diameter, 12 um long wire formed by
this process. The wires are comprised of 30—50 nm
Ag grains that are contiguous along the DNA back-

Ag’ ions + Hydroquinone/H"
(AD

2 Ag’+Bq+2H"

2 Ag"+Hqg

Conductive silver
wire

a Reprinted with permission from ref 7. Copyright 1998 Macmillan Magazines Limited.
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Figure 3. AFM images of a silver wire connecting two gold
electrodes 12 um apart. (A) 1.5 um and (B) 0.5 um field
sizes. Note the granular morphology of the conductive wire.
(Reprinted with permission from ref 7. Copyright 1998
Macmillan Magazines Limited.)

bone. The fabrication of narrower Ag wires (<25 nm)
resulted in discontinuous Ag structures.

Two terminal electrical measurements subse-
quently were performed on the Ag wire depicted in
the AFM image. When the current—voltage charac-
teristics of the Ag wire were monitored, no current
was observed at near zero bias (~10 V in either scan
direction), indicating an extremely high resistance
(=10 Q, the internal resistance of the instrument).
At a higher bias, the wire becomes conductive.
Surprisingly, the current—voltage characteristics
were dependent on the direction of the scan rate,
yielding different 1-V curves. Although not well-
understood, it was postulated that the individual Ag
grains that comprise the Ag nanowires may require
simultaneous charging, or Ag corrosion may have
occurred, resulting in the high resistance observed
at low bias. By depositing more silver and thereby
growing a thicker Ag nanowire, the no-current region
was reduced from ~10 V to ~0.5 V, demonstrating
crude control over the electrical properties of these
systems. In addition, control experiments where one
of the components (DNA or Ag) was removed from
the assembly produced no current, establishing that
all of the components are necessary to form the
conducting Ag nanowires. This work, which builds
off the concepts described in the next section of this
review, is a proof-of-concept demonstration of how
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DNA can be used in a new type of “chemical lithog-
raphy” to guide the formation of nanocircuitry.

IV. Nanostructured Materials Formed from
Oligonucleotide Functionalized Nanoparticles and
Sequence-Specific Hybridization Reactions

Although DNA is arguably one of the most versatile
reagents available to the synthetic chemist, until
recently it has not been extensively utilized in
materials synthesis. The reason for this is primarily
because synthetic forms of it are relatively expensive
and not available in large quantities. For example,
utilizing commercially available automated synthe-
sizers, one can easily synthesize milligram quantities
of oligonucleotides of virtually any sequence in a very
straightforward fashion. However, kilogram quanti-
ties of such oligonucleotides would be prohibitively
expensive for most intended applications. In addition,
although there is tremendous predictive power as-
sociated with DNA hybridization events, the char-
acterization of structures consisting only of DNA can
be a very challenging task. For these reasons, many
of the structures discussed in section | were synthe-
sized in nanomole or less quantities and required
extensive characterization to confirm the intended
and proposed structures.

Until some of the aforementioned limitations as-
sociated with DNA as a material building block are
addressed, useful materials likely will be hybrid
materials that utilize DNA as a scaffold for arranging
synthetically more accessible organic and inorganic
building blocks. Efforts to accomplish this with
duplex DNA as a structural and electrostatic tem-
plate were discussed in section 11. In this section, we
describe efforts that focus on using single-stranded
DNA to direct the formation of periodic structures
from inorganic building blocks functionalized with
oligonucleotides. It is important to note that other
researchers have studied the interactions between
DNA and nanoparticles, but these studies will not
be discussed in this manuscript because the main
focus is on materials synthesis.’®’* In 1996, we
reported a synthetic strategy that merged the chem-
istries of oligonucleotides and inorganic nanoparticles
to yield designer materials consisting of nanoparticles
functionalized with oligonucleotides linked by comple-
mentary DNA, Scheme 8.1 The importance of this
strategy is that it allows one to predictably arrange
matter on the nanometer length scale over meso- and
macroscopic distances. Because of the molecular
recognition properties associated with the DNA in-
terconnects, this strategy allows one to control par-
ticle periodicity, interparticle distance, strength of the
particle interconnects, and size and chemical identity
of the particles in the targeted macroscopic structure.

The first example of the synthetic utility of this
strategy involved the use of 13 nm Au particles
functionalized with oligonucleotides terminated with
propylthiol groups in the 3" ends, Scheme 8. The
particles were designed to be noncomplementary by
virtue of the oligonucleotides used to modify their
surfaces. Particle linking could be effected by adding
duplex DNA with sticky ends that were complemen-
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tary to the Au particles, which resulted in a macro-
scopic network of particles held together by duplex
DNA interconnects. There were several fascinating
properties associated with this initial system. First,
the particles could be reversibly assembled simply
by cycling the temperature of the reaction vessel
above and below the melting temperature of the
DNA. Second, transmission electron microscopy at
early stages in the assembly process revealed two
types of nanostructures, small two-dimensional ag-
gregates and larger three-dimensional structures,
Figure 4. Since this discovery, we have found that
one has to interpret TEM images of these types of
structures with care, especially since little is known
about the structure of DNA under the ultrahigh
vacuum conditions of the microscopy experiment. In
fact, the only way to definitively prove one has an
assembled structure is to map out the melting
properties of the hybrid material, which often reflect
the melting properties of the DNA used to assemble
it. The third unusual property of this system was the
optical change that accompanied particle assembly.
The plasmon band that is characteristic of Au nano-
particles is very sensitive to interparticle distance™ "
and also to aggregate size in these systems.™ It
experiences a red shift from 520 to 600 nm as the
particles are assembled by the linking DNA into
extended structures, Figure 5. This results in a
striking red to blue color change in the solution that
can be reversed upon heating the system above the
denaturation temperature of the duplex intercon-
nects. From the initial observation of this phenom-
enon, it became obvious that this system could be
useful for studying the factors that control the optical
properties of aggregates of nanoclusters and might
also be useful for colorimetrically detecting DNA.
Shortly after this initial discovery, Alivisatos et al.
demonstrated that individual particles functionalized
with oligonucleotides could be aligned upon a single
strand of DNA based upon the sequences of the

Chemical Reviews, 1999, Vol. 99, No. 7 1857

A 4

Figure 4. TEM images of (A) a two-dimensional aggregate
of DNA-linked 13 nm Au nanoparticles showing the order-
ing of the nanoparticles and (B) a larger, three-dimensional
aggregate. (Reprinted with permission from ref 1. Copy-
right 1996 Macmillan Magazines Limited.)
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Figure 5. Comparison of UV—vis spectra from a DNA-
linked Au nanoparticle solution during aggregation. Spec-
tra were recorded at 25 °C during hybridization and at 80
°C (38 °C above the T, of the DNA interconnects) after
aggregate dissociation.

oligonucleotides attached to the particle and the
oligonucleotide template, Scheme 9.2 This type of
demonstration can be thought of as one isolated
elementary step in the material synthesis strategy
outlined in Scheme 8. On the basis of TEM images
of a series of systems studied, the authors concluded
that they could align two or three 1.4 nm diameter
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particles on a single-stranded DNA template such
that the particles were aligned in a “head-to-head”
or “head-to-tail” fashion. Recently, Niemeyer et al.

— 50 M

Storhoff and Mirkin

have demonstrated a variant of this templating
strategy, which utilizes the molecular recognition
properties of both DNA/RNA and streptavidin—biotin
interactions to organize 1.4 nm Au particles.* In this
strategy, biotinylated 1.4 nm Au particles are bound
to streptavidin-modified oligonucleotides, which are
subsequently organized in a “head-to-tail” fashion
(see Scheme 9) onto an RNA template.

Particle periodicity within an extended meso- or
macroscopic material also can be controlled via the
approach outlined in Scheme 8. This has been
demonstrated with 8 and 31 nm Au particles, but in
principle, it can be used interchangeably with par-
ticles of virtually any composition or size as long as
one can functionalize such particles with the ap-
propriate oligonucleotide sequences, Figure 6.° It also
has been shown that alkanethiol-derivatized Au
nanoparticles of the appropriate size ratio will self-
assemble into bimodal assemblies,”® a phenomenon
previously recognized with larger polymeric mater-
ials.”8~78 However, by using DNA-based programmed
assembly methods, in principle, any set of particles
with the correct oligonucleotide sequences can be
arranged into such bimodal structures.

Finally, the nanostructured materials generated
from the DNA-induced assembly of the oligonucleo-
tide functionalized particles already have been ap-
plied in the development of a new and highly selec-

Figure 6. TEM images of binary network materials supported on holey carbon grids: (A) a DNA-linked assembly of 8
and 31 nm Au nanoparticles, (B) a smaller scale image of the DNA-linked assembly shown in A, (C) a nanoparticle “satellite
structure” comprised of a 31 nm Au nanoparticle linked through DNA hybridization to several 8 nm Au nanoparticles,
and (D) a control experiment containing 8 and 31 nm diameter Au nanoparticles without DNA linker, which exhibits
significant particle phase segregation. (Reprinted with permission from ref 6. Copyright 1998 American Chemical Society.)
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Figure 7. The “Northwestern Spot Test” for polynucleotide detection. The probes and corresponding target sequences
are shown to the left of the plate. Here, a perfect target is compared with a series of imperfect targets. Portions of the
target sequences which are underlined in red represent mismatched bases, blue lettering represents an inserted base, and
a box represents a deletion in the polynucleotide. (Reprinted with permission from ref 9. Copyright 1998 American Chemical

Society.)

tive colorimetric DNA detection method.8® To under-
stand how this assay works, the reader should view
the DNA-labeled particles as probes rather than
building blocks and the linking strands as target
molecules. Therefore, as long as one knows the
sequence of a target to be detected, one can design
the appropriate nanoparticle probes. The assay in-
volves pipetting a droplet of the solution containing
the particles and target (i.e., the linking strand) to a
reverse-phase silica gel plate as a function of tem-
perature, Figure 7.8° If in solution the particles are
linked by the target, they form a blue spot when
transported to the reverse-phase silica gel plate. If
they are dispersed in solution, they form a red spot
when transported to the plate, regardless of the plate
temperature and the presence or absence of target.
This is a critical part of the assay since in solution
the particles eventually will reassemble if the target
is present and the solution is below the melting
temperature of the assembled nanoparticle aggre-
gate. In this way one can monitor the “melting”
behavior of the aggregates simply on the basis of
color.

One of the striking features of these DNA-linked
nanoparticles is their melting behavior, Figure 8.
When monitored at 260 or 700 nm, the melting
transition is exceedingly sharp when compared with
the melting behavior of the DNA interconnects
without nanoparticles. The reason for this has been
attributed to two factors: (1) the formation of an
aggregate with many different DNA interconnects
and (2) the use of a nanoparticle optical signature
rather than a DNA optical signature to map out the
melting behavior of the aggregates. Indeed, when one
monitors melting of the aggregates by following the
absorbance changes at 260 nm, one is monitoring a
signature associated with the nanoparticles rather

—@— nanoparticle modified DNA
1.00{ —M— unmodified DNA

-
Tp=57 °C T,=56°C / /
/

gttt

0.954 /

/

20 40 80 20 40 60 ’

0.90- Nanoparticle DNA [
L

Absorbance at 260 nm (normalized)

10 20 30 40 50 60 70
Temperature in °C

Figure 8. Comparison of the thermal dissociation curves
for a DNA-linked Au nanoparticle aggregate and an
unmodified DNA duplex of the same sequence. The corre-
sponding first derivatives and T, values are shown as
insets. Note that the melting temperature is different from
the system depicted in Figure 7 because different sequences
and conditions were employed. (Reprinted with permission
from ref 8. Copyright 1997 American Association for the
Advancement of Science.)

than the DNA. Like the plasmon band at 520 nm,
the absorbance at 260 nm is very sensitive to
interparticle distance and aggregate size. It decreases
as the aggregate grows and overshadows any changes
in this region due to changes in the DNA duplex
structure. In terms of melting behavior, this results
in the compression of the normal denaturation tem-
perature range of this set of strands from 12 to 4 °C
(measured from the full width at half-maximum of
the first derivative curve). This can be explained in
the context of a nanoparticle aggregate with multiple
DNA links per particle, Figure 9. For an aggregate,
if one monitors a signature associated with the DNA,
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Figure 9. Schematic representation of an aggregate of Au
nanoparticles linked by DNA duplexes. The DNA and
nanoparticles are not drawn to scale.

58°C 0O
58.5 °C (]
59 °C O

Figure 10. The sharp colorimetric transition (<1 °C)
associated with the DNA-linked Au nanoparticle aggregate
dissociation process as monitored on a reverse-phase silica
gel plate via the “Northwestern Spot Test”. Note that the
melting temperature is different from the system depicted
in Figure 7 because different sequences and conditions
were employed. (Reprinted with permission from ref 8.
Copyright 1997 American Association for the Advancement
of Science.)

any temperature-induced unraveling of the duplex
will contribute to this melting transition, which
results in the normal broad transition associated with
duplex DNA. However, if one instead monitors an
optical signature associated with the nanoparticles,
the initial unraveling of the DNA duplex intercon-
nects that hold the aggregate together will not
contribute to the melting transition. The reason for
this is that the size of the aggregate and the relative
positions of the nanoparticles will not be affected
significantly during the initial stages of the melting
process. Only the final denaturation events will result
in the breakup of the aggregate and concomitant
optical changes. The effect is even more striking
when visualized on the reverse-phase silica plate.
Here, the colorimetric transition occurs over a single
degree, Figure 10. Therefore, the advantages that
these nanostructured materials offer in terms of DNA
detection are (1) a very simple response akin to a
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litmus test and (2) ultrahigh selectivity. If one is
trying to differentiate two oligonucleotides based
upon this type of assay, it can be done providing there
is at least a 1 °C difference in the melting behavior
of the aggregates formed from the perfectly comple-
mentary oligonucleotide and the aggregates formed
from imperfect strands (nucleotide deletions or mis-
matches). Indeed, it was shown that the test exhibits
near-perfect selectivity when the recognition se-
guence is 24 nucleotides or shorter, Figure 7.°

What are the limitations of this DNA-based nano-
particle assembly approach? At present, only low-
temperature materials are viable targets, and one
must work under conditions that are conducive to
DNA hybridization (e.g., polar solvents, high salt
concentrations). However, there is an intense parallel
research effort focused on the modification of oligo-
nucleotide properties, which may allow one to cir-
cumvent some of these limitations.*>"® One way to
increase the stability of these materials could be
through a post-cross-linking reaction. Modified DNA
with cross-linkable groups such as stilbene® already
exist and can be easily implemented in the nanopar-
ticle programmed assembly methods described
herein.8-83% |In addition, the use of peptide nucleic
acids,® which have a higher affinity for oligonucle-
otides and can be used under less stringent conditions
(lower temperatures and salt concentrations), also
may offer a way to overcome some of the aforemen-
tioned limitations. Nevertheless, this is a new and
very powerful tool for organizing nanoparticle build-
ing blocks into extended, functional two- and three-
dimensional structures.

V. Conclusions

Significant headway has been made in the utiliza-
tion of both single- and double-stranded DNA as a
synthon or template for preparing meso- and mac-
roscopic nanostructured materials. New, interesting,
and, in some cases, useful phenomena, structures,
and materials have been identified through such
studies. It is clear that major advances will be made
over the next few years in developing an understand-
ing of how this novel building block can be imple-
mented in materials synthesis. Such advances are
anticipated in the area of hybrid inorganic particle/
DNA structures due primarily to the fact that only
surface quantities of DNA are required to prepare
such materials. Indeed, the catalytic, electrical, mag-
netic, and electrochemical properties of such struc-
tures have yet to be systematically investigated and,
therefore, represent new frontiers in this emerging
field. Moreover, attempts to develop DNA driven
methods of nanoparticle colloidal crystallization have
not been addressed. Such studies not only will
provide valuable fundamental information about the
collective physical and chemical properties of par-
ticles in the context of a crystalline array but also
may provide access to new and useful electronic and
photonic materials applicable to the communications
industry. Indeed, merging this type of assembly
scheme with soft lithography methods for patterning
DNA may be an especially powerful combination that
will allow us to realize some of these structures and
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materials.® If concurrent advances are made in the
scale-up of synthetic oligonucleotides, the viability of
structures and materials based solely on DNA will
be accelerated, thereby moving the study of such
structures and materials beyond the academic curi-
osity level.
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