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Introduction

The establishment of the Periodic Table of the Elements
almost 150 years ago was the first step towards transforming
how scientists organized and understood the elemental
building blocks of matter. Before its introduction, elements
were viewed as separate and independent entities, each with
their own unique set of properties. By arranging elements
based upon their characteristics, the Periodic Table enabled
scientists to understand their behavior as members of
collective sets. Their properties could be discussed in the
context of logical trends, and these trends could be used to
predict the properties of as-of-yet undiscovered elements and
yet-to-be synthesized molecules, bulk materials, and extended
lattice structures. Indeed, for decades the Periodic Table has
served as a guide for the synthesis of new structures and given
us a framework to understand important scientific advances.

Today, the field of nanoscience and nanotechnology offers
scientists new ways to think about materials synthesis. Nano-
science is an interdisciplinary field focused on the synthesis,
manipulation, characterization, and application of structures
with at least one dimension on the 1 to 100 nm length scale. In
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this size regime, materials possess properties that are
significantly different than their macroscopic analogues, and
these properties are highly dependent on the nanostructure’s
composition, size, shape, and local environment.'””! In 2000,
with the introduction of the National Nanotechnology
Initiative (NNI),”) nanoscience research and development
were prioritized in the United States, and since then US
scientists and other researchers around the globe have
devised myriad methodologies to generate nanoparticles of
many compositions (e.g., metallic,?*! semiconducting,!'*'?
insulating,® carbon-based,"! polymeric™®'"!) in high yield
in the solid, solution, and gas phases, as well as on surfaces.
Several methods also have been introduced to tune the size
and shape of nanoparticles with nanometer precision,['*??
and to couple materials of different compositions together to
create hybrid structures (e.g., alloys® core-shell struc-
tures®>). These new nanoparticles have a variety of
interesting chemical and physical properties, which have
been applied in a range of fields from catalysis®?" to
biomedicine®>"! to energy.’!! This explosion in research
aimed at discovering, understanding, and refining nanopar-
ticle syntheses to realize highly sophisticated nanoscale
architectures can be likened to the early rush in chemistry
to discover new elements.

A key area of nanotechnology research deals with the
assembly of these building blocks into more complex
structures, '3 just as the discovery of different elements
led to the synthesis of many new materials. Although
analogues consisting of small clusters of nanoparticles have
also been developed, we will focus herein primarily on
extended networks."®***! In many cases, these assemblies
have been shown to exhibit novel and extremely useful
emergent properties!'®2%44l that are a direct result of the
arrangement of the individual nanostructures within the
assembly. As a result of these promising but nascent discov-
eries with nanoparticle-based constructs, there has been
intense interest in devising strategies that can be used to
organize nanoparticles of all types into well-defined hier-
archical arrays, in which the spacing and symmetry between
the particles are precisely controlled. Indeed, one of the main
challenges currently facing nanoscience researchers is the
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development of a methodology whereby nanoparticles can be
thought of as “atom equivalents”, in which bonding inter-
actions between particles are just as well understood and
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characterized as those between atoms in molecules and solid-
state lattices. The development of such a methodology would
open the door to more rigorous explanation and understand-
ing of the emergent properties of assemblies based upon these
atom-equivalent structures.

It is important to note that we use the term “atom
equivalent” when referring to the use of nanoparticles as
building blocks, rather than the often used term “artificial
atom”, which has different meanings across scientific disci-
plines. Historically, “artificial atom” has referred to a metal or
semiconductor nanoparticle whose electrons are confined
into discrete states by its physical size or an applied electric
field, thereby mimicking the quantized energy states of
electrons found in atoms." ! Coupling between the discrete
electronic states of “artificial atoms” leads to the formation of
extended states, as with atoms, which are described as
“artificial bonds”. However, while this analogy provides
significant insight into the electronic properties of discrete
nanoparticles and their assemblies, it fails in the context of
forming materials, as nanoparticles alone do not inherently
have the necessary components to create physical bonds
between themselves in a controllable manner.

In 1996, we introduced the concept of a nucleic acid-
nanoparticle conjugate that could be used as a “programmable
atom equivalent” (PAE) to build higher ordered materials
through deliberately designed hybridization events.”? Initial
research focused both on developing these constructs and
understanding their fundamental behavior,?% as well as
applications in small molecule and biomolecule sensing and
diagnostics."*! More recently, they have also proven useful
in the context of therapeutics and intracellular diagnos-
tics.F7

Since the initial development of the nucleic acid-nano-
particle conjugate, we and other research groups have made
significant synthetic advances that have allowed us to create
nanoparticle superlattices of multiple distinct crystalline
symmetries with sub-nanometer control over their lattice
parameters.'*®1 We have even developed a set of design
rules®” analogous to Pauling’s Rules for ionic solids® that
can be used as a guide for the rational construction of
functional nanoparticle-based materials with specific struc-
tures (Table 1). Unlike atoms, however, which have a fixed set
of properties and bonding possibilities dictated by their
inherent electronic structure, the properties and bonding
behaviors of PAEs can be tuned by manipulating their
structure over a wide range of possibilities. These design
possibilities allow for the development of nanoparticle-based
materials that have exotic and versatile structures, properties,
and functions.

Although structures built via DNA origami are
sometimes compared to the PAE superlattices that will be
discussed herein (both utilize DNA base-pairing to build
nanostructured materials), these two fields are actually quite
distinct. DNA origami is defined as “the process in which ...
DNA molecules are folded into arbitrary nanostructures”;®
the DNA in these structures is both the assembly agent and
the functional material being assembled. In the PAE lattices
discussed herein, the DNA acts only as a synthetically
programmable “glue”, used to dictate how nanoparticles are

[65-68]
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Table 1: The design rules for PAE assembly.
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PAEs will arrange themselves in a lattice that maximizes the number
of DNA duplex bonds formed.

PAEs of equal hydrodynamic radii will form an FCC lattice when using
self-complementary DNA sequences, and BCC or CsCl lattices when
using two PAEs with complementary DNA sequences.

The overall hydrodynamic radius of a PAE, rather than the sizes of its
individual NP or oligonucleotide components, dictates its assembly
and packing behavior.

In a binary system based upon complementary PAEs, favored products
will tend to have equivalent numbers of each complementary DNA
sequence, evenly spaced throughout a unit cell.

Two systems with the same size ratio and DNA linker ratio exhibit the
same thermodynamic product.

PAEs can be functionalized with more than one oligonucleotide
bonding element, providing access to crystal structures not possible
with single element PAEs.

The crystal symmetry of a lattice is dictated by the position of the
inorganic cores; a PAE with no inorganic core can be used to "delete"
a particle at a specified position within a unit cell.

PAEs based upon anisotropic particles with flat faces can be used to
realize valency and will assemble into a lattice that maximizes the
amount of parallel, face-to-face interactions between particles.

positioned next to one another, and is not typically used
outside of its regular linear duplex form. The final nano-
particle superlattice therefore is defined not by the positions
or arrangement of DNA strands, but rather by the positions of
the inorganic cores. DNA origami is more like line-drawing,
where the DNA outlines the edges (or in some cases the
faces) of the object being constructed. Therefore, although
significant advances have been made in the field of DNA
origami, this Essay will not further discuss this area of
research.

To more rationally think about our rapidly growing
knowledge of nanoparticle superlattice design and synthesis,
we often liken the nanoparticle-based PAEs to elements that
fill the Periodic Table. However, PAEs are defined according
to their nanoscale architectural features (e.g., composition,
size, shape, and surface functionality; Figure 1) as opposed to
their electronic properties. Although the Periodic Table of the
Elements is marked by incremental, stepwise changes in
atomic properties, the table of PAEs is marked by a continuum
of structures along multiple axes. Using this table as a guide,
we discuss the design considerations associated with using
nucleic acids to assemble PAEs into superlattices. Further, we
compare these materials with their atomic analogues, as many
aspects of the nanoparticle-based system parallel the atomic
system and offer a new way of looking at fundamental
concepts in chemistry (such as bonding, valency, lattice
packing, phase, and even impurities and doping). Our specific
purpose herein is not to recreate the Periodic Table and
replace its constituent parts with nanoparticles, but rather to
use the analogy to help understand the similarities and
differences between synthesizing extended matter with atom-
ic and nanoparticle-based building blocks, respectively. The
Periodic Table is a man-made arrangement designed to aid in
understanding the behavior of naturally occurring structures
that have inherent and unchangeable properties. In contrast,
organizing nanoparticle-based PAEs according to structural
feature enables one to realize both the continuum of nano-
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Figure 1. a) The table of “programmable atom equivalents” arranges
nucleic acid-nanoparticle conjugates across multiple dimensions:
composition, shape, and size. In reality, this table extends nearly
infinitely in the size dimension within the nanoscale regime, and for
many material compositions, further into the shape dimension. Not all
particles in this nanoscale 'periodic table’ have been experimentally
realized, and some (semi-transparent images in the table) represent
potential building blocks that may be discovered in future synthetic
efforts. This table merely presents a representative concept to demon-
strate that the table of PAEs has an inherently larger number of
variables than the corresponding Periodic Table of the elements, rather
than imply that there is a specific relationship between different blocks
in the table. Thus, it is best used as an empirical guide to aid in
materials development, rather than an inherent representation of the
intrinsic properties and characteristics of these materials. b) The core
composition and manner of bonding are compared between atoms
and PAEs. Note that the comparison being drawn is only in the
structural sense—DNA strands are the “glue” holding the nanoparti-
cles in place and are not expected to directly mimic all of the inherent
properties of electrons (such as band structure or orbital shape). In
this sense, bonds between spherical PAEs could be considered more
analogous to metallic-type bonds, while more covalent-like interactions
can be observed by imparting anisotropy to nanoparticle interactions.

structures that can be created, as well as the necessity of
developing a means to rationally assemble these structures in
a predictable manner. Like its atomic analogue, the table of
PAEs presents a map of current knowledge, but also high-
lights the necessity for continued discovery of new PAEs, and
the continued development of means to control their
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behavior and explore the chemical and physical properties of
these structures and their assemblies.

Discussion

A variety of different ligands have been utilized to control
interactions between nanoparticles.”*3*>71 In 1996, we
proposed that DNA is the ideal ligand to direct nanoparticle
bonding in a manner analogous to atomic bonding.®? This is
because the length, strength, and character of nucleic acid
bonds between particles can be systematically varied by
changing the length, nucleobase sequence, or number of
DNA strands conjugated to a nanoparticle. Furthermore,
DNA is a ligand that exists on the same nanometer length
scale as the nanoparticle building blocks. However, unlike the
atomic system, where the electronic properties of a given
atom are immutable, the nucleic acid bonds linking nano-
particles to one another can be changed, independent of the
properties of the nanoparticle core. Therefore, while a given
atom cannot be assembled into any desired structure with
a given coordination number and lattice parameter, any
nanoparticle core that can be functionalized with nucleic acids
can be assembled into a wide range of structures using the
universal bonding capabilities of nucleic acids. The analogy
we draw between bonds based upon atomic interactions and
ones formed by DNA-based PAEs extends only to structural
considerations. Phenomena that emerge from orbital overlap
behavior, such as the formation of valence and conduction
bands are not directly represented in our analogy (although
orbital directionality can be loosely mimicked in the context
of nucleic acid modified non-spherical particles, as discussed
later).

The first type of nucleic acid functionalized nanostructure
that was developed by our group utilized a spherical gold
nanoparticle core as a scaffold for the covalent attachment of
single-stranded oligonucleotides in a densely functionalized
and highly oriented manner. We described this PAE as
a spherical nucleic acid (SNA)-nanoparticle conjugate be-
cause of the novel arrangement and dense packing of nucleic
acids enabled by the shape of the nanoparticle core.*>’ To
date, nucleic acid-based PAEs have been developed using
nanoparticles of different sizes (2-250 nm in diameter)”™ and
compositions (e.g., silver, Fe,0,," silica,”>" CdSe™) for
a variety of different classes of nucleic acids (e.g., sSDNA,F"]
dsDNA P>30-38 RNA 1821 L NA®). Hollow, core-free ver-
sions of PAEs also have been developed by crosslinking the
nucleic acids at the surface of the nanoparticle and sub-
sequently dissolving the inorganic core.**®! Other three-
dimensional arrangements of nucleic acids have been created
by employing different-shaped nanoparticle cores as scaffolds
(e.g., triangular prisms, rods, octahedra, rhombic dodecahe-
dra).®® In addition to being novel building block materials for
the construction of lattices, these hybrid structures exhibit
interesting properties that are a synergistic combination of
those of the core and shell. For example, the nanoparticle core
can impart upon the conjugate structure unique plasmon-
based optical phenomena™**” or novel catalytic proper-
ties™ In addition, the tight packing and orientation of
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strands within the oligonucleotide shell leads to many
interesting cooperative binding properties, and even leads to
new properties that are not observed with free, linear DNA
strands.["*#-1

Initial assemblies made from SNA-gold nanoparticle
PAEs were synthesized by combining sets of complementary
conjugates in solution below the melting temperature of the
nucleic acid duplexes.®>* In these systems, particle arrange-
ments and bonding patterns were not well defined, but this
early work introduced the concept of building programmable
matter from nucleic acid-nanoparticle conjugates and held
promise for generating the desired atomic lattice analogues.
Indeed, subsequent steps were taken in 2004 to demonstrate
that annealing the conjugates allowed one to generate
systems that exhibited short-range order, and also allowed
for control over the distances between particles.’

In 2008, the first crystalline superlattices were generated
using DNA as a programmable linker by our group and
independently by the Gang group./*] A key development
in our strategy that enabled the formation of crystalline
lattices of nanoparticles was to utilize only “weak” DNA
interactions between particles.® Unlike the previous systems
in which tracts of complementary bases between 10 and
30 bases long were used to effect assembly, short “sticky
ends” containing as few as four complementary bases were
employed. These weak interactions enable the reorganization
of the PAEs within a lattice even after they have bonded to
one another, such that any DNA bonds that trap particles in
thermodynamically unfavorable states are easily broken to
allow for particle reorganization.>***! By hypothesizing that
the most stable lattice will always be the one that maximizes
the number of DNA bonds formed, we have developed a set
of design rules that can be used to precisely position a variety
of nanoparticle types into multiple distinct crystalline lattices
with sub-nanometer precision, including structures that have
no mineral equivalent, with tunable control over lattice
parameters (Table 1).57-%!

These design rules are analogous to Pauling’s Rules for
ionic solids,'™ but in many respects more powerful, because
they provide both greater predictive power and enhanced
programmability. While Pauling’s Rules present a masterful
understanding of the complexity of atomic arrangements,
these rules are merely guidelines, and the structure of many
atomic systems cannot be perfectly predicted by these rules.
The lack of control over factors such as ionic radius or
electronegativity makes true predictability in assembled
atomic lattices challenging, and the programmability of these
lattices impossible. In other words, once a set of atomic or
molecular building blocks is chosen, the resulting set of
lattices that can be constructed is also predetermined. By
using nucleic acid functionalized nanostructures however, one
can recreate the diversity observed in atomic lattices, but also
surpass the limitations in programmability and predictability
inherent in atomic systems. Therefore, these PAEs can be
used as a guide for the rational construction of functional
nanoparticle-based materials for plasmonic, photonic, and
catalytic applications.!"®2¢-3!

The first in this set of rules, from which the rest of the rules
are derived, is: PAEs will arrange themselves in a lattice that
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maximizes the number of DNA duplex bonds formed.
Because it is the DNA strands that are stabilizing the lattice,
the more DNA bonds formed between particles, the more
stable the lattice will be. Thus, the thermodynamic product
will always maximize the number of DNA connections being
formed, and the set of rules we present herein makes the
synthesis of a stable crystal structure a simple matter of
determining which DNA strands must be used to place
a nanoparticle-based PAE at a desired lattice position.

The second of the design rules states: PAEs of equal
hydrodynamic radii will form an FCC lattice when using self-
complementary DNA sequences, and BCC or CsCl lattices
when using two PAEs with complementary DNA sequen-
ces.” When the DNA “sticky ends” presented on the
nanoparticle surface are self-complementary, every particle
in solution can bind to all other nanoparticles in solution. In
these systems, the number of DNA connections within the
lattice is therefore maximized when each particle’s total
number of nearest neighbors is maximized. Thus, a face-
centered cubic (FCC) lattice (the densest packing of spheres
of a single size) is predicted to be most favorable, and this is
the type of structure observed for this system (Figure 2).
However, in a binary system, where two different sets of
PAEs present, “sticky ends” that are complementary to each
other and particles in solution that can only bind to their
complement, the number of DNA connections is maximized
when the particles are in a body-centered cubic (BCC)
arrangement (Figure 2). While each individual nanoparticle
in a BCC system does not have as many nearest neighbors as
in an FCC lattice, it does have the maximum number of
complementary nearest neighbors to which it can “bond.”
Importantly, this rule holds for nanoparticles of a large size
range (5-80 nm) and for DNA lengths of up to 100 nm.[***!
Further, the rise per base pair value (the additional distance
between nanoparticles gained by making the linking DNA

Figure 2. Different crystal structures can be constructed from nano-
particle building blocks of the same size and composition by changing
the nature of the nucleic acid bonds (e.g. nucleobase sequence,
length). Top: a single, self-complementary nucleic acid sequence
enables all PAEs to bond to one another. This situation results in

a crystal structure that maximizes the total number of nearest
neighbors for each particle within a lattice: face-centered cubic (FCC).
Middle: the terminus on the nucleic acid bonds has been changed
from a single self-complementary sequence to two different, non-self-
complementary sequences. Each sequence can bind to the other, but
not to itself, which results in a body-centered cubic crystal structure
(BCC). Bottom: nanoparticle size is kept constant, but two different
DNA lengths are used. This results in nanoparticles with different
hydrodynamic radii, and makes an AlB,-type lattice most favorable.
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strands one nucleobase longer) was found to be approxi-
mately 0.26 nm for all combinations of nanoparticle size and
DNA length.®>?%" This indicates that by using DNA to link
nanoparticles together, sub-nm level precision in interparticle
distances (i.e., “bond lengths”), can be attained, simply by
synthesizing a DNA strand of a specified number of
nucleobases.

In addition to altering superlattice symmetry by control-
ling the number, length, and nature of the self- or non-self-
complementary sticky ends on the particle surface, the
programmability of the DNA can also be used to control
the strength of an individual DNA “bond”, allowing kinetic
products to be accessed. Therefore, a corollary to this second
rule is: for two lattices of similar stability, kinetic products can
be produced by slowing the rate at which individual DNA
linkers de- and subsequently re-hybridize.’”! For example,
each particle in a hexagonal close-packed (HCP) lattice has
the same number of nearest neighbors as a particle in an FCC
lattice. HCP lattices are only observed as kinetic products,
owing to a slight favorability in the energetics of FCC lattices,
as has been predicted by theory.” However, HCP lattices
that are observed as kinetic products can be stabilized by
slowing the rate of reorganization within a lattice (i.e.,
slowing the rate at which DNA bonds are formed and/or
broken during the crystallization process). This promotes the
growth of HCP seeds (present at early stages of crystal
growth) over their reorganization to the more favored FCC
lattice. Importantly, the ability to stabilize these structures by
controlling the crystal formation rate highlights the exquisite
level of control possible in these systems as a result of the
programmable nature of the DNA interactions.

Because the DNA sticky ends that link nanoparticles
together are found at the periphery of the hydrodynamic
radius of a nucleic acid functionalized nanostructure, the third
rule is: The overall hydrodynamic radius of a PAE, rather
than the sizes of its individual NP or oligonucleotide
components, dictates its assembly and packing behavior.”)
In other words, two PAEs behave equivalently, so long as they
have the same overall hydrodynamic radius, even if they have
different DNA lengths or inorganic nanoparticle core sizes.
This rule was demonstrated by synthesizing binary CsCl-type
lattices (which exhibit the same connectivity as the BCC
lattices generated using Rule 2, see Table 1), in which each of
the two nanoparticle types has the same overall hydro-
dynamic radius, but different inorganic core sizes. This rule
provides an interesting comparison to the first of Pauling’s
Rules for atoms, which states that interatomic distances are
also dictated by the sum of the radii of the atomic building
blocks. However, because the PAE system allows us to
independently control the nanoparticle radii and DNA
lengths, we can control the lattice parameters of a crystal
separately from the sizes of the nanoparticles used.

The fourth and fifth rules in DNA-programmed nano-
particle assembly are: in a binary system based upon
complementary PAEs, favored products will tend to have
equivalent numbers of each complementary DNA sequence,
evenly spaced throughout a unit cell, and two systems with the
same size ratio and DNA linker ratio exhibit the same
thermodynamic product.’”) These rules truly highlight the
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HCP

Figure 3. By varying the length and sequence of the nucleic acid
“bonds”, as well as the size and number of nanoparticle cores, a variety
of crystal structures are accessible. Only a small number of those that
have been made are shown, each with their corresponding TEM image.
Over 100 different crystal structures, spanning 17 different crystal
symmetries, have been made.

simplicity of the DNA programmed assembly process as
compared to the complex nature of atomic assembly, as they
enable the formation of a large number of crystal symmetries
in a predictable manner (Figure 3). In all cases, the most
stable lattice is the one that maximizes the number of DNA
connections formed. This means that determining which
crystal structure is most stable for a given set of parameters is
a simple means of counting the number of DNA strands
present in a unit cell of a given crystal symmetry, and
determining which of these DNA strands are able to physi-
cally contact one another to form a DNA duplex. The
hydrodynamic size ratio is therefore important because it
determines both the distances between particles and how
many nearest neighbors each particle can have. The DNA
linker ratio (defined as the number ratio of DNA strands on
the two particle types) dictates the relative amount of each
type of DNA strand that is present in a given lattice unit cell.
The general trends therefore are that: particles in the most
stable arrangement are positioned such that the majority of
the DNA strands can bind to DNA strands on adjacent
particles, and the nanoparticle stoichiometry in the lattice is
such that the overall number of each DNA type in a unit cell is
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nearly equal. This draws an interesting parallel to Pauling’s
second rule, which dictates that opposite charges in an ionic
lattice must be balanced; the most stable PAE lattices
typically balance the number of complementary DNA linker
types within a unit cell.

In comparison to the complexity of atomic interactions,
these two rules provide a very simple means of understanding
the stability of a given crystal symmetry as a function of the
nanoparticle size and DNA linker ratios. They also allow us to
create a phase diagram that enables the synthesis of lattices
whose symmetry and lattice parameters can be determined
prior to synthesis.””* In fact, to date, we have synthesized
well over 100 unique lattices; the phase diagram and rules we
have developed correctly predict the crystal structure ob-
tained for over 95 % of the crystals formed.

The sixth rule is: PAEs can be functionalized with more
than one oligonucleotide bonding element, providing access
to crystal structures not possible with single element PAEs."”!
In the ionic lattices examined in Pauling’s Rules, each ion is
attracted to ions of opposite charge and repelled by ions of the
same charge, and there are only two fundamental types of
building blocks: cations and anions. However, nanoparticles
can be functionalized with many different DNA sequences,
where interactions between particles occur when their
respective DNA sequences are complementary. This effect
allows the complexity of these lattices to be increased by
adding multiple types of DNA linkers to a given nanoparticle.
For example, a bi-functionalized nanoparticle can be synthe-
sized that expresses both self-complementary and non-self-
complementary sticky ends. On their own, the self-comple-
mentary sticky ends would favor the formation of an FCC
lattice (as per the second design rule); the non-self-comple-
mentary sticky ends would favor the formation of a binary
lattice when an appropriately functionalized second particle
type is added. Together, however, the most stable crystal
structure would allow for both of these types of interactions to
be present. This principle was demonstrated in the synthesis
of NaCl-type lattices: the self-complementary sticky ends on
a bi-functionalized particle allow it to form an FCC lattice,
while additional, non-self-complementary sticky ends also
allow it to bind to a second particle type. When the
hydrodynamic radii of the two particle types are appropriate,
this secondary binding interaction allows the second particle
type to fill the octahedral holes within the FCC lattice of the
first particle type as that lattice forms; the end result is a NaCl
arrangement of particles (Figure 3).

Another fundamental concept in chemistry and materials
science that can be translated to PAE-based lattices is that of
vacancies. In atomic lattices, vacancies represent point defects
in crystalline lattices. In lattices of PAEs, the placement of
vacancies within a unit cell can be precisely controlled using
hollow, core-free nucleic acid functionalized structures, which
exhibit the same binding and assembly behavior as the
original gold nanoparticle conjugates.*>*} We refer to this
strategy as “design by deletion,” which leads to the seventh
design rule: The crystal symmetry of a lattice is dictated by
the position of the inorganic cores; a PAE with no inorganic
core can be used to “delete” a particle at a specified position
within a unit cell. In any of the lattices discussed that contain
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more than one type of PAE, any set can be replaced with
three-dimensional spacers that are composed solely of DNA
attached to an organic shell that contains no inorganic core,
and are therefore silent from the perspective of X-ray
scattering and electron microscopy (EM) analyses. In this
way, new types of lattices with structures never before seen in
nature have been readily synthesized (e.g., “Lattice X”,
Figure 3). Unlike atomic vacancies, which are positioned
randomly throughout a crystal, the “vacancies” introduced by
using these core-free PAEs are placed at specified positions in
every unit cell within a lattice and can therefore be used to
control the overall symmetry of the lattice of inorganic
nanoparticle core positions. However, because these “hollow”
PAEs are indistinguishable from the PAEs with inorganic
cores in terms of how they assemble, one can envision doping
in a specified amount of the core-free NPs to introduce
vacancies at random positions within a superlattice.

In the synthesis and assembly of PAEs described thus far,
spherical nanoparticle cores were utilized to template an
isotropic arrangement and spherical orientation of nucleic
acid “bonds.” Such an architecture is amenable to changes in
the number, strength, and specificity of the DNA bonds, but
ultimately confined to isotropic interactions. Directional
bonding interactions, achieved via anisotropic surface func-
tionalization of both isotropic and anisotropic particles (e.g.,
Janus particles,'™ asymmetric or face-selective functionali-
zation, 461011041 patchy particles!™) or anisotropic nano-
particle scaffolds®!%! extend the range of possible binding
motifs and thus crystalline geometries achievable. The use of
anisotropic functionalizion of particles relies upon spatial
localization of certain molecules capable of forming bonds
with incoming species. The use of anisotropic nanoparticle
scaffolds, more relevant to this discussion, utilizes the shape of
the nanoparticle scaffold as a template to control the
orientation of the resulting DNA bonds, similar to a covalent
bond. Thus, PAEs formed from anisotropic building blocks—
nanoparticles with at least one unique dimension (e.g.,
triangular  prisms,'" 1 rods 1214 thombic dodecahe-
dra, ™11 concave cubes, " octahedra!!®!1")—provide syn-
thetic control over another design dimension and allow novel
superlattice structures to be accessed that cannot be realized
with spherical particles (Figure 4).

Atoms rely on valency—the oriented overlap of atomic
orbitals—to control molecular and crystallographic shape and
symmetry. Among the tenets of valency is the relationship
between electron density and bond strength: the greater the
amount of shared electron density between two atoms, the
stronger the bond. If this concept is extended to PAEs with
anisotropic nanoparticle cores, one would expect particle
orientations that align the largest faces of the particles in
a parallel placement to be favored, as this would result in
a greater number of DNA connections and create stronger
bonds between particles. For example, two-dimensional
triangular prism structures will form stronger “bonds” with
their large triangular faces aligned parallel to one another, as
compared to orientations that align their (relatively smaller)
rectangular sides (Figure 4). This effect results in triangular
prisms assembled into 1D lamellar stacks. This relationship
has been further demonstrated with octahedra, rod, and
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Figure 4. The distinct crystallographic facets of anisotropic nanoparti-
cles enable directional hybridization (covalent-like) interactions be-
tween nanoparticles. Six-sided cubes, five-sided triangular prisms, and
eight-sided octahedra are shown with DNA strands that demonstrate
the directional bonding interactions for each particle shape. Note,
however, that in this assembly strategy, each surface is densely
functionalized with oligonucleotides. Below each nanoparticle is the
corresponding ball-and-stick model of its bonding pattern and an
electron microscopy image of synthesized particles. Scale bars in
electron microscopy images are 100 nm.

rhombic dodecahedra nanoparticle templates, where each
structure assembles along the crystal facet that forms the
greatest number of nucleic acid bonds.® The eighth design
rule is therefore: PAEs based upon anisotropic particles with
flat faces can be used to realize valency and will assemble into
a lattice that maximizes the amount of parallel, face-to-face
interactions between particles. These assemblies are also
accessible by alternative bonding methods, such as with the
pH-mediated association of carboxylic acid-terminated li-
gands attached to gold triangular prisms, demonstrating that
anisotropic nanoparticle assembly is ligand general, where the
ultimate structure is heavily influenced by the shape of the
nanoparticle.'*”!

Alignment of DNA bonds along the lengths of flat crystal
facets also negates the radius of curvature effects associated
with spherical particles, which enables greater overlap of
DNA bonds and results in stronger connections between
particles."'??! In fact, thermodynamic and kinetic enhance-
ment of the bonding (hybridization) events between func-
tionalized anisotropic nanoparticles leads to binding con-
stants (analogous to bond strengths) several orders of
magnitude higher than their spherical counterparts. For
example, the directionality imparted by the large, flat
triangular faces of triangular prisms results in a sizeable
increase in nanoparticle binding constant over spheres (5.3 x
10"Mm ! vs. 1.5 x 10''M~Y; over six orders of magnitude).'?”!

Differences in the binding constants of PAEs of different
shapes and/or sizes enable the separation of nanoparticle
mixtures in a manner similar to the separation of elemental or
molecular impurities. For example, molecular impurities are
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often isolated from organic syntheses by crystallization,
a technique in which a desired product is isolated from
a mixture by the thermodynamic favorability of creating an
ordered crystal consisting of only a single substance. When
nanoparticles of disparate shape are functionalized with
DNA, differences in binding constants (and therefore melting
temperatures) can be used to separate them in an analogous
manner. For example, for a solution of DNA-functionalized
triangular prisms and spheres held between the melting
temperatures of aggregates of the two shapes, the prisms are
selectively associated with one another and precipitated out
of solution, while the spheres remain free in solution,
disassociated from one another. The precipitated phase
(containing prisms) can then be easily separated from the
solution phase (containing spheres) to obtain a pure solution
of the desired product."®! This concept of purification by
crystallization has also been demonstrated with spherical
nanoparticles of different sizes (where larger particles pre-
cipitate at higher temperatures because of the larger number
of DNA connections that can be formed between particles
with greater surface area),'”'! but with less-pronounced
separation, owing to the lack of directional bonding inter-
actions.

Outlook

Despite the rapid progress in the area of nucleic acid
functionalized nanoparticle assembly, especially since 2008,
several challenges remain as the focus of ongoing efforts. A
primary challenge is to expand the nanoscale table of PAEs,
filling in the empty spots with additional PAEs of varying size,
shape, and composition. Much like the early versions of the
Periodic Table, one can project the existence of many
different nanoparticles that cannot yet be synthesized, but
whose properties can be predicted based upon theoretical
calculations and general trends established for existing nano-
particles.'¥! Certain existing building blocks also cannot
currently be utilized because they only exist in impure
mixtures containing multiple nanoparticle types (much like
elements that were initially unknown as isolated spe-
cies).[’126.1271 Therefore, in order to expand the table of
PAE:s, one must first develop methods to synthesize a wider
range of nanostructures in a controlled and predictable
fashion, where the factors that influence size and shape are
well understood. Furthermore, purification techniques (such
as the one described above) must also be explored to separate
desired products from undesirable ones. Together, the devel-
opment of these methodologies should allow for the synthesis
of new nanoparticle building blocks with highly tunable
structural characteristics and physical properties.

An additional challenge beyond simply synthesizing the
nanoparticle building blocks is to functionalize them with
nucleic acids without altering their structure or desired
physical properties. However, other nanoparticle shapes,
compositions, and sizes are not necessarily as amenable to
surface modification with a high density of nucleic acids as the
spherical gold nanoparticle systems that employ robust thiol
gold chemistry.”8128 Tyo potential approaches are: 1) to
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develop appropriate nucleic acid linking chemistries for each
particle type or 2) to devise a general methodology for the
surface modification of any nanoparticle core. Toward this
end, methods have been developed in which particles have
been coated in a shell of another material, such as silica,’>”!
polymer,™® or metal,?1?) such that DNA can be attached to
this layer using a more well-established methodology. How-
ever, at the present time, no truly universal strategy exists.

Another challenge focuses on increasing the stability of
the nanoparticle superlattice structures after they have been
synthesized. Since such lattices are held together by DNA
bonding interactions, they are only stable in aqueous saline
solutions at temperatures below the melting temperature of
the DNA duplex linkages. To be useful in a wide range of
applications, methods must be found to increase their stability
toward changes in temperature, pH value, and solvent, and
the presence of denaturing molecules or harsh environmental
factors (such as the X-ray beams currently used to analyze the
superlattices). We have recently made steps in this direction
by developing a method that can be used to encase the
nanoparticle lattices in porous silica.™™ Small-angle X-ray
scattering (SAXS) and electron microscopy data confirm that
the encapsulated lattices maintain their original symmetry
and lattice parameters when dispersed in organic solvents
(e.g., ethanol, acetone), at elevated temperatures above the
melting temperature of the DNA duplex linkages, and in air
and vacuum with no solvent present. Further, the encapsu-
lated lattices were shown to be relatively unaffected by the X-
ray beams utilized for structural characterization. These data
indicate that the nanoparticles have been locked in place by
the silica network, which is chemically and physically more
robust than the DNA duplexes. Ongoing work in this area
involves understanding the full extent of stability conferred
and examining the collective plasmonic, catalytic, and mag-
netic behaviors of the encased structures and comparing them
to the unencapsulated structures where possible. Although
this strategy represents a step in the right direction, other
strategies may still be needed depending on the intended use
of the lattices.

It would also be beneficial to either transfer superlattice
materials from the solution phase to surfaces, or to grow the
superlattices directly at a specific surface location. Ideally,
a method to control layer-by-layer deposition of PAEs in
a manner analogous to atomic layer deposition needs to be
developed, such that each layer could be uniquely tail-
ored.™ 133 This would both allow for integration of these
materials into prototype devices, where chemical and physical
properties can be measured, and allow for greater control of
superlattice size.

One can also envision that it would also be advantageous
to design and synthesize dynamic nanoparticle structures in
which the lattice parameters or the crystal symmetry of
a given nanoparticle superlattice can be varied at will,
effectively turning these static lattices into “smart” functional
structures. Steps in this direction have already been made
utilizing the temperature or ionic strength of the solution to
vary the lattice parameter of these crystals, albeit over
a limited range.”*™¥ It is also possible to imagine using
DNA hairpins to bring about such structural changes in
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a reversible manner, as initial work by Gang and co-workers
suggests this is a viable strategy.!'*”]

Finally, now that substantial progress has been made
towards reliably synthesizing nanoparticle superlattices, more
research effort must be put into developing new ways to
analyze and ultimately utilize their properties (e.g., optical,
plasmonic, magnetic, catalytic). It has long been known that
individual nanoparticles possess a wide variety of tunable
phenomena that are significantly affected by the local
environment and position of nearby nanoscale ob-
jects. 418263290411 The DNA-based assembly strategy dis-
cussed herein allows such parameters to be tailored (these
parameters include interparticle distance, number of nearest
neighbors, number of unique nanoparticle types) and thus
dictate the resulting physical and chemical characteristics.
Recent developments in understanding how to individually
control this parameter space coupled with the silica embed-
ding methodology that makes the superlattices stable to
a wider range of environmental conditions (including those
necessary to perform certain types of characterization) allow
us to begin to explore this area. Once desirable properties are
elucidated and potential functions are defined, research will
likely shift toward applications for these novel structures in
many areas of chemistry, materials science, physics, and
biology.

Ultimately, determination of the chemical and physical
properties of these crystal structures will involve both
experimental measurements as well as theoretical calcula-
tions. Theory has been used in this system as a guide for
determining the relative stability of different lattice structures
and for explaining their behavior.*3¢395136 1t will also be
helpful for determining which structures should be targeted
for a given purpose and how the assembly process can be
expanded to create additional crystal symmetries and lattices
with larger (or smaller) lattice parameters than those
currently accessible. Fundamental investigations of the ki-
netics of crystallization, probed by both experiment and
theory, may also allow the size and morphology of the crystal
domains to be controlled and the role of defects—such as
grain boundaries, vacancies, and interstitial sites—to be
understood. Each of these factors can be used in atomic
systems to control materials properties, and we expect similar
effects to be seen with the nanoparticle superlattice systems.

While the goals outlined in this Essay are most certainly
ambitious, they are well worth the efforts it would take to
achieve them. The potential benefit to understanding scien-
tific phenomena at the nanoscale, developing novel materials
by design, and predictably creating and controlling the
physical and chemical characteristics of nanoparticle-based
structures holds promise to usher in a new era of materials
science. Despite the magnitude of this scientific challenge, the
progress both our group and others have made in recent years
in synthesizing nanoparticle building blocks and developing
a means to assemble them in a programmable manner
indicates that these goals are achievable with the appropriate
level of effort and innovation. The coming years undoubtedly
hold promise for discoveries that fill out the table of PAEs,
allow for new lattices to be realized, and demonstrate uses for
the novel plasmonic, photonic, magnetic, and catalytic
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properties of these structures. We therefore invite the
scientific community to adopt the concept of the nucleic
acid—-nanoparticle conjugate as a “programmable atom equiv-
alent” and to use the table and design rules presented herein
as a guiding principle in materials development. Approaching
the field of nanoscience and technology with the same level of
scientific rigor and intensity as chemists approached elemen-
tal discovery and usage in the previous two centuries will
enable this burgeoning field to take on an important and
highly influential role in the development of the chemistry,
materials science, physics, biology, and engineering commun-
ities.

Since the document’s initial submission, additional work
not covered in this manuscript has been done in this field to
further the concept of PAEs as nanoscale building blocks that
warrants mention here.[*7'¥!

Received: November 21, 2012
Revised: January 24, 2013
Published online: May 2, 2013

[1] R. Rossetti, S. Nakahara, L. E. Brus, J. Chem. Phys. 1983, 79,
1086 -1088.

[2] L. E. Brus, J. Chem. Phys. 1983, 79, 5566 —5571.

[3] M. C. Daniel, D. Astruc, Chem. Rev. 2004, 104, 293 —346.

[4] K. L. Kelly, E. Coronado, L. L. Zhao, G. C. Schatz, J. Phys.
Chem. B 2003, 107, 668 —677.

[5] S. Link, M. A. El-Sayed, J. Phys. Chem. B 1999, 103, 8410—
8426.

[6] Y. N. Xia, P. D. Yang, Y. G. Sun, Y. Y. Wu, B. Mayers, B. Gates,
Y. D. Yin, F. Kim, Y. Q. Yan, Adv. Mater. 2003, 15, 353 —389.

[7] C. Burda, X. B. Chen, R. Narayanan, M. A. El-Sayed, Chem.
Rev. 2005, 105, 1025-1102.

[8] Nanotechnology Research Directions: IWGN Workshop Re-
port (Eds.: M.C. Roco, R.S. Williams, A.P. Alivisatos),
National Science and Technology Council, Washington, 1999.

[9] Y. N. Xia, Y. J. Xiong, B. Lim, S. E. Skrabalak, Angew. Chem.
2009, 121, 62-108; Angew. Chem. Int. Ed. 2009, 48, 60-103.

[10] A.P. Alivisatos, Science 1996, 271, 933 -937.

[11] T. Trindade, P. O’Brien, N. L. Pickett, Chem. Mater. 2001, 13,
3843 -3858.

[12] M. Law, J. Goldberger, P. D. Yang, Annu. Rev. Mater. Res. 2004,
34,83-122.

[13] M. Fernandez-Garcia, A. Martinez-Arias, J. C. Hanson, J. A.
Rodriguez, Chem. Rev. 2004, 104, 4063 —4104.

[14] P.M. Ajayan, Chem. Rev. 1999, 99, 1787—1799.

[15] M. Oh, C. A. Mirkin, Nature 2005, 438, 651 -654.

[16] A.M. Spokoyny, D. Kim, A. Sumrein, C. A. Mirkin, Chem. Soc.
Rev. 2009, 38, 1218 -1227.

[17] J. P. Rolland, B. W. Maynor, L. E. Euliss, A. E. Exner, G. M.
Denison, J. M. DeSimone, J. Am. Chem. Soc. 2005, 127, 10096 —
10100.

[18] M. R. Jones, K. D. Osberg, R.J. Macfarlane, M. R. Langille,
C. A. Mirkin, Chem. Rev. 2011, 111, 3736-3827.

[19] M. R. Langille, M. L. Personick, J. Zhang, C. A. Mirkin, J. Am.
Chem. Soc. 2012, 134, 14542.

[20] Y. G. Sun, Y. N. Xia, Science 2002, 298, 2176 -2179.

[21] X. G. Peng, L. Manna, W. D. Yang, J. Wickham, E. Scher, A.
Kadavanich, A. P. Alivisatos, Nature 2000, 404, 59 -61.

[22] M. S. Arnold, A. A. Green, J. F. Hulvat, S.1. Stupp, M. C.
Hersam, Nat. Nanotechnol. 2006, 1, 60—65.

[23] M. B. Cortie, A. M. McDonagh, Chem. Rev. 2011, 111, 3713 -
3735.

[24] F. Caruso, Adv. Mater. 2001, 13, 11-22.

Angew. Chem. Int. Ed. 2013, 52, 5688 —5698


http://dx.doi.org/10.1063/1.445834
http://dx.doi.org/10.1063/1.445834
http://dx.doi.org/10.1063/1.445676
http://dx.doi.org/10.1021/cr030698+
http://dx.doi.org/10.1021/jp026731y
http://dx.doi.org/10.1021/jp026731y
http://dx.doi.org/10.1021/jp9917648
http://dx.doi.org/10.1021/jp9917648
http://dx.doi.org/10.1002/adma.200390087
http://dx.doi.org/10.1021/cr030063a
http://dx.doi.org/10.1021/cr030063a
http://dx.doi.org/10.1002/ange.200802248
http://dx.doi.org/10.1002/ange.200802248
http://dx.doi.org/10.1002/anie.200802248
http://dx.doi.org/10.1126/science.271.5251.933
http://dx.doi.org/10.1021/cm000843p
http://dx.doi.org/10.1021/cm000843p
http://dx.doi.org/10.1146/annurev.matsci.34.040203.112300
http://dx.doi.org/10.1146/annurev.matsci.34.040203.112300
http://dx.doi.org/10.1021/cr030032f
http://dx.doi.org/10.1021/cr970102g
http://dx.doi.org/10.1038/nature04191
http://dx.doi.org/10.1039/b807085g
http://dx.doi.org/10.1039/b807085g
http://dx.doi.org/10.1021/ja051977c
http://dx.doi.org/10.1021/ja051977c
http://dx.doi.org/10.1021/cr1004452
http://dx.doi.org/10.1021/ja305245g
http://dx.doi.org/10.1021/ja305245g
http://dx.doi.org/10.1126/science.1077229
http://dx.doi.org/10.1038/nnano.2006.52
http://dx.doi.org/10.1021/cr1002529
http://dx.doi.org/10.1021/cr1002529
http://dx.doi.org/10.1002/1521-4095(200101)13:1%3C11::AID-ADMA11%3E3.0.CO;2-N
http://www.angewandte.org

[25] Y. W. Cao, R. Jin, C. A. Mirkin, J. Am. Chem. Soc. 2001, 123,
7961 —-7962.

[26] A.T. Bell, Science 2003, 299, 1688 -1691.

[27] P. Christopher, H. L. Xin, S. Linic, Nat. Chem. 2011, 3, 467 —
472.

[28] N. L. Rosi, C. A. Mirkin, Chem. Rev. 2005, 105, 1547 -1562.

[29] D. A. Giljohann, D.S. Seferos, W. L. Daniel, M. D. Massich,
P. C. Patel, C. A. Mirkin, Angew. Chem. 2010, 122, 3352 -3366;
Angew. Chem. Int. Ed. 2010, 49, 3280—-3294.

[30] S.E. A. Gratton, P. A. Ropp, P. D. Pohlhaus, J. C. Luft, V..
Madden, M. E. Napier, J. M. DeSimone, Proc. Natl. Acad. Sci.
USA 2008, 105, 11613-11618.

[31] A.I Hochbaum, P. D. Yang, Chem. Rev. 2010, 110, 527 - 546.

[32] C. A.Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff, Nature
1996, 382, 607 —609.

[33] R. C. Mucic, J. J. Storhoff, C. A. Mirkin, R. L. Letsinger, J. Am.
Chem. Soc. 1998, 120, 12674-12675.

[34] J. J. Storhoff, A. A. Lazarides, R. C. Mucic, C. A. Mirkin, R. L.
Letsinger, G. C. Schatz, J. Am. Chem. Soc. 2000, 122, 4640—
4650.

[35] S.J. Park, A. A. Lazarides, C. A. Mirkin, P. W. Brazis, C. R.
Kannewurf, R. L. Letsinger, Angew. Chem. 2000, 112, 4003 —
4006; Angew. Chem. Int. Ed. 2000, 39, 3845-3848.

[36] R.C. Jin, G.S. Wu, Z. Li, C. A. Mirkin, G. C. Schatz, J. Am.
Chem. Soc. 2003, 125, 1643 -1654.

[37] R.J. Macfarlane, B. Lee, M. R. Jones, N. Harris, G. C. Schatz,
C. A. Mirkin, Science 2011, 334, 204 -208.

[38] A.M. Kalsin, M. Fialkowski, M. Paszewski, S. K. Smoukov,
K. J. M. Bishop, B. A. Grzybowski, Science 2006, 312, 420—424.

[39] E. V. Shevchenko, D. V. Talapin, N. A. Kotov, S. O’Brien, C. B.
Murray, Nature 2006, 439, 55-59.

[40] D. V. Talapin, J. S. Lee, M. V. Kovalenko, E. V. Shevchenko,
Chem. Rev. 2010, 110, 389-458.

[41] N.J. Halas, S. Lal, W. S. Chang, S. Link, P. Nordlander, Chem.
Rev. 2011, 111, 3913-3961.

[42] A.P. Alivisatos, K. P. Johnsson, X. G. Peng, T. E. Wilson, C. J.
Loweth, M. P. Bruchez, P. G. Schultz, Nature 1996, 382, 609 —
611.

[43] Y. Wang, Y. Wang, D. R. Breed, V.N. Manoharan, L. Feng,
A. D. Hollingsworth, M. Weck, D. J. Pine, Nature 2012, 491,51 -
55.

[44] Y. Wang, G. Chen, M. X. Yang, G. Silber, S. X. Xing, L. H. Tan,
F. Wang, Y. H. Feng, X. G. Liu, S.Z. Li, H. Y. Chen, Nat.
Commun. 2010, 1, 87.

[45] F. W. Huo, A.K.R. Lytton-Jean, C. A. Mirkin, Adv. Mater.
2006, 18, 2304.

[46] X.Y. Xu, N. L. Rosi, Y. H. Wang, F. W. Huo, C. A. Mirkin, J.
Am. Chem. Soc. 2006, 128, 9286 —-9287.

[47] M. A. Kastner, Phys. Today 1993, 46, 24-31.

[48] R. C. Ashoori, Nature 1996, 379, 413-419.

[49] T. Hanrath, J. Vac. Sci. Technol. A 2012, 30, 030802.

[50] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, C. A.
Mirkin, Science 1997, 277, 1078 - 1081.

[51] J.J. Storhoff, R. Elghanian, R. C. Mucic, C. A. Mirkin, R. L.
Letsinger, J. Am. Chem. Soc. 1998, 120, 1959 -1964.

[52] T. A. Taton, C. A. Mirkin, R. L. Letsinger, Science 2000, 289,
1757-1760.

[53] S.J. Park, T. A. Taton, C. A. Mirkin, Science 2002, 295, 1503 -
1506.

[54] J. M. Nam, C.S. Thaxton, C. A. Mirkin, Science 2003, 301,
1884 —1886.

[55] D. G. Georganopoulou, L. Chang, J. M. Nam, C. S. Thaxton,
E. J. Mufson, W. L. Klein, C. A. Mirkin, Proc. Natl. Acad. Sci.
USA 2005, 102, 2273 -2276.

[56] C.S. Thaxton, R. Elghanian, A. D. Thomas, S. I. Stoeva, J. S.
Lee, N. D. Smith, A. J. Schaeffer, H. Klocker, W. Horninger, G.

Angew. Chem. Int. Ed. 2013, 52, 5688 -5698

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemarionalEdition, ChEMiE

Bartsch, C. A. Mirkin, Proc. Natl. Acad. Sci. USA 2009, 106,
18437-18442.

[57] N.L. Rosi, D. A. Giljohann, C.S. Thaxton, A. K. R. Lytton-
Jean, M. S. Han, C. A. Mirkin, Science 2006, 312, 1027 -1030.

[58] D.S. Seferos, D. A. Giljohann, H. D. Hill, A.E. Prigodich,
C. A. Mirkin, J. Am. Chem. Soc. 2007, 129, 15477 —15479.

[59] D. Zheng, D. A. Giljohann, D. L. Chen, M. D. Massich, X. Q.
Wang, H. Iordanov, C. A. Mirkin, A. S. Paller, Proc. Natl. Acad.
Sci. USA 2012, 109, 11975-11980.

[60] S.Y. Park, A.K.R. Lytton-Jean, B. Lee, S. Weigand, G. C.
Schatz, C. A. Mirkin, Nature 2008, 451, 553 —556.

[61] D. Nykypanchuk, M. M. Maye, D. van der Lelie, O. Gang,
Nature 2008, 451, 549 -552.

[62] R.J. Macfarlane, M. R. Jones, A. J. Senesi, K. L. Young, B. Lee,
J.S. Wu, C. A. Mirkin, Angew. Chem. 2010, 122, 4693 -4696;
Angew. Chem. Int. Ed. 2010, 49, 4589 —4592.

[63] H. M. Xiong, D. van der Lelie, O. Gang, Phys. Rev. Lett. 2009,
102, 015504.

[64] L. Pauling, The Nature of the Chemical Bond and the Structure
of Molecules and Crystals; An Introduction to Modern Struc-
tural Chemistry, 3rd ed., Cornell University Press, Ithaca, 1960.

[65] N. C. Seeman, Nature 2003, 421, 427 -431.

[66] P. W. K. Rothemund, Nature 2006, 440, 297 -302.

[67] J.D. Le, Y. Pinto, N. C. Seeman, K. Musier-Forsyth, T. A.
Taton, R. A. Kiehl, Nano Lett. 2004, 4, 2343 -2347.

[68] H. Yan, S. H. Park, G. Finkelstein, J. H. Reif, T. H. LaBean,
Science 2003, 301, 1882-1884.

[69] A. Kuzuya, M. Komiyama, Nanoscale 2010, 2, 309-321.

[70] S. Connolly, D. Fitzmaurice, Adv. Mater. 1999, 11, 1202 -1205.

[71] K. K. Caswell, J. N. Wilson, U. H. F. Bunz, C. J. Murphy, J. Am.
Chem. Soc. 2003, 125, 13914-13915.

[72] C.L.Chen,P. J. Zhang, N. L. Rosi, J. Am. Chem. Soc. 2008, 130,
13555-13577.

[73] K. L. Young, M. R. Jones, J. Zhang, R.J. Macfarlane, R.
Esquivel-Sirvent, R. J. Nap, J. S. Wu, G. C. Schatz, B. Lee, C. A.
Mirkin, Proc. Natl. Acad. Sci. USA 2012, 109, 2240—2245.

[74] J. 1. Cutler, E. Auyeung, C. A. Mirkin, J. Am. Chem. Soc. 2012,
134, 1376-1391.

[75] S.J. Hurst, A. K. R. Lytton-Jean, C. A. Mirkin, Anal. Chem.
2006, 78, 8313 -8318.

[76] J.S. Lee, A. K. R. Lytton-Jean, S. J. Hurst, C. A. Mirkin, Nano
Lett. 2007, 7, 2112-2115.

[77] J. 1. Cutler, D. Zheng, X. Y. Xu, D. A. Giljohann, C. A. Mirkin,
Nano Lett. 2010, 10, 1477 -1480.

[78] C.Xue, X. Chen, S. J. Hurst, C. A. Mirkin, Adv. Mater. 2007, 19,
4071-4074.

[79] K. L. Young, A. W. Scott, L. L. Hao, S. E. Mirkin, G. L. Liu,
C. A. Mirkin, Nano Lett. 2012, 12, 3867 -3871.

[80] G. P. Mitchell, C. A. Mirkin, R. L. Letsinger, J. Am. Chem. Soc.
1999, 121, 8122 -8123.

[81] D. A. Giljohann, D.S. Seferos, A.E. Prigodich, P. C. Patel,
C. A. Mirkin, J. Am. Chem. Soc. 2009, 131, 2072 -2073.

[82] L. L. Hao, P. C. Patel, A. H. Alhasan, D. A. Giljohann, C. A.
Mirkin, Small 2011, 7, 3158 -3162.

[83] D.S. Seferos, D. A. Giljohann, N.L. Rosi, C. A. Mirkin,
ChemBioChem 2007, 8, 1230-1232.

[84] K. Zhang, J. I. Cutler, J. A. Zhang, D. Zheng, E. Auyeung, C. A.
Mirkin, J. Am. Chem. Soc. 2010, 132, 15151 -15153.

[85] J. L. Cutler, K. Zhang, D. Zheng, E. Auyeung, A. E. Prigodich,
C. A. Mirkin, J. Am. Chem. Soc. 2011, 133, 9254 -9257.

[86] M. R.Jones, R. J. Macfarlane, B. Lee, J. A. Zhang, K. L. Young,
A.J. Senesi, C. A. Mirkin, Nat. Mater. 2010, 9, 913-917.

[87] J. E. Millstone, S. Park, K. L. Shuford, L. D. Qin, G. C. Schatz,
C. A. Mirkin, J. Am. Chem. Soc. 2005, 127, 5312 -5313.

[88] A.K.R. Lytton-Jean, C. A. Mirkin, J. Am. Chem. Soc. 2005,
127, 12754 -12755.

www.angewandte.org

5697


http://dx.doi.org/10.1021/ja011342n
http://dx.doi.org/10.1021/ja011342n
http://dx.doi.org/10.1126/science.1083671
http://dx.doi.org/10.1021/cr030067f
http://dx.doi.org/10.1002/ange.200904359
http://dx.doi.org/10.1002/anie.200904359
http://dx.doi.org/10.1073/pnas.0801763105
http://dx.doi.org/10.1073/pnas.0801763105
http://dx.doi.org/10.1021/cr900075v
http://dx.doi.org/10.1038/382607a0
http://dx.doi.org/10.1038/382607a0
http://dx.doi.org/10.1021/ja982721s
http://dx.doi.org/10.1021/ja982721s
http://dx.doi.org/10.1021/ja993825l
http://dx.doi.org/10.1021/ja993825l
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C4003::AID-ANGE4003%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C4003::AID-ANGE4003%3E3.0.CO;2-U
http://dx.doi.org/10.1021/ja021096v
http://dx.doi.org/10.1021/ja021096v
http://dx.doi.org/10.1126/science.1210493
http://dx.doi.org/10.1126/science.1125124
http://dx.doi.org/10.1038/nature04414
http://dx.doi.org/10.1021/cr900137k
http://dx.doi.org/10.1021/cr200061k
http://dx.doi.org/10.1021/cr200061k
http://dx.doi.org/10.1038/382609a0
http://dx.doi.org/10.1038/382609a0
http://dx.doi.org/10.1038/nature11564
http://dx.doi.org/10.1038/nature11564
http://dx.doi.org/10.1002/adma.200601178
http://dx.doi.org/10.1002/adma.200601178
http://dx.doi.org/10.1021/ja061980b
http://dx.doi.org/10.1021/ja061980b
http://dx.doi.org/10.1063/1.881393
http://dx.doi.org/10.1038/379413a0
http://dx.doi.org/10.1116/1.4705402
http://dx.doi.org/10.1126/science.277.5329.1078
http://dx.doi.org/10.1021/ja972332i
http://dx.doi.org/10.1126/science.289.5485.1757
http://dx.doi.org/10.1126/science.289.5485.1757
http://dx.doi.org/10.1126/science.1088755
http://dx.doi.org/10.1126/science.1088755
http://dx.doi.org/10.1073/pnas.0409336102
http://dx.doi.org/10.1073/pnas.0409336102
http://dx.doi.org/10.1073/pnas.0904719106
http://dx.doi.org/10.1073/pnas.0904719106
http://dx.doi.org/10.1126/science.1125559
http://dx.doi.org/10.1021/ja0776529
http://dx.doi.org/10.1073/pnas.1118425109
http://dx.doi.org/10.1073/pnas.1118425109
http://dx.doi.org/10.1038/nature06508
http://dx.doi.org/10.1038/nature06560
http://dx.doi.org/10.1002/ange.201000633
http://dx.doi.org/10.1002/anie.201000633
http://dx.doi.org/10.1038/nature01406
http://dx.doi.org/10.1038/nature04586
http://dx.doi.org/10.1021/nl048635+
http://dx.doi.org/10.1126/science.1089389
http://dx.doi.org/10.1002/(SICI)1521-4095(199910)11:14%3C1202::AID-ADMA1202%3E3.0.CO;2-H
http://dx.doi.org/10.1021/ja037969i
http://dx.doi.org/10.1021/ja037969i
http://dx.doi.org/10.1021/ja805683r
http://dx.doi.org/10.1021/ja805683r
http://dx.doi.org/10.1073/pnas.1119301109
http://dx.doi.org/10.1021/ja209351u
http://dx.doi.org/10.1021/ja209351u
http://dx.doi.org/10.1021/ac0613582
http://dx.doi.org/10.1021/ac0613582
http://dx.doi.org/10.1021/nl071108g
http://dx.doi.org/10.1021/nl071108g
http://dx.doi.org/10.1021/nl100477m
http://dx.doi.org/10.1002/adma.200701506
http://dx.doi.org/10.1002/adma.200701506
http://dx.doi.org/10.1021/nl3020846
http://dx.doi.org/10.1021/ja991662v
http://dx.doi.org/10.1021/ja991662v
http://dx.doi.org/10.1021/ja808719p
http://dx.doi.org/10.1002/smll.201101018
http://dx.doi.org/10.1002/cbic.200700262
http://dx.doi.org/10.1021/ja107224s
http://dx.doi.org/10.1021/ja203375n
http://dx.doi.org/10.1038/nmat2870
http://dx.doi.org/10.1021/ja043245a
http://dx.doi.org/10.1021/ja052255o
http://dx.doi.org/10.1021/ja052255o
http://www.angewandte.org

Ang‘dte
Essays

5698

[89] M. D. Massich, D. A. Giljohann, D. S. Seferos, L. E. Ludlow,
C. M. Horvath, C. A. Mirkin, Mol. Pharm. 2009, 6, 1934 —1940.

[90] A.E. Prigodich, A. H. Alhasan, C. A. Mirkin, J. Am. Chem.
Soc. 2011, 133, 2120-2123.

[91] J. W. Zwanikken, P. J. Guo, C. A. Mirkin, M. O. de La Cruz, J.
Phys. Chem. C 2011, 115, 16368 -16373.

[92] S.J. Park, A. A. Lazarides, J. J. Storhoff, L. Pesce, C. A. Mirkin,
J. Phys. Chem. B 2004, 108, 12375-12380.

[93] H. M. Xiong, D. van der Lelie, O. Gang, J. Am. Chem. Soc.
2008, 130, 2442 —2443.

[94] R.J. Macfarlane, B. Lee, H. D. Hill, A.J. Senesi, S. Seifert,
C. A. Mirkin, Proc. Natl. Acad. Sci. USA 2009, 106, 10493 -
10498.

[95] T.I.N. G. Li, R. Sknepnek, R.J. Macfarlane, C. A. Mirkin,
M. O. de La Cruz, Nano Lett. 2012, 12, 2509 -2514.

[96] H.D. Hill, R. J. Macfarlane, A.J. Senesi, B. Lee, S.Y. Park,
C. A. Mirkin, Nano Lett. 2008, 8, 2341 -2344.

[97] D.S. Sebba, A.A. Lazarides, J. Phys. Chem. C 2008, 112,
18331-183309.

[98] L. V. Woodcock, Nature 1997, 385, 141 -143.

[99] E. Auyeung, J. I. Cutler, R. J. Macfarlane, M. R. Jones, J. S. Wu,
G. Liu, K. Zhang, K. D. Osberg, C. A. Mirkin, Nat. Nano-
technol. 2012, 7, 24 -28.

[100] L. Nie, S.Y. Liu, W. M. Shen, D.Y. Chen, M. Jiang, Angew.
Chem. 2007, 119, 6437—-6440; Angew. Chem. Int. Ed. 2007, 46,
6321 -6324.

[101] 1. E. Millstone, D. G. Georganopoulou, X. Y. Xu, W. Wei, S. Y.
Li, C. A. Mirkin, Small 2008, 4, 2176-2180.

[102] M. Rycenga, J. M. McLellan, Y. N. Xia, Adv. Mater. 2008, 20,
2416 -2420.

[103] M. M. Maye, D. Nykypanchuk, M. Cuisinier, D. van der Lelie,
O. Gang, Nat. Mater. 2009, 8, 388—-391.

[104] D.Z. Sun, A. L. Stadler, M. Gurevich, E. Palma, E. Stach, D.
van der Lelie, O. Gang, Nanoscale 2012, 4, 6722—6725.

[105] Z.L. Zhang, S. C. Glotzer, Nano Lett. 2004, 4, 1407 —-1413.

[106] S. C. Glotzer, M. J. Solomon, Nat. Mater. 2007, 6, 557 - 562.

[107] J. E. Millstone, S.J. Hurst, G. S. Metraux, J. I. Cutler, C. A.
Mirkin, Small 2009, 5, 646 —664.

[108] R. C. Jin, Y. W. Cao, C. A. Mirkin, K. L. Kelly, G. C. Schatz,
J. G. Zheng, Science 2001, 294, 1901 —1903.

[109] R. C. Jin, Y. C. Cao, E. C. Hao, G. S. Metraux, G. C. Schatz,
C. A. Mirkin, Nature 2003, 425, 487 —490.

[110] G.S. Métraux, C. A. Mirkin, Adv. Mater. 2005, 17, 412-415.

[111] C. Xue, C. A. Mirkin, Angew. Chem. 2007, 119, 2082-2084;
Angew. Chem. Int. Ed. 2007, 46, 2036—2038.

[112] B. Nikoobakht, M. A. El-Sayed, Chem. Mater. 2003, 15, 1957 -
1962.

[113] M. Z. Liu, P. Guyot-Sionnest, J. Phys. Chem. B 2005, 109,
22192 -22200.

[114] C.J. Murphy, A. M. Gole, S. E. Hunyadi, C. J. Orendorff, Inorg.
Chem. 2006, 45, 7544 —-7554.

[115] M. L. Personick, M. R. Langille, J. Zhang, C. A. Mirkin, Nano
Lert. 2011, 11, 3394 -3398.

[116] W.X. Niu, S. L. Zheng, D. W. Wang, X. Q. Liu, H. J. Li, S. A.
Han, J. Chen, Z. Y. Tang, G. B. Xu, J. Am. Chem. Soc. 2009, 131,
697-703.

[117] J. A. Zhang, M. R. Langille, M. L. Personick, K. Zhang, S. Y. Li,
C. A. Mirkin, J. Am. Chem. Soc. 2010, 132, 14012 -14014.

[118] M. R. Langille, M. L. Personick, J. Zhang, C. A. Mirkin, J. Am.
Chem. Soc. 2011, 133, 10414-10417.

[119] A. Tao, P. Sinsermsuksakul, P. D. Yang, Angew. Chem. 2006,
118, 4713-4717; Angew. Chem. Int. Ed. 2006, 45, 4597 -4601.

[120] M. R.Jones, R. J. Macfarlane, A. E. Prigodich, P. C. Patel, C. A.
Mirkin, J. Am. Chem. Soc. 2011, 133, 18865 —18869.

[121] H. D. Hill, S.J. Hurst, C. A. Mirkin, Nano Lett. 2009, 9, 317 —
321.

[122] H. D. Hill, J. E. Millstone, M. J. Banholzer, C. A. Mirkin, ACS
Nano 2009, 3, 418-424.

[123] M. R. Jones, C. A. Mirkin, Angew. Chem. 2013, 125, 2958 -
2963; Angew. Chem. Int. Ed. 2013, 52, 2886—2891.

[124] J. S.Lee, S. I. Stoeva, C. A. Mirkin, J. Am. Chem. Soc. 2006, 128,
8899 —8903.

[125] J.S. Lee, D. S. Seferos, D. A. Giljohann, C. A. Mirkin, J. Am.
Chem. Soc. 2008, 130, 5430-5431.

[126] D. Seo, C. 1l Yoo, L. S. Chung, S. M. Park, S. Ryu, H. Song, J.
Phys. Chem. C 2008, 112, 2469-2475.

[127] P.F. Damasceno, M. Engel, S. C. Glotzer, Science 2012, 337,
453-457.

[128] D. Z. Sun, O. Gang, J. Am. Chem. Soc. 2011, 133, 5252 -5254.

[129] H. J. Yoo, J. E. Millstone, S. Z. Li, J. W. Jang, W. Wei, J. S. Wu,
G. C. Schatz, C. A. Mirkin, Nano Lett. 2009, 9, 3038 —3041.

[130] E. Auyeung, R. J. Macfarlane, C. H. J. Choi, J. I. Cutler, C. A.
Mirkin, Adv. Mater. 2012, 24, 5181.

[131] T. A. Taton, R. C. Mucic, C. A. Mirkin, R. L. Letsinger, J. Am.
Chem. Soc. 2000, 122, 6305 -6306.

[132] L. M. Demers, S.J. Park, T. A. Taton, Z. Li, C. A. Mirkin,
Angew. Chem. 2001, 113, 3161-3163; Angew. Chem. Int. Ed.
2001, 40, 3071 -3073.

[133] S. W. Chung, D.S. Ginger, M. W. Morales, Z.F. Zhang, V.
Chandrasekhar, M. A. Ratner, C. A. Mirkin, Small 2005, 1, 64—
69.

[134] H. M. Xiong, M. Y. Sfeir, O. Gang, Nano Lett. 2010, 10, 4456 —
4462.

[135] M. M. Maye, M. T. Kumara, D. Nykypanchuk, W. B. Sherman,
O. Gang, Nat. Nanotechnol. 2010, 5, 116—120.

[136] S.Y. Park, J. S. Lee, D. Georganopoulou, C. A. Mirkin, G. C.
Schatz, J. Phys. Chem. B 2006, 110, 12673 -12681.

[137] S.J. Barrow, X. Wei, J. S. Baldauf, A. M. Funston, P. Mulvaney,
Nat. Comm. 2013, 3, 1275.

[138] Z.Deng, S. Pal, A. Samanta, H. Yan, Y. Liu, Chem. Sci. 2013, 4,
2234-2240.

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2013, 52, 5688 —5698


http://dx.doi.org/10.1021/mp900172m
http://dx.doi.org/10.1021/ja110833r
http://dx.doi.org/10.1021/ja110833r
http://dx.doi.org/10.1021/jp205583j
http://dx.doi.org/10.1021/jp205583j
http://dx.doi.org/10.1021/jp040242b
http://dx.doi.org/10.1021/ja710710j
http://dx.doi.org/10.1021/ja710710j
http://dx.doi.org/10.1073/pnas.0900630106
http://dx.doi.org/10.1073/pnas.0900630106
http://dx.doi.org/10.1021/nl300679e
http://dx.doi.org/10.1021/nl8011787
http://dx.doi.org/10.1038/385141a0
http://dx.doi.org/10.1002/ange.200700209
http://dx.doi.org/10.1002/ange.200700209
http://dx.doi.org/10.1002/anie.200700209
http://dx.doi.org/10.1002/anie.200700209
http://dx.doi.org/10.1002/smll.200800931
http://dx.doi.org/10.1002/adma.200800360
http://dx.doi.org/10.1002/adma.200800360
http://dx.doi.org/10.1038/nmat2421
http://dx.doi.org/10.1039/c2nr31908j
http://dx.doi.org/10.1021/nl0493500
http://dx.doi.org/10.1038/nmat1949
http://dx.doi.org/10.1002/smll.200801480
http://dx.doi.org/10.1126/science.1066541
http://dx.doi.org/10.1038/nature02020
http://dx.doi.org/10.1002/ange.200604637
http://dx.doi.org/10.1002/anie.200604637
http://dx.doi.org/10.1021/cm020732l
http://dx.doi.org/10.1021/cm020732l
http://dx.doi.org/10.1021/jp054808n
http://dx.doi.org/10.1021/jp054808n
http://dx.doi.org/10.1021/ic0519382
http://dx.doi.org/10.1021/ic0519382
http://dx.doi.org/10.1021/nl201796s
http://dx.doi.org/10.1021/nl201796s
http://dx.doi.org/10.1021/ja804115r
http://dx.doi.org/10.1021/ja804115r
http://dx.doi.org/10.1021/ja106394k
http://dx.doi.org/10.1021/ja204375d
http://dx.doi.org/10.1021/ja204375d
http://dx.doi.org/10.1002/ange.200601277
http://dx.doi.org/10.1002/ange.200601277
http://dx.doi.org/10.1002/anie.200601277
http://dx.doi.org/10.1021/ja206777k
http://dx.doi.org/10.1021/nl8030482
http://dx.doi.org/10.1021/nl8030482
http://dx.doi.org/10.1021/nn800726e
http://dx.doi.org/10.1021/nn800726e
http://dx.doi.org/10.1021/ja061651j
http://dx.doi.org/10.1021/ja061651j
http://dx.doi.org/10.1021/ja800797h
http://dx.doi.org/10.1021/ja800797h
http://dx.doi.org/10.1021/jp7109498
http://dx.doi.org/10.1021/jp7109498
http://dx.doi.org/10.1126/science.1220869
http://dx.doi.org/10.1126/science.1220869
http://dx.doi.org/10.1021/ja111542t
http://dx.doi.org/10.1021/nl901513g
http://dx.doi.org/10.1002/adma.201202069
http://dx.doi.org/10.1021/ja0007962
http://dx.doi.org/10.1021/ja0007962
http://dx.doi.org/10.1002/1521-3757(20010817)113:16%3C3161::AID-ANGE3161%3E3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20010817)40:16%3C3071::AID-ANIE3071%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3773(20010817)40:16%3C3071::AID-ANIE3071%3E3.0.CO;2-S
http://dx.doi.org/10.1002/smll.200400005
http://dx.doi.org/10.1002/smll.200400005
http://dx.doi.org/10.1021/nl102273c
http://dx.doi.org/10.1021/nl102273c
http://dx.doi.org/10.1038/nnano.2009.378
http://dx.doi.org/10.1021/jp062212+
http://dx.doi.org/10.1039/c3sc00065f
http://dx.doi.org/10.1039/c3sc00065f
http://www.angewandte.org

