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In 1996, we introduced the concept of using DNA and its
programmable recognition properties to guide the assembly
of polyvalent DNA nanoconjugates into macroscopic materi-
als.'l Over the past decade, wel*™ and others®®!” have
developed methods for using DNA nanoconjugates to realize
ordered arrangements of small clusters and highly crystalline
extended architectures. Through this work, we have begun to
define the design rules for synthesizing nanoparticle struc-
tures from DNA where one can envision and realize a particle
lattice through the appropriate use of nanoparticle and DNA
building blocks. In principle, the approach lends itself to many
particle sizes and different lengths of DNA interconnects,
thereby providing a new construction kit for realizing a wide
array of nanoparticle-based three-dimensional architectures.
The ability to assemble crystalline lattices with control over
both nanoparticle size and interparticle distance would
represent a major advance for nanotechnology, as the physical
properties of nanomaterials are highly dependent upon both
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their size and surrounding environment."'' However,
changing the dimensions of nanomaterials used in the
assembly process also alters the manner in which the
materials behave by changing the relative magnitudes and
types of fundamental forces driving assembly. As such, design
rules need to be established that take these differences into
account to develop a complete understanding of DNA-based
particle assembly. Herein, we report a set of experiments that
demonstrate that there are predictable and mathematically
definable relationships between particle size and DNA length
that dictate the assembly and crystallization processes. These
experiments allow us to define a “zone of crystallization”,
wherein we can understand, explain, and control the biomo-
lecular forces driving the formation of colloidal crystals with
programmable variation of both crystal lattice parameters
and nanoparticle size.

Gold nanoparticles (AuNPs) of approximately 5-80 nm in
diameter were densely functionalized with alkylthiol-modi-
fied oligonucleotides according to established procedures.!'’!
(All DNA sequences can be found in the Supporting
Information.) DNA linker strands were then added to these
DNA-functionalized AuNPs to induce AuNP aggregation
(Figure 1b). The 3’ end of each linker contained an 18-mer
sequence complementary to the 3’ end of the AuNP-bound
DNA, while the 5" end contained a short, self-complementary
5'-CGCG-3' sequence that induced particle aggregation.

To vary the length of the DNA linkers (and thereby
control the distance between nanoparticles in an aggregate), a
spacer sequence, consisting of modular “blocks” of a repeated
40-base DNA segment, was placed in-between the particle-
recognition sequence and the 5-CGCG-3' sequence. DNA
length was controlled by varying the number of blocks in each
linker strand. We have previously determined that there is an
approximate 0.255 nm rise per base pair for the DNA linkers,
meaning that each block adds approximately 10 nm to the
overall length of a single DNA strand.) Each of these
sections  (particle recognition sequence, 5-CGCG-3'
sequence, and each individual block spacer) was separated
by a single unpaired “flexor” base, which has been shown to
be important in the formation of DNA-AuNP crystals.”> A
40-base DNA strand complementary to the block region
(added in a 1:1 ratio with the number of blocks in the linker
strand’s sequence) was hybridized to the linker strands prior
to combining them with the DNA-AuNPs. This was done both
to increase linker rigidity and to make this design conform
with previously established crystallization schemes.”! DNA-
AuNPs were crystallized by adding linkers to the nanoparticle
solutions and heating the resulting aggregates to a few
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Figure 1. Programmable assembly of nanoparticles. a) The lattice
parameters of DNA-programmed colloidal crystals are tunable by both
DNA length and nanoparticle size within a “zone of crystallization” (in
between the dashed lines), as defined by the ratio of nanoparticle
diameter to linking DNA length. b) The DNA design that links nano-
particles together, consisting of: a hexylthiol moiety, a dA,, spacer, a
particle-linker duplex, a series of “block” spacers (where n=0-4), and
a short, self-complementary linker-linker recognition sequence.

degrees below their melting temperature (the temperature at
which the DNA-AuNPs would dissociate).

Face-centered cubic (fcc) colloidal crystals were obtained
with control over nanoparticle components and lattice
parameters on a diverse length scale. The nanoparticle sizes
range from 5 to almost 80nm in diameter (Figure2;
Supporting Information, Figure S1-S8), and the unit cell
edge lengths of the crystals range from about 25 to 225 nm.
Resulting crystal sizes varied, with the average domain size
being 1.5 um in diameter, corresponding to 10*-10° AuNPs/
crystal, depending on unit cell dimensions (Supporting
Information, Table S4), and the largest crystal being approx-
imately 2.6 um in diameter.

All of the calculated lattice parameters for these crystals
are within approximately 10 % of predicted values'—most of
the systems deviate from prediction by less than 5%,
indicating that the crystal lattice parameters are tailorable
over the entire size regime studied and that the unit cell edge
lengths can be predicted using our previous model.*! Fur-
thermore, the lattice parameters can be moderately con-
trolled by changes in solution temperature, as they were
controllably and reversibly expanded by as much as 8 % with
only a 20°C increase in temperature (Supporting Informa-
tion, Figure S10). Because the DNA sequences used to
assemble NPs have synthetically variable numbers of base
pairs connecting them, each of which contributes 0.255 nm to
the distance between nanoparticles, this gives us nanometer-
scale precision over the assembled crystal structures.
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Figure 2. The 1D and 2D SAXS patterns for crystals consisting of

a) 10.4 nm AuNPs, unit cell edge length 67.4 nm; b) 31.3 nm AuNPs,
unit cell edge length 151 nm; and c) 60.9 nm AuNPs, unit cell edge
length 183 nm. (Due to the exponential decay of X-ray scattering as a
function of scattering vector, the contrast of the 2D SAXS image in (c)
was adjusted nonlinearly. This did not affect the 1D plot or data
analysis.)

& @ . °
4 @ ]
g 60 ] [ ]
gl (] o [ ] ]
2 i [ @ ° u]
E 40 & ° @ ° 5]
B = ° @ ™ o
E 20 ° ° ® 5]
® ° o
o °
0 T T T T T
0 20 40 60 80 100
DNA Length/nm

Figure 3. The zone of crystallization, as defined by the relationship
between nanoparticle diameter and DNA length. Black circles indicate
that fcc crystals were formed, and gray squares indicate that only
disordered aggregates were observed.

Significantly, not all of the DNA-linker and AuNP
combinations we designed formed well-defined crystal struc-
tures (Figure 3). Indeed, the data can be clearly delineated
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into three distinct realms in which the total DNA length is
significantly longer, of comparable length, or significantly
shorter than the nanoparticle diameter—only the middle
region leads to well-formed crystalline aggregates. The
boundaries of this zone of crystallization are of fundamental
interest, as they allow for explanation of the DNA behavior
that leads to ordered nanoparticle assemblies.

The fact that crystals are not formed at low DNA length to
AuNP diameter ratios (gray squares, upper left of Figure 3)
can be understood by making a comparison between the
polydispersity of the AuNPs and the flexibility of the DNA
strands (Figure 4a). Double-stranded DNA exhibits length-
dependent flexibility with a persistence length of approx-
imately 50 nm.'” Thus, longer DNA linkers have greater
variation in the distance between the AuNP surface and the
5-CGCG-3' recognition units (AL; Figure 4a). The data
(Figure 4b; calculations can be found in the Supporting
Information) show that crystals form in systems where the
values of AL are equivalent to or greater than the variability
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in nanoparticle size (AD, calculated as the size polydispersity
of a given NP solution), but not when the opposite is true. In a
system in which particle size dispersity is greater than DNA
flexibility, a well-ordered crystal is no longer the most
thermodynamically favorable state. We project that this is
because the energetic penalties associated with the DNA
stretching and/or bending to direct the assembly of non-
uniform AuNPs into a uniform lattice are too great to provide
significant net enthalpic energy benefit.'71%l
This thermodynamic trade-off does not, however, explain
the upper limit to the length of DNA strands that can be used
for each nanoparticle size (gray squares, bottom right of
Figure 3). Longer DNA linkers, with their increased flexibil-
ity, would not suffer the enthalpic penalties mentioned above,
indicating that the limiting factor for crystal formation with
longer DNA lengths may be kinetic rather than thermody-
namic. To form an ordered crystal, the DNA ligands holding
nanoparticles together must go through a process of de- and
re-hybridization to transition from an initially disordered
structure to their most
ordered crystalline state.”!”
The rate at which these bind-
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Figure 4. Differences in nanoparticle size and DNA length govern the crystal formation process. a) The
distance between the AuNP surface and the linker recognition unit shows variability as a function of the
length of the DNA strand (AL). b) The ratios of AL versus variability in nanoparticle size (AD) for the

k., and k. values for these
nanoparticle  systems, an
effective concentration (Cy)
for the DNA linker recogni-

longest DNA length in which fcc crystals were not observed (data from gray squares, upper left of Figure 3)
and the shortest DNA length in which they were (data from black circles, upper left of Figure 3). In general,
ordered assemblies are only obtained when AL>AD. c) A plot of 1/T,, values against In(C.¢) for each DNA-
AuNP system shows that the data follow a linear trend. The value of AH of hybridization calculated from
this plot is within 6.7% of a previously published value for the non-AuNP-bound 5'-CGCG-3’ duplex. d) The
k., values for crystalline (green traces) and noncrystalline (red traces) DNA-AuNP aggregates, demonstrat-
ing that only DNA-AuNPs with high values of k,, are able to form crystals. The value of k. is plotted as a
function of temperature (black trace). e) When the k,, values are large enough (green values), the system
can reach temperatures high enough to allow for reorganization of the DNA-AuNPs within an aggregate.
However, DNA-AuNP systems with relatively low k,, values (red values) melt at temperatures too low to
allow the AuNPs to form an ordered crystal.

tion units within an aggregate
was determined (for calcula-
tions, see the Supporting
Information). C.; is defined
as the number of linker rec-
ognition units per particle
divided by the limited
volume in which they exist,
due to localized confinement
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of DNAs tethered to the surface of a AuNP. Values of
1/T,, were plotted against values of In(C.y), where T, is the
temperature at which an aggregate dissociates. These values
exist in a linear relationship (Figure 4c) and can be used to
determine the thermodynamic constants (AH° and AS°)
associated with DNA duplex formation. Based on the data
calculated in Figure 4c, the AH° value for DNA hybridization
is —141.9 kJmol™', which is within 6.7% variance from
previously established literature values for this 5'-CGCG-3’
sequence," indicating that this is indeed an accurate model.

Using these data, plots of calculated k,, and k. values
show reasonable agreement with experimental T, values for
the systems studied. When the k., of a system is less than
6 x 10* s7!, no crystals are observed. This indicates that, at the
temperatures immediately below dehybridization of the
linker-linker overlap for these systems, there is not enough
thermal energy to induce restructuring of the nanoparticles
on an appreciable timescale. However, when the k,, of a
system is greater than 1 x 10*s™!, the rates of DNA de- and re-
hybridization are fast enough to induce restructuring in the
aggregate at temperatures slightly below 7. (Between these
values, some systems are able to restructure, while others are
not; these data are discussed in more detail in the Supporting
Information.) These kinetic data explain the results at the
bottom right of Figure 3, where systems with large DNA
length to AuNP diameter ratios are unable to transition from
disordered aggregates to ordered crystals—it is in these
systems that the lowest rates of k,, are observed.

In conclusion, we have determined that there is a
definable relationship between DNA length and particle
size in the DNA-directed assembly of nanoparticles. This
discovery enables not only a better understanding of the
fundamental forces driving the crystallization process, but
also the formation of colloidal crystals with tailorable
features, including interparticle distance, particle size,
degree of filled space, and unit cell lattice parameters. The
method we have developed to model DNA strands con-
strained on surfaces of NPs and predict their assembly
behavior provides a basis for future exploration into the
interactions of DNA and nanoscale objects, and we project
that these methods can be extended to studies of nano-
particles with different shapes and compositions. These

discoveries will serve as a template for future nanoparticle
crystallization efforts, allowing for the formation of crystals
with controllable and tunable physical properties.
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