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DNA-guided crystallization of colloidal nanoparticles

Dmytro Nykypanchuk'*, Mathew M. Maye'*, Daniel van der Lelie? & Oleg Gang'

Many nanometre-sized building blocks will readily assemble into
macroscopic structures. If the process is accompanied by effective
control over the interactions between the blocks and all entropic
effects"?, then the resultant structures will be ordered with a pre-
cision hard to achieve with other fabrication methods. But it
remains challenging to use self-assembly to design systems
comprised of different types of building blocks—to realize novel
magnetic, plasmonic and photonic metamaterials®>, for example.
A conceptually simple idea for overcoming this problem is the
use of ‘encodable’ interactions between building blocks; this
can in principle be straightforwardly implemented using
biomolecules®°. Strategies that use DNA programmability to
control the placement of nanoparticles in one and two dimensions
have indeed been demonstrated''~". However, our theoretical
understanding of how to extend this approach to three dimensions
is limited'*"®, and most experiments have yielded amorphous
aggregates'®™"” and only occasionally crystallites of close-packed
micrometre-sized particles”'’. Here, we report the formation of
three-dimensional crystalline assemblies of gold nanoparticles
mediated by interactions between complementary DNA molecules
attached to the nanoparticles’ surface. We find that the nanopar-
ticle crystals form reversibly during heating and cooling cycles.
Moreover, the body-centred-cubic lattice structure is temper-
ature-tuneable and structurally open, with particles occupying
only ~4% of the unit cell volume. We expect that our DNA-
mediated crystallization approach, and the insight into DNA
design requirements it has provided, will facilitate both the cre-
ation of new classes of ordered multicomponent metamaterials
and the exploration of the phase behaviour of hybrid systems with
addressable interactions.

Theoretical predictions indicate' that transitions to three-dimen-
sional (3D) ordered phases from commonly observed disordered
states'®™" in a DNA-guided particle assembly can occur for particular
shapes and ranges of interparticle interaction potentials, which are
defined by the interplay of attraction and repulsion energies, E,
and E,. The phase behaviour can be parameterized using E,/E,, and
¢ = d,/dy, which represents a relative range of repulsive interactions
d, with respect to particle size d,, (ref. 15). These parameters in DNA
particle assembly systems can be conveniently controlled in a variety
of ways, including the design of individual DNA, DNA shell structure
and solution ionic strengths**?’. Experimentally, DNA-induced
particle crystallization into random hexagonal close-packed crystals
was observed near surfaces for single-component micrometre-sized
particle systems with short-range interactions (¢e—0)>'°. Particle
crystallization with long-range interaction potentials (¢~1) for
which diverse non-close-packed structures are expected" (such as
DNA-induced crystallization of nanoparticles) has not been
achieved. Here we vary the length of the linking DNA molecules in
the model DNA-nanoparticle system, providing a straightforward
means of systematically changing the repulsive component of the
interparticle potential.

Figure la and b shows a schematic illustration of the assembly
system used to measure the effect of DNA structure on assembly
long-range order, as studied under a variety of thermal conditions.
In each assembly system, a set of DNA-capped gold nanoparticles
(denoted A and B) with different DNA structures (Supplementary
Table 1) were allowed to assemble by DNA hybridization into meso-
scale aggregates (Fig. 1b, ¢). The complementary outer recognition
sequences of the DNA capping provided the driving force for A and B
particle assembly. The length of the recognition sequence, N,, sets the
scale of adhesion (per hybridized linker), E, < N,, to be from
~30KkT at room temperature (~25 °C) to ~0 kT at the DNA melting
temperature T,,,. Hence, E, is approximately constant for all studied
systems at any given temperature, with van der Waals interactions
(<0.5kT) contributing insignificantly’>**. In a “brush” regime, the
length N of DNA and the flexibility of the non-complementary
internal spacer allowed us to tune the range, d. oc N°°, of repulsive
interaction and its strength E, N*/°I/(N*° = ¢N,), where ¢ is
defined by persistence length and molecule surface density and is
constant for all studied systems*>*. For single-stranded DNA, experi-
mentally relevant separations between particles, sufficient DNA
surface densities and suitable salt concentrations, an estimated mag-
nitude of E, can reach several kT per chain®. Thus, the use of multiple
systems with constant E, (that is, recognition sequence), and varied
d, (that is, spacer lengths), enabled effective interparticle potential
tuning, providing the environment required to achieve crystalline
morphologies of nanoparticle assemblies via the thermal pathway
shown in Fig. 1.

To monitor directly the in situ phase behaviour of the systems, we
used synchrotron-based small-angle X-ray scattering (SAXS). The
internal structure of the nanoparticle assemblies was investigated
under different thermal conditions, including: assembly at room
temperature; heating the assembly to pre-melting temperatures
(Tpm) and DNA melting temperatures (T},,); and cooling the assem-
bly below T,. Figure 2 illustrates the observed scattering changes
along this thermal pathway towards crystallization. The peak posi-
tions and relative heights in the SAXS patterns and in the extracted
structure factors S(g) (see Methods and Supplementary Discussion
and Supplementary Fig 1 and 2) reveal insights into the structure of
the assemblies, while the number of peaks and their widths reflect the
degree of ordering within the structure.

From the thermal cycling described, we found that systems IV and
V, which have the longest flexible spacers (35 and 50 bases respec-
tively), showed spontaneous crystalline organization with remark-
able degrees of long-range order. In contrast, systems with shorter
spacers (systems I-III) or more rigid spacers (see Supplementary
Discussion and Supplementary Fig. 1) remained amorphous upon
cooling. For the crystallizing system IV (Fig. 2), the ordered structure
appears after melting and subsequent cooling below T}, at ~60 °C;
this is signified by the emergence of several sharp diffraction peaks in
the presence of strong diffuse scattering attributed to a large contri-
bution by the nanoparticle’s form factor. This suggests the presence
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of nuclei of the newly forming phase in coexistence with unassembled
particles. Upon further cooling to 59-57 °C, we observed complete
crystallization of the sample, indicated by the dramatic reduction of
particle form factor and the presence of sharp circular patterns char-
acteristic of un-oriented polycrystalline samples (that is, powder
scattering). This crystalline formation occurred within only a few
minutes, unaffected by the cooling rate available in our set-up (up
to 1°Cmin""). The observed crystallization is the result of specific
DNA-DNA interactions, as confirmed by multiple control experi-
ments with noncomplementary DNA-capped nanoparticles or with
uncapped particles, none of which exhibit assembly. In addition, the
DNA specificity of the assembled systems is manifested in melting
profiles obtained with both ultraviolet—visible spectrophotometry
(Supplementary Table S2) and SAXS for all systems.

The SAXS patterns in Fig. 3 reveals seven and ten orders of
resolution-limited Bragg’s peaks for systems IV and V, respectively,
demonstrating their crystalline 3D structures, remarkable degrees of

a
Assembly
* —>

DNA-capped nanoparticles Amorphous

DNA-linked aggregates

Reorganized
pre-melted aggregates
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long-range ordering, and crystallite sizes of at least ~0.5 um, as esti-
mated from the scattering correlation length, £ = 21t/Aq (ref. 26), where
Aq is the resolution-corrected (Ages = 0.0015A™") full-width at half-
maximum (FWHM) of the first diffraction peak. Once formed, these
crystalline structures were indeed reversible, as confirmed by multiple
assembly—disassembly cycles, without a noticeable loss of ordering
quality or changes in system behaviour or T,,. Analysis of the peak
position ratios reveal q,/q; = J 1:\f‘/2:vf3:¢/4zvf5:¢/6zvf7, which correspond
to the Im'3m space group, a body-centred cubic (b.c.c.) structure, as
shown in Fig. 3a. The S(q) peak height also qualitatively follows the
relative intensities predicted for b.c.c. arrangement. The observed b.c.c.
structure meets the requirement for optimizing interaction energies in
the studied binary AB system' (with AA and BB interactions being
mainly repulsive), by having only particle B in the coordination shell
of A and vice versa, thus forming CsCl-type superlattices.

The measured lattice parameters a for the observed b.c.c. structure
are ~35nm at 30 °C and ~42.4nm at 28 °C for systems IV and V,

Amorphous
(systems I-ll)

Crystalline

Melting-induced (systems IV-V)

disassembly

Re-assembled aggregates
of varied long-range order
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Figure 1| Schematic of experimental design. a, The assembly system of
DNA-capped nanoparticles, the aggregates of which show a series of
structural changes under a variety of thermal conditions. b, DNA linkages
between nanoparticles (one interparticle linkage is shown for clarity, not to
scale) with recognition sequences for the A (blue) and B (red) sets of DNA
capping. bp, base pairs. b, bases. s, thiol termination of DNA.

¢, Representative transmission (top) and scanning (middle, bottom)

Synchrotron X-ray
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electron microscopy images of nanoparticles before (top) and after (middle,
bottom) assembly at room temperature. d, Typical example of experimental
measurements that reveal a correlation between the ultraviolet—visible
melting profile of the aggregate and its internal structure as probed by in situ
SAXS measurements at room temperature, pre-melting temperature, and
above the disassembly/melting temperature.
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Figure 2 | Crystallization pathway for system IV. SAXS images and
extracted structure factors S(g) for system IV as brought through a
heating—cooling cycle for the temperatures shown (temperature stability
*+0.1 °C) across the assembly melting point. S(q) lines are shifted
consecutively by 4.4 units from each other. The inset shows the zoom-in area
of S(q) at 60 °C for g ranging from 0.018 to 0.068 A",

respectively. At these a values, the particles are d;" = 18.9nm and
d,Y =24.2nm apart, in the first coordination shell of the obtained
crystals, for systems IV and V, respectively, as calculated from a
(dy=3/2a— dy). These values are close to the equilibrium linker
dimensions, estimated from the scaling argument”” for the DNA
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capping environment to be 18 and 23 nm. These a values indicate
that the crystalline structures are remarkably open, in which nano-
particles occupy only ~2-4% of the volume and the DNAs occupy an
additional 4-5%. Thus, more than ~90% of the assembled structure
volume is occupied by solvent molecules, which is far higher than the
typical void space in packed hard spheres in a b.c.c. orientation
(~32%). Such open framework of a superlattice makes the structure
vulnerable to collapse upon solvent removal, which prevents accurate
morphology visualization by electron microscopy, but at the same
time, makes the crystals highly accessible for modifications, mole-
cular transport and storage. In addition, a was found to be highly
sensitive to temperature and is primarily defined by thermal pro-
perties of DNA. A measured thermal expansion coefficient o=
3X107°K™" (Fig. 3b, c) for systems IV and V is two orders of
magnitude larger than conventional materials, promising future
functional tunability at convenient temperatures.

The requirement for thermal cycling across T, for system crystal-
lization indicates that formation of the DNA guided nanoparticle
crystals is kinetically hindered at temperatures much below T,.
The particles are probably arrested in non-equilibrium positions
due to local DNA crowding and high DNA hybridization energy,
exceeding 30 kT for the used recognition sequences. Structurally, this
may result in non-uniaxial DNA hybridization that provides linkages
at the angle to the common axes between particles, leading to possibly
shorter-than-equilibrium distances between particles and distance
non-uniformity (that is, amorphousness). Heating the system to
Ty reduces the DNA-induced attraction energy and allows the sys-
tem to anneal towards equilibrium positions. The presence of the
metastable state upon initial assembly at room temperature was
experimentally confirmed by sharpening of the scattering peaks,
the result of more-uniform spatial organization of particles, and
the increase of interparticle distances upon annealing at T}, values
(see Supplementary Discussion). Interestingly, this ordering with
temperature is more pronounced for systems with longer linkers
and more flexible spacers (for systems IV and V). These more-flexible
spacer structures allow for larger local rearrangements near T),,, that

Figure 3 | Structure of crystalline
DNA-nanopatrticle systems.

//// a, Structure factors (solid red lines
39 ;7 with markers) for systems IV (top
- .’232 trace) and V (bottom trace) at
37 . ° gg; 57 °C, indexed with reflections for
=3 o Ay particle arrangement in b.c.c.
i’ (] Ay structure and calculated diffraction
- 7.0 .
351 8 sy pattern (dotted line) for the b.c.c.
77 lattice of point scatterers with
% corresponding lattice parameters.
83— T T | An illustration of the b.c.c. lattice is
30 40 50 60 shown in the inset, where the
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arrangement is coded with blue and
red colours representing particles
c with complementary DNA
cappings. b, ¢, Changes of lattice
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is, resulting in a lower energy penalty for deformation of DNA with a
longer spacer by a given length, owing to the energy scaling with DNA
size as ~(1 — 1/(bN*))>%, where b is a constant for all described
systems and is determined by chain stiffness and DNA surface den-
sity’”?®. In addition to facilitating pre-ordering below T, this lower
penalty for DNA deformation helps particles ‘squeezing’ between
neighbours to achieve optimal crystalline packing once bonds
between particles become reversible at Ty,.

The equilibrium state in the assembled system is also affected by
linker structure as described above, through E,/E, and ¢ parameters.
A quantitative comparison between theoretically predicted beha-
viour' and observed crystallization is problematic owing to the
experimentally different realization of repulsion tuning, the influence
of increased particle curvature on DNA behaviour, and effects asso-
ciated with high local density of DNA chains. But qualitatively, the
observed transition from disorder to b.c.c. phase occurs with increas-
ing E,/E, parameter and ¢ close to unity—that is, at conditions
similar to those predicted.

Our results show that DNA design has profound effects on the
equilibrium state of the assembled systems, as well as on the kinetically
favourable path to equilibrium. The proper equilibrium balance of
repulsion and attraction energies of the system provides the possibility
of forming ordered structures, and a smooth energy landscape,
brought about by long flexible linkers and the described thermal path-
way, provides the means to achieve this part of a phase space.

The thermodynamic stability and reversibility of the ordered
assemblies, combined with the sensitivity of interparticle distances
to biomolecular conformations and temperature, opens up new
horizons for sensing, studies on biological interactions, and the
tuneable functionality of metamaterials. Moreover, decoupling the
assembly structure from the properties of nanoparticle constituents
will allow for the incorporation of a broad variety of nanoscale
objects in ordered 3D hybrid assemblies, the phases and behaviours
of which are yet to be explored.

METHODS SUMMARY

Gold nanoparticles (11.4 = 1.0 nm for systems I to IV and 12.5 % 1.1 nm for
system V) were synthesized as reported recently'®", and functionalized with a
single-stranded DNA using methods to achieve high DNA coverage®. Thiol-
modified single-stranded oligonucleotides (100-300 nmoles) were purchased as
disulphides and reduced for 30 min with 0.1-0.3 ml of a 100 mM dithiothreitol
solution in purified water or buffer before being purified with Sephadex
columns. The total number of single-stranded DNAs bound to each particle
was determined as ~60(*5) (~31.7 pmol cm” % ref. 30).

Particle assembly was carried out at 25 °C by combining equimolar amounts
of type-A and type-B DNA-capped gold particles in 200l ([A] = [B] =
~30nM) solution of 10mM phosphate buffer, 0.2M NaCl, pH = 7.1. The
particles were allowed to assemble into aggregates overnight, and the resulting
precipitate was collected and transferred in buffer to a quartz capillary (1.0 mm
diameter), and sealed with wax.

SAXS experiments were performed at the National Synchrotron Light
Source’s X-21 beamline. The scattering data were collected with a charge-
coupled device (CCD) area detector at wavelength 4 = 1.5498 A. The data are
presented as the structure factor S(q) versus scattering vector, g = (4n//)sin(0/2),
where 0 is the scattering angle. The values of g were calibrated with silver behenate
(g= 0.1076 A7 "). S(q) was calculated as I,(q)/I,(q), where I,(q) and I,(q) are
background-corrected angular averaged one-dimensional scattering intensities
for a system under consideration and un-aggregated system, respectively. The
peak positions in S(g) are determined by fitting a lorenzian form.

Ultraviolet—visible spectrophotometry spectra were collected on a Perkin
Elmer Lambda 35 spectrometer. Melting analysis was performed in conjunction
with a Perkin Elmer PTP-1 Peltier Temperature Programmer between 20-75 °C
with a temperature ramp of 1 °C per min while stirring, in a solution of 10 mM
phosphate buffer, 0.20 M NaCl, at pH = 7.1.
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