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Nanocolloids (NCs) offer a promising platform for the creation ssDNA (DNA/particle mole ratio 36:1) in 0.3 M PBS buffer, after
of new types of materials via the incorporation of their function- which the mixture was incubated at 86 for 10 min, followed by
alities into well-defined structures. Among the rich phases of NC cooling to room temperature for2 h.
assemblie$, crystalline phases are of especial interest for the  Temperature-dependent synchrotron small-angle X-ray scattering
development of novel magnetic, photonic and plasmonic metama- (SAXS) is utilized to characterize the structure of assembled
terials? The tunability of interaction potential, geometrical shape, aggregates. Figure 1 illustrates an evolution of structure faga)s
core material, and surface chemistry of NCs provide unprecedentedextracted from SAXS patterns upon heating for the representative
possibilities for designing such “artificial atoms”. Conventionally, system Sys-L30. Scattering profiles are obtained by azimuthal
various interactions such as van der Waals force, electrostaticintegration of the powderlike scattering in the SAXS patterns. At
interaction, and entropic effects have been used to tune theroom temperature, a phase showing relatively broad peaks is
intercolloidal potentiaf. Recently, a strategy based on DNA observed. No apparent changes of &g) shape and its peak
hybridization to link colloids has been demonstratesid was positions are detected upon heating from the room temperature to
successfully applied in biological detectidlthough theoretical 56 °C when a sudden development of 1§(g) is observed. At this
work has predicted diverse phases of DNA/colloid hybrid systems, temperature, a well-defined crystalline order is manifested by an
the phase behavior of such systems on the nanoscale has not begifcreased number of diffraction peaks3t) and their decreased
well explored, and the formation of crystalline phases still remains widths. Analysis of the detected seven orders of Bragg's peaks
a challengé.In this Communication we report DNA linker-assisted positions reveals a ratig/q, = 1:21/2:31/2:41/2:512:612: 712 \hich
formation of a three-dimensional crystalline ordered phase of DNA corresponds to body-centered cubic (BCC) lattice wlitfi3m
capped gold NCs (AuNCs), which occupy ony8% by volume symmetry. The relative intensities of the diffraction peaks are also
of the lattice, and demonstrate the correlation between DNA designin accordance with the predictions for BCC lattice (Figure 1). The
and the kinetics of ordered phase formation. first peak thus arises from the diffraction 110 planes. At

Generally, two approaches are widely utilized for the assembly 56 °C, the lattice constant of the unit cefi)(is ~39 nm and the
of DNA/NC hybrid systems: (i) direct hybridization of two types  nearest-neighbor distandg, is ~34 nm. Considering the size of
of complementary single-stranded (ss) DNAs tethered on*NCs  AuNC, the surface-to-surface distance between the nearest-neighbor
and (i) NC hybridization with linker DNAs, whose two ends are  AuNCs is about 22 nm, which is nearly twice the diameter of AUNC
complementary to the respective mutually noncomplementary gng agrees with the estimated length of the DNA (Supporting
ssDNAs on NCs¢#The second approach is particularly attractive  |nformation). When heated to S€, the diffraction peaks disappear,
because of its potential of building various architectures from a indicating crystal melting and only residual scattering remains which
given set of NCwia different linker designs. Herein we report a  ¢an pe attributed to the presence of disordered AUNC clusters. Upon
systematic, structural study of NC assemblies with flexible sSDNAs subsequent cooling the BCC structure is formed again at a

linkers of different lengths and fixed DNA recognition ends. We temperature just below 5% and thed,, progressively decreases
found that formation of crystalline organization is evidently favored 5 ~32 nm at room temperature, as illustrated in Figure 2a,
for longer ssDNA linker. _ indicating a lattice constant change by3% over the studied

A binary set of AUNCs with a diameter 115 1.1 nm was  temperature range. Once formed, the BCC crystalline order can be

generated by functionalizing colloids with either type A or B of  yraserved for at least 2 months (experimental interval) in the buffer
noncomplementary ssDNA (A= 5-ATTGGAAGTGGATAA- solution at room temperature.

(T)15'C3H6_S_H; B= HS'C?H12'(T)15'TAACCTAAC_CTTCAT'3') _ Tounderstand the evolution of the assembly order, the correlation
(see Supporting Information). The sSDNA contains a 15 base-pair jgngth is plotted as a function of temperature in Figure 2b, where
(bp) outer recognition part and a 15 bp poly dT, which serves as a ¢ 5" aporoximated a§ ~ 27/Aq andAq is a resolution corrected
spacer sgparatlng the recognition sequence from the AyNC surfaceg . width-at-half-maximum (fwhm) of the first diffraction pefik
_The melting temperature of the 15_bp outer recognition dsDNA (see Supporting Information). All studied systems exhibit a low
Is about 60°C. as measured by UMvis spectrophotometryThe degree of order below 58, with & ranging from~100 to~200
ends of the linker b SSD!\IAS (STTATCCACTTCCAAT-(T)r . nm. Once the temperature reaches the transition regime within a
ATGAAGGTTAGGTTA-3) are complementary to the respectlv_e narrow temperature range of a few degrees around@G5an
ends of SSDNAS on AUNCS ar_ld are sepgrated by_ a central flexible increase to the instrumental resolution limite@~550 nm) or larger
poly dT fragment which contalm;nut_:leotldes, having a length of for Sys-L30 and Sys-L70 is instantly observed, corresponding to
0, 15, 30, or 70 bp (denoted accordingly as Sys-L0, Sys-L15, Sys- formation of a BCC structure. In contrast, for Sys-LO and Sys-

L3(T, anfd :ys-L?O). EaChfSysée’\'gwas forn;ez b'\)l/lexmg anl_ecl1(ual L15, practically ncf increase is observed, indicating that no ordered
mole of the two types of ss S capped AUNLS and a linker crystalline structures are formed.

* Center for Functional Nanomaterials. Order perfection during the heating process is common in
* Biology Department. molecular systemyIn pure hard-sphere systems temperature does
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Figure 1. Schematic illustration and reprehensive temperature-dependent

2D SAXS patterns and respective extracted structure fa&gjsof Sys-
L30 during heating process.
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Figure 2. (a) Temperature dependent nearest-neighbor distahgeof

Sys-L30 during cooling process (The line is only a guide for eyes); (b)

temperature-dependent correlation length§ldf} planes of hybrid systems

during heating process (filled symbols) and cooling process of corresponding

annealed systems at 3& (open symbols); (¢) SEM image of Sys-L30

favor the ordering, while heating to premelting temperature provides
a thermodynamic path from metastable state to crystalline phase.

In contrast with conventional hard sphere (or atomic) BCC
crystal, in which the packing fraction is typically 68%, the volume
occupancy of AuNCs in the unit cell is only-8%. The rest of
the lattice is occupied by mobile solvent molecules and DNAs,
which take another a few percentages. The DNA linkage between
particles also leads to the high thermal expansion of the observed
crystal phase, for example;3% for Sys-L30 (also see Table 1 in
Supporting Information). Real space characterization of crystalline
phase was conducted using scanning electron microscope (SEM),
as shown in Figure 2c for dried Sys-L30 crystal, and reveals that
the distance between colloidal surfaces is smaller than the 22 nm
deduced from SAXS measurements. The high fraction of water in
the lattice volume is thought to result in the structure’s susceptibility
to dryness and the crystalline order may not be preserved under
SEM conditions,

In summary, we have demonstrated that crystallization of AUNCs
can be achieved via hybridization of dispersed, mutually non-
complementary ssDNA capped AuNCs with flexible ssSDNA linker.
The crystalline order formed close to the melting temperature in
aqueous is preserved after cooling. The flexibility of the DNA
linkage is found to play an important role in the formation of the
BCC crystalline structure. The spatial openness of the observed
structures may offer accommodation of additional functionalities.
Phase behaviors and salts effects on molecular interactions and
resulting structure are still to be explored.
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colloidal crystals after dried in air.

References

not play an important role in phase behaviors, instead sphere volume

fraction is the driving parametéridowever, in our systems where
attraction is predominantly determined by DNA hybridization, the

temperature increase allows gradual decreases of attraction strength.
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