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Abstract

DNA-functionalized gold nanoparticles can be used to induce the formation and control the unit
cell parameters of highly ordered face-centered cubic crystal lattices. Nanoparticle spacing
increases linearly with longer DNA interconnect length, yielding maximum unit cell parameters of
77 nm and 0.52% inorganic-filled space for the DNA constructs studied. In general, we show that
longer DNA connections result in a decrease in the overall crystallinity and order of the lattice due
to greater conformational flexibility.

In 1996, our group introduced the concept of programmable materials synthesis based upon
polyvalent oligonucleotide gold nanoparticle conjugates and complementary oligonucleotide
linker molecules.! In a parallel effort, the Alivisatos group developed methods of aligning
monovalent nanoparticle conjugates on DNA templates to create small, periodic nanoparticle
clusters.? These approaches have generated significant interest from researchers looking to
harness the unique physical and chemical properties of such hybrid materials for therapeutic,
3.4 spectroscopic®8 and materials applications.~12 The polyvalent conjugates, ranging in
core diameter from 5 to 250 nm, are easily prepared and modified,!3 and they possess a host
of interesting properties, including intense surface plasmon resonances,®14 cooperative
binding,1> programmable recognition,16:17 and catalytic activity,}® making them an
interesting and flexible synthon for complex materials.19-23

When the concept of programmable materials synthesis from oligonucleotide nanoparticle
conjugates was first introduced, a goal was to be able to use DNA to direct the three-

"Corresponding author. chadnano@northwestern.edu.

Supporting Information Available: Text giving details for the preparation of polyvalent DNA-AuUNPs and the crystalline materials and
the SAXS experimental parameters and figures showing all 1- and 2-dimensional SAXS images. This material is available free of
charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hill et al.

Page 2

dimensional assembly of nanoparticles into discrete preconceived structures. Early
demonstrations focused primarily on the formation of amorphous polymers, where rough
placement and periodicity of the particles was controllable.1:24 Later advances showed that
crystallization might be possible and suggested that it might be viable to form different
crystal structures from one type of nanoparticle building block but different sequences of
DNA.25:26 Recently, both our group and the Gang group independently discovered different
but related routes for using DNA linkers to effect the crystallization of polyvalent
oligonucleotide gold nanoparticle conjugates (DNA-AUNPs).27:28 Both groups have shown
that with different types of linkers, one can form either face-centered cubic (FCC) or body-
centered cubic (BCC) unit cells with unit cell edge lengths as long as 39 nanometers (nm)
and as little as 3% inorganic matter by volume.27-29 |n addition to controlling the type of
crystal structure, one should, in principle, be able to systematically adjust the lattice
constants of these structures by varying the length of oligonucleotide interconnects. Such
adjustments would allow for a versatile method of modulating this novel crystalline material
with highly tailorable architectural parameters using a single type of DNA-AuUNP and the
appropriate oligonucleotide linkers (Scheme 1A). In this work, we explore that possibility
and the consequences of changing oligonucleotide linker length on both the unit cell lattice
parameters and the overall crystallinity of the resulting structures.

The inorganic building block for all experiments presented herein is a 10 nm AuNP
functionalized with ~ 58 £ 5 hexylthiol terminated 28-mer oligonucleotides (see Supporting
Information for detailed methods). To form the crystal structures, linker strands were
designed, each with a 3" end sequence complementary to the Au-bound DNA, a poly(dT)
sequence of varying length flanked on both ends by an adenine flexor (to allow DNA strand
flexibility) and a self-complementary 5° GCGC end. The poly(dT) sequences were 13, 26,
39 and 52 bases in length (Scheme 1B). To make the particle interconnects more rigid, these
poly(dT) sequences were hybridized to complementary poly(dA) sequences of equivalent
lengths. A fifth linker was synthesized without a poly(dT) sequence and only one flexor (X-
linker, Scheme 1C). Each duplex linker sequence was then added to a different solution of
DNA-AuUNPs in a 40 to 1 ratio, transferred to a quartz capillary, and heated to 45 °C. The
temperature was lowered at a rate of 0.1 °C/min until the samples reached 35 °C, at which
time they were characterized by small-angle X-ray scattering (SAXS, Figure 1A). Previous
work has shown that lowering the temperature of the solution containing the aggregates to
approximately 5 °C below the melting transition ( 7;;,) of the DNA interconnects and
annealing at this temperature typically yields the most ordered FCC structures.?’

The 1-dimensional SAXS data (azimuthally averaged intensity versus scattering vector g,
Figure 1B) allows one to easily observe the effect of increasing linker length on these
crystalline structures. For all experiments, g= (47 sin 8)/A (in 1/A), where 8and A are the
scattering angle and wavelength of the X-ray used, respectively. The strong intensity of the
first peak (moving out radially from the center) followed by a smaller shoulder and two
peaks of similar intensity with their positions relative to that of the first peak (¢*) such that
/g = 1,V4/3, V8/3, V11/3, etc. (Figure 2) is indicative of a face-centered cubic arrangement.
The 2-dimensional images for all /= Xlinker length FCC structures can be found in
Supporting Figure 1A-F. As the length of DNA strands separating the particles gets larger,
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the scattering peaks shift to smaller g values (Figure 1B) as expected, since g is inversely
proportional to the interparticle spacing (a-spacing) and values of gare given as 1/A.

In analyzing the SAXS data, the position of the first order peak of the FCC unit cell (¢*)
equals 27t/ dy11, where dj1 is the d-spacing of the 111 plane of the FCC crystal. The X-
linker (Figure 1B, black trace) shows the closest interparticle spacing and also the clearest
delineation of the second peak (shoulder of the larger first peak). As the particle spacing
increases, this shoulder can no longer be distinguished from the dominant first peak, (Figure
1B, red, blue, and green traces). However, increasing interparticle distance results in higher
order scattering peaks observable at larger g values (Figure 1B, red, blue and green traces,
Supporting Figure 2). These peaks are predicted by modeling?’ (Figure 2) but until now
have never been observed for oligonucleotide gold nanoparticle crystals. It is important to
note that the existence of higher order peaks at longer linker lengths does not necessarily
indicate larger or better quality FCC crystal structures. The appearance of these peaks is a
result of the smaller g* values seen with increased interparticle distances. Intensities of
peaks at higher g values are weaker because the detector does not efficiently measure
scattering at g values larger than 0.06 A=1 for the 10.3 nm gold particles used in this work.
For the range of linker lengths studied, this decrease in intensity results in the obscuring of
fifth order and higher (X-linker) and ninth order and higher (52-linker) peaks (Figure 2 and
Supporting Figures 1A-F). Therefore, crystal quality cannot be determined by the number of
peaks, but rather by the peak widths, where narrow peaks indicate greater constraint of
AUNP position. The data clearly show that shorter linker lengths produce more ordered
crystals (Figure 2 and Table 1).

To determine the extent to which DNA linker strands control the interparticle spacing of the
crystals, we plotted the total number of DNA bases between particles versus gold
nanoparticle nearest neighbor spacing as measured by SAXS. The nearest neighbor spacing
can be calculated with eq 1:

D(/ot) = \/gzr/ q* (1)

where Dis the nearest neighbor spacing in A. When these nearest neighbor spacings are
plotted versus number of bases for the linkers, a linear trend is observed with an R? value of
0.987. The data follow eq 2:

D(nm) = 0.255(nm)x + 11.1(nm) )

where D s the gold nanoparticle nearest neighbor distance in nm and x is the total number
of bases between the gold nanoparticles. The y~intercept of 11.1 nm can be attributed to the
combined gold nanoparticle radii (~10.3 nm) and the two hexyl-thiol tethering moieties
(~0.8 nm). The linearity of this equation allows one to easily design oligonucleotide linker
sequences to form crystals with desired nanoparticle spacings (Figure 3). From these
measured interparticle distances, it is possible to express a structure’s density as a
percentage of space filled by the inorganic gold component using eq. 3:
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where ris the radius of the gold nanoparticles in nm and a corresponds to the unit cell edge
length in nm, calculated as V2 times D (the nearest neighbor distance). From our
calculations, crystals with as little as 0.52% inorganic-filled space (in the case of the V=52
linker) have been formed (Table 1). Moreover, we determined the size of the crystalline
domains using the Debye-Scherrer formula (eq 4):

t =0.94/(B cos 0) &)

where tis the diameter of the crystal in A, A is the wavelength of scattered light in A, @is
the diffraction angle associated with the g* peak and B is the angular full width at half-
maximum of g*. From this analysis, the average diameters of the crystalline domains were
determined to be approximately 957, 586, 769, 1270 and 1100 nm for the X-, 13-, 26-, 39-,
and 52-linker systems, respectively (Table 1).

An attempt was made to extend the series to an /= 65 linker; however, the aggregate
structures did not have a clearly defined FCC unit cell (Supporting Figures 1F and 2F).
Interestingly, although previous data from others have indicated that longer linker lengths
lead to higher order crystals,28 our data exhibit the opposite trend. The shorter lengths of
duplex DNA provide the gold nanoparticles with less flexible interconnects (demonstrated
by narrower peaks in the 1D spectra), as duplex DNA is known to be rigid up to
approximately 50 nm.30 Thus as the linker lengths grow, the nanoparticles become less
spatially constrained relative to a perfect FCC lattice, leading to a broadening of the peaks
observed for longer linkers as indicated by the Ag/g* values, (Table 1 and Figure 2).

In conclusion, through these experiments, we have shown that the use of duplex DNA as a
programmable linker allows one to direct the interparticle spacing of bioinorganic
nanomaterials with a high degree of order. In addition to allowing one to program crystal
structures with specific gold—gold particle distances and a desired percentage of inorganic-
filled space, it should be possible to modify eq. 2 for particles of different sizes by adjusting
the y~intercept value to account for an increase or decrease in the radii of nanoparticle
building blocks. Finally, the rules established herein for predicting lattice parameters and
controlling general materials architecture should be extendable to assemblies composed of
other DNA-modified inorganic, organic, and biological synthons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2-Dimensional and 1-Dimensional SAXS data. (A) 2-D data collected for the /=39 linker

system displayed in false colors. (B) 1-D line profiles of the 2-D data taken for the X-linker,
N =26, 39, and 52 systems demonstrating that the ¢* peak shifts to smaller values of gwith
increasing linker length. The 1-Dimensional data for the /= 13 bp linker was not included
in part B, as this structure could not be annealed at 35 °C due to the low melting temperature
of the A13/T13 duplex region. When N/ = 13 aggregates were formed at room temperature
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and subsequently imaged, they did show an FCC structure, but not of the quality of the
structures formed with the other linkers (Figure 2, Supporting Figures 1B and 2B).
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Figure 2.

Correlating linker length with crystal quality. The orange trace represents the modeled

SAXS scattering for a perfectly ordered FCC crystal. The blue traces are the experimental
data for the various length linkers and the values above the arrows are the theoretical g/g*
peak locations. The strong correlation between simulated and experimental spectra confirms

the presence of highly ordered FCC crystal structures.
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Scheme 1.
Materials Sequence and Design?

& (A) lllustration of the three-dimensional arrangement of particles forming a face-centered
cubic lattice showing the effect of increasing linker length on lattice parameters, (B)
sequences of oligonucleotides used to form the various /= Xlinkers ranging from 13
duplex spacers up to 52; (C) sequences of oligonucleotides used to form the X-linker system

Nano Lett. Author manuscript; available in PMC 2021 June 10.

e



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hill et al.

Table 1.
. a
Trends in FCC Crystal Parameters
nearest

neighbor unit cell percent filled  aggregate
distance  edge length space diameter  Ag/g*
name (nm) (nm) (% Au) (nm) (x102)
X-linker 28.1 39.8 3.74 957 1.24
13-linker 324 45.9 2.44 586 241
26-linker 40.3 57.0 1.27 769 2.74
39-linker 47.7 67.5 0.77 1270 2.72
52-linker 54.2 76.6 0.52 1100 4.04

Page 11

a L . . . . .
Shown are calculations illustrating the effect of DNA linker length on AuNP nearest neighbor distances, unit cell edge length, the percent of the
unit cell filled by in organic matter, aggregate diameter, and overall crystal order expressed as a function of the full width at half-maximum of the

q* peak (Ag/7v).
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