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ABSTRACT: DNA surface ligands can be used as pro-
grammable “bonds” to control the arrangement of
nanoparticles into crystalline superlattices. Here, we
study the intrinsic responsiveness of these DNA
bonds to changes in local dielectric constant (&) as a
new approach to dynamically modulate superlattice
structure. Remarkably, ethanol (EtOH) addition can
be used to controllably tune DNA bond length from
16 to 3 nm and to increase bond stability by >40 °C,
while retaining long-range order and crystal habit.
Interestingly, we find that these structural changes,
which involve the expansion and contraction of crys-
tals by up to 75% in volume, occur in a cooperative
fashion once a critical percentage of EtOH is
reached. These results provide a facile and robust
approach to create stimuli-responsive lattices, to ac-
cess high volume fractions, and to improve thermal
stability.

Due to their highly tunable structure and se-
quence-specific interactions, nucleic acids have
emerged as powerful surface ligands to direct the
assembly of nanoparticles into one-, two-, and three-
dimensional colloidal crystals.' In this context, na-
noparticles coated with a dense shell of nucleic acids
function as programmable atom equivalents (PAEs),
where nucleic acid “bonds” arrange nanoparticle “at-
oms” into superlattices with precisely defined spac-
ing, symmetry, and, in some cases, crystal habit.> Be-
cause many physical properties of nanoparticles are
dramatically affected by the location and arrange-
ment of neighboring nanoparticles, the high level of
structural control afforded by this approach is ex-
tremely useful for the synthesis of both fundamen-
tally interesting and functional materials.f

While significant advances have been made in the
structural control of DNA-assembled colloidal crys-
tals,3 less is known about the physical and chemical
properties of the DNA bonds within these crystals
and of their intrinsic ability to change in response to
external stimuli. The use of external stimuli to post-
synthetically tune DNA bond length and strength is
particularly intriguing for the development of re-
sponsive colloidal crystals, where material properties
can be changed on-demand.# Several strategies have
been developed to introduce dynamic control, in-
cluding the use of DNA hairpins, molecular interca-
lators, osmotic pressure, and solvent evaporation
techniques.> While each approach possesses certain
advantages, there are still no general methods that
allow DNA bonds to be rapidly, precisely, and revers-
ibly tuned over a wide range of lengths and strengths.

Although many methods have been developed to
manipulate the structure of free DNA,® few of these
have been adapted to post-synthetically modify DNA
bonds in nanoparticle superlattices. In particular, the
effect of alcohols on the structure and hybridization
interactions of double-stranded DNA has been the
subject of many detailed experimental and theoreti-
cal studies,” and ethanol (EtOH) precipitation reac-
tions are routinely used in molecular biology labora-
tories to purify and concentrate double-stranded
DNA extracted from cells.® Inspired by the ability of
EtOH to modulate the intra- and interhelical struc-
ture of free DNA, we hypothesized that EtOH could
be similarly used to provide a convenient and con-
trollable external stimulus to induce structural
changes in DNA-assembled colloidal crystals (Figure
1). In particular, one would expect that DNA bonds in
high salt concentration solutions should be sensitive
to changes in solvent & and, perhaps, be able to un-
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(A) DNA-functionalized nanoparticles can be assembled through complementary hybridization

interactions that collectively form DNA “bonds”. (B) The dielectric constant, &, of H,O decreases as EtOH is added,®
leading to a greater Coulombic force, F, between the negatively charged PO, backbone of DNA and positively
charged Na* ions in solution. (C, D) Scheme illustrating the EtOH-induced contraction and expansion of BCC-
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dergo an EtOH-induced precipitation reaction, even
when confined inside a superlattice.

In a conventional EtOH precipitation, DNA is dis-
solved in an aqueous salt solution (~0.3 M NaOAc or
NaCl), and the solution is brought to 65-75% EtOH.
As a less polar molecule, EtOH cannot solvate
charged species as effectively as H,O, and the solvent
& decreases as EtOH is added (Figure 1B).% As a re-
sult, the Coulombic attraction between the positively
charged Na* ions in solution and the negatively
charged PO, groups of the DNA backbone increases
to such an extent that ionic bonds form, neutralizing
the charge on the DNA backbone and inducing pre-
cipitation.”® Depending on the salt concentration,
addition of EtOH can also cause DNA to transition
from the B-form to A-form, with a concurrent ~25%
decrease in DNA length, prior to precipitation.”>¢

To investigate the ability of EtOH to post-
synthetically modulate DNA bonds, two populations
of 30 nm diameter spherical PAEs were prepared,
designed to specifically interact with each other via
complementary DNA sequences (Figure S1). Slow
cooling of these samples through their melting tem-
perature resulted in single crystalline body-centered
cubic (BCC) superlattices with well-defined rhombic
dodecahedron habits.'** Prior to EtOH addition,
crystals were washed repeatedly with 0.3 M NaCl
(aq) to remove any excess DNA, nanoparticles, buff-
ers, and surfactants from solution. Crystals were
then partitioned and brought to different volume
percentages of EtOH in H,O, ranging from & = 73.3

at 0% EtOH to & = 32.6 at 80% EtOH at a constant
0.3 M NaCl. Superlattices were then characterized by
in situ small-angle X-ray scattering (SAXS), electron
microscopy (EM), and variable temperature UV-vis
spectroscopy.

To examine the effect of EtOH on DNA bond
length, unit cell parameters were determined from
the comparison of experimental and modeled SAXS
patterns, and these values were used to calculate the
minimum distance between nanoparticle surfaces.”
Initially, SAXS data show a small, continuous con-
traction of the BCC unit cell of 13% by volume as the
amount of EtOH is increased from o to 30% (Figure
2). Once the percentage of EtOH rises above 30%,
however, there is a dramatic contraction of the unit
cell that is suggestive of a cooperative phase transi-
tion. Specifically, the unit cell volume decreases by
42% when increasing from 30% EtOH to 45% EtOH,
and the average gap between nanoparticles, or effec-
tive “DNA bond length”, decreases from 14 nm to 7
nm. After the sharp transition, the superlattice con-
tinues to moderately contract as more EtOH is add-
ed, reaching a gap distance of only 3 nm - an 81%
decrease from the original DNA bond length - at
80% EtOH. Note that this is much greater than the
~25% contraction expected for a classical transition
from B-DNA to A-DNA.7® Moreover, access to this
distance regime is particularly important to realize
materials with strong magnetic and optical coupling
and has been challenging with existing DNA-
mediated assembly techniques.



Figure 3. Top: Scanning electron microscopy (SEM)
images of silica-encapsulated superlattices of 30 nm
PAEs at (A) 0% EtOH, (B) 41% EtOH, and (C) 80%
EtOH confirm rhombic dodecahedron crystal habits.
Insets: High-magnification SEM images. Bottom: SEM
images of silica-encapsulated superlattices of 15 nm
PAEs at (D) 0% EtOH, (E) 45% EtOH, and (F) 80%
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Despite the large contraction, SAXS data show

that, regardless of the amount of EtOH added, PAEs
are still arranged in a well-ordered BCC lattice. This
ordering was further confirmed by directly imaging
superlattices at 0%, 41%, and 80% EtOH using EM,
with crystals embedded in silica to preserve the solu-
tion-phase DNA bonds in the solid state (Figure 3).'4
Significantly, EM images also demonstrate that the
well-defined rhombic dodecahedron habit is pre-
served after EtOH addition.

Remarkably, the EtOH-induced transition is fully
reversible, and SAXS patterns collected before and
after exposure to 80% EtOH possess no noticeable
changes (Figure 2A). To investigate how this reversi-
bility holds up to many cycles of expansion and con-
traction, a single sample was transitioned repeatedly
between 0% and 80% EtOH. Significantly, SAXS data
did not indicate any changes in crystallinity after 5
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Figure 2. (A) SAXS data for BCC superlattices of 30 nm
PAEs at different volume percentages of EtOH in H,O.
(B) BCC unit cell length, a, for superlattices of 30 nm
PAEs (green) and 15 nm PAEs (purple) at different
volume percentages of EtOH in H,O. Solid and empty
symbols correspond to values during contraction and
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Figure 4. (A) Melting temperatures for BCC superlat-
tices of 30 nm PAEs at different volume percentages of
EtOH in H,O. (B) Simulated radial distribution func-
tion, g(r), of the distance, r, between Na* and PO, at
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complete cycles (Figure S24). In all contracted phas-
es, there is, however, a noticeable increase in SAXS
peaks widths, which is typically indicative of an in-
crease in lattice strain or decrease in effective crystal-
lite size.” Since the SAXS peak widths return to their
original values upon re-expansion, this effect can be
predominantly attributed to increased lattice strain
in the contracted phases.

To characterize the effects of EtOH on DNA “bond
strength”, we used UV-vis spectroscopy measure-
ments of extinction to determine the temperature at
which superlattice crystals dissociate, or melt, into
discrete nanoparticles (Figures S45, S46).'5 As the
percentage of EtOH is increased, the melting tem-
perature of the superlattice slowly decreases from 41.1
°C at 0% EtOH to 33.1 °C at 30% EtOH (Figure 4A).
This can be attributed to weaker DNA hybridization
interactions as & and the bulk solvent polarity de-
crease. At 40-45% EtOH the melting transition be-
gins to broaden, and the melting temperature rapidly
increases. After the solution reaches 50% EtOH, we
no longer observe evidence of melting by UV-vis
analysis over the 20 to 70 °C temperature range. In
situ SAXS experiments further reveal that the BCC
crystal structure is intact to at least 8o °C in 80%
EtOH (Figure S44). This dramatically increased
thermal stability after the phase transition is con-
sistent with an EtOH-induced DNA precipitation
reaction occurring inside the superlattice to increase
the collective stability of DNA bonds.

To evaluate the effect of nanoparticle size on the
ability of EtOH to modulate DNA bonds, crystals
were similarly prepared using 15 nm diameter spheri-
cal PAEs. While in situ SAXS experiments indicate
that the superlattice undergoes a similar phase tran-
sition in response to EtOH (Figure 2B), the crystal-
linity of the contracted phases are reduced compared
to those of the 30 nm PAEs (Figures S23-S40). Still,



SAXS simulations and EM images confirm that the 15
nm PAEs contract by 75% in volume to a strained
BCC lattice, with a decrease in DNA bond length
from 17 to 6 nm, as the EtOH percentage is increased
from 0% to 80%. Interestingly, the midpoint of the
phase transition for 15 nm PAEs occurs at 45% EtOH
compared to 41% EtOH for 30 nm PAEs. Since 15and
30 nm PAEs are expected to have a similar DNA sur-
face coverage, the increased amount of EtOH re-
quired to induce the transition in 15 nm PAEs can
likely be attributed to a radius of curvature effect.’?
Specifically, the lower radius of curvature of the 30
nm PAEs leads to a smaller average distance between
duplexed DNA strands above the surface. This
should lead to a higher local salt concentration
around the PO, backbones and, consequently, less
EtOH required for Na* cations to fully neutralize the
DNA backbones and induce a precipitation transi-
tion.

All-atom molecular dynamics (MD) simulations
were performed to gain additional insight into the
mechanism of the EtOH-induced superlattice con-
traction. Below 80% EtOH, simulations show that
the DNA conformation remains exclusively in the B-
form, and the sharp contraction at 40-45% EtOH
cannot, therefore, be attributed to a transition from
B-DNA to A-DNA. Instead, the contraction likely
results from changes in the spacing and arrangement
of DNA strands relative to each other. It is important
to consider that the DNA bonds between nanoparti-
cles have single-stranded regions of DNA that impart
substantial conformational flexibility, and the MD
simulations show a significant bending angle of 70°
at the center of the DNA bond at 40% EtOH (Figure
S2). This bending should allow neighboring DNA
strands to pack more tightly between nanoparticle
surfaces and, in so doing, draw the nanoparticles
closer together.

Current computational methods, including both
MD and coarse-grained simulations, are not capable
of capturing the large contraction that occurs above
40% EtOH. Based on studies of free DNA in solu-
tion, however, it is reasonable to assume that after &
decreases below a critical value, Na* cations in solu-
tion condense on the PO, groups of the DNA back-
bone," leading to counterion correlations between
neighboring DNA strands that trigger DNA-DNA
attractions and effectively precipitate DNA bonds out
of solution.”” Indeed, MD simulations confirm an
increased local concentration of Na* ions around
PO,  groups with increasing EtOH (Figure 4B).
While it is exceedingly difficult to determine the
structure and chemical nature of DNA bonds in the

contracted superlattice phases with existing experi-
mental techniques, condensed DNA is known to
adopt a range of liquid crystalline and crystalline
phases."

Taken together, these results demonstrate the in-
trinsic responsiveness of nanoparticle-based DNA
bonds and provide a powerful general approach to
the synthesis of responsive colloidal crystals with
precisely controlled interparticle distances and in-
creased thermal stability. The extension of this work
to different alcohols, multivalent cations, DNA se-
quences, and non-spherical nanoparticle shapes
should enhance our fundamental understanding of
condensed DNA bonds and lead to new possibilities
for the post-synthetic manipulation of superlattice
structures. This ability to rapidly, predictably, and
reversibly modulate DNA bonds has great potential
for the development of dynamic materials with opti-
cal, magnetic, and mechanical properties that can be
tuned on-demand.
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details, MD simulations, SAXS data and simulations,
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