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DNA-coated nanoparticles, also known as programmable atom equivalents (PAEs), facilitate the
construction of materials with nanoscopic precision. Thermal annealing plays a pivotal role by
controlling DNA hybridization kinetics and thermodynamics, which ensures the formation of intended
structures. While various design handles such as particle size, DNA design, and salt concentration
influence the stability of the DNA duplexes linking PAEs in a lattice, their influence on the system’s
melting temperature (T,,) often follows complicated trends that make rational tuning of self-assembly
challenging. In this work, the denaturant formamide is used to precisely tune the thermal response of
PAEs. Our results reveal a clear and predictable trend in the PAEs' response to formamide, enabling
rational control over the T,, of a diverse set of PAE systems. Unlike adjustments made through
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alterations to PAE design or solution parameters such as ionic strength, formamide achieves its
temperature shift without impacting the kinetics of assembly. As a result, PAEs can be rapidly crystallized
at ambient temperatures, producing superlattices with similar quality to PAE crystals assembled through
standard protocols that use higher temperatures. This study therefore positions formamide as a useful
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Introduction

Colloidal self-assembly is a powerful method for creating materi-
als with intricate nanoscale features, which can exhibit unique
properties for applications in structural materials, electronics, and
photonics. " The primary advantage of self-assembly is its ability
to produce these features through a rational, programmable
approach using building block design and processing conditions
to control the formation of different structural motifs."”>™*® In
particular, DNA hybridization provides a robust method for
customizing interparticle interactions for a wide range of particle
sizes, shapes, and compositions."”* The highly ordered super-
lattices generated by DNA-directed nanoparticle crystallization
have resulted in the moniker of “programmable atom equiva-
lents” (PAEs) to describe these DNA-grafted colloids.>> >

The thermal response of PAEs is crucial for controlling
particle interactions, thereby enabling the assembly of diverse
crystalline structures through thermal annealing.>**° While a
variety of design handles (e.g. solution ionic strength, DNA
design, particle size, particle shape) have been studied as a
means to tailor PAEs’ thermal response,®* modulation of
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tool for enhancing the synthesis of complex nanostructures under mild conditions.

these parameters often leads to complex assembly phenomena
that can be difficult to rationally and finely control in labora-
tory experiments. For example, ionic strength affects the sys-
tem’s melting temperature (Ty),>* but also changes the
interaction pair potential,®® as well as the crystallization
kinetics and final crystal quality.®® Particle size/curvature and
DNA grafting density also affect T, but these cannot be easily
manipulated after PAEs are synthesized.*® Thus, it would be
beneficial to have a singular design handle that could be
applied post-synthetically to modulate DNA interactions and
thermal response in a straightforward manner.

In this work, we examine how formamide, a known dena-
turant for DNA, can be used to predictably control the thermo-
dynamics and kinetics of PAE assembly. Formamide disrupts
DNA’s hydration shell, interfering with DNA duplexation,
thereby lowering PAE dissociation temperature.®” Importantly,
increasing formamide concentration linearly lowers the tem-
perature at which DNA strands dissociate, regardless of DNA
nucleobase sequence. Thus, formamide could be an excellent
addition to the toolbox of PAE self-assembly as a means of more
finely controlling assembly behavior. However, dense brushes
of DNA grafted to a nanoparticle surface can alter the local ion
distribution around DNA duplexes and also the local concen-
tration of DNA duplexes between particles.** These structural
differences make it unclear if formamide will have the same
reliability in altering PAEs’ Ty,. By investigating how varying
concentrations of formamide affect the melting transitions of
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= thermal response of PAEs compared to existing methods. This
‘ enhanced control then enables the formation of high-quality
crystal structures at significantly lower temperatures than are
typically required for PAE crystallization.
—_—
Formamide

Results and discussion

Formamide is a denaturant that is widely used in molecular
biology to reduce the melting temperature of DNA (Fig. 1a).*
Its mild yet effective action allows for the controlled separation
of genetic material while preserving the integrity of nucleic
acids,*® making it a useful tool for applications such as South-
ern blots, polyacrylamide gel electrophoresis (PAGE), and poly-
merase chain reactions (PCR).“>*! It is also reliable enough
in its effect on DNA hybridization to be used as a substitute
for thermal annealing in the complex folding process of DNA-
origami nanostructures.”>** This work demonstrates that
b - formamide similarly serves as a denaturant for PAEs, which is
(no formamide) an effective means to increase our control over PAE self-assembly.

Adding formamide to PAE assemblies comprising gold

- 50 nanoparticle cores bound through hybridized DNA results in

9 their rapid dissolution into a homogeneous nanoparticle sus-

"é 40 - pension at temperatures significantly lower than their native

- T (Fig. 1a). Crucially, the nucleobases are kept intact during
30 -

denaturation, allowing the nanoparticles to return to their
(w/ formamide) original binding capacity upon formamide removal (Fig. 1b).
20 T T T While other processing conditions can similarly be used to
0 1 2 3 4 reversibly affect DNA binding to disperse or assemble PAEs,
Step formamide potentially offers much finer control over self-
Fig.1 Formamide serves as a denaturant for PAEs. (a) PAEs are held assembly than existing methods. In particular, formamide is
together at room temperature via hybridized DNA strands, leading parti- noteworthy because DNA duplex T,, decreases linearly with
cles to assemble and form a darkly colored sediment. Formamide dehy-  jncreasing concentrations of formamide, and this behavior is
bridizes lthose bf)r?ds, leading the partlcllels to dissociate ar]d form a stable consistent across various DNA designs, with trends ranging
suspension, exhibited by the characteristic red color of single gold nano- ¢ o ! £ .
particles. Scale bars 1 cm. (b) T, of PAE assemblies drops with the addition rom 03(3 to 0.8 C per vo .ume percent.age o Ormar.nld.e
of formamide but removing formamide allows T, to return to its original (% v/v).”” In comparison, the impact of variables such as ionic
value. This cycle can be repeated, and indicates that formamide is non-  strength on DNA can have more complicated, non-linear

destructive to the DNA-brush on the nanoparticles. effects. Existing predictive models can provide general informa-

tion to tune Ty, using these design handles,** but precise
PAEs with different particle and DNA designs, we demonstrate modulation remains challenging. These complications are
that it provides significantly enhanced level of control over the further exacerbated with PAE assembly due to the larger

a g0 b e C 60
L [
50 50 _'\'\‘\1. 50
9 40 g a0 O 401
£ £ £
= 30 1 = 30 1 = 30 1 R2=0.9999
p
20 ————— 20 ; ; 20 . . .
0 01 02 03 04 05 100 80 60 40 0 10 20 30 40
Salt conc. (M) DNA type (% active) Formamide conc. (% v/v)

Fig. 2 Methods to tune PAE T,. (a) T, is plotted over the concentration of sodium chloride, displaying a nonlinear trend. (b) T, is plotted over variations
in the linker loadings. With increasing concentrations of non-participatory dummy strands, the percent of active binding DNA on the PAEs drops, leading
to a lower T,,. While the trend is linear, the range is narrow. (c) T, is plotted over volume fraction of formamide. The trend is linear, and the range of
temperatures that can be selected is wide.
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number of design variables and the high local concentration of
polyanionic DNA strands around the nanoparticle core.*?
Adopting this ability to tune thermal response is essential for
PAEs, as there is currently no method to precisely set the Ty, of
a suspension without extensive empirical testing of conditions.
For example, like free DNA duplexes, PAE Ty,s respond non-
linearly to solution ionic strength, and trends can vary signifi-
cantly between systems (Fig. 2a).>* The grafting density of DNA
strands on each PAE can also be used to alter Ty,. In practice,
PAE assembly is typically induced by hybridizing ‘“linker”
strands to the DNA that is covalently bonded to the nanopar-
ticle core (Fig. S1, ESIt). Thus, the number of DNA interactions
between any given pair of bonded PAEs can be controlled by
altering the ratio of linker strands to PAEs. PAEs can also be co-
loaded with both linker strands and non-participatory
“dummy” strands, which lack the unpaired sticky ends neces-
sary to form DNA duplexes between PAEs. Reduction of linker
density also lowers PAEs’ Ty, but offers only a narrow window
of control (Fig. 2b), and the quality of crystals can drop
significantly with low loading of active linkers. In contrast to
both of these design handles (ionic strength and linker
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Fig. 3 Formamide's effect on diverse PAE systems. (a) T, is plotted over
the volume fraction of formamide for a variety of PAEs. Traces in red
comprise PAEs with gold cores measuring 35 nm in diameter, while traces
in blue comprise 15 nm gold cores. Additionally, the percentage of active
linker strands is varied from 100% to 40%, represented by dashed lines. All
traces display a linear trend. (b) The response to formamide (change in T,
over the change in volume fraction of formamide) is given by the slope of
the traces in “a” and is plotted for each PAE system. Despite differences in
multivalency for each system, the response to formamide is similar.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

density), formamide allows Ty, to be tuned over a wide window
(>30 °C), and follows a linear and predictable trend (Fig. 2c).
In principle, this linearity allows any new T;, to be selected
without meticulously optimizing assembly conditions, if the
original Ty, is known (0% v/v formamide).

While this initial result is promising for the use of forma-
mide as a means to modulate PAE assembly thermodynamics,
it is important to note that PAEs exhibit unique multivalency-
driven thermal behaviors that are affected by the number and
arrangement of the numerous oligonucleotides grafted to the
nanoparticles’ surfaces.>* Such effects could alter the slope or
disrupt the linearity of the PAEs’ formamide response. Thus,
more quantitative examination of formamide’s effects on var-
ious systems must also be performed in order for this approach
to yield a useful tool for modulating PAE assembly.

Experiments were conducted to investigate multivalency
effects by varying core sizes and grafting density of PAEs. Two
particle sizes were prepared (15 and 35 nm) (Fig. S2, ESIT),
containing approximately 200 and 900 DNA linkers at max-
imum grafting density, respectively.*>*® The grafting density of
PAEs was then modified independently of particle size by co-
loading PAEs with controlled ratios of active linkers with
dummy linkers, ultimately providing a wide variety of multi-
valent architectures to explore. Notably, with formamide, all
systems demonstrated a similar reliable linear trend in Tj,
reduction across a wide temperature range (Fig. 3a). Addition-
ally, the slope of these plots was measured to be very similar
across all systems, showing a decrease of approximately
0.8 £ 0.02 °C per volume percent of formamide (Fig. 3b).

a
Heat
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b 54 Days: []0 [O3 @6
52 ] \ [
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High Temp Low Temp Formamide

Incubation condition

Fig. 4 PAE viability in different environments. (a) Schematic of DNA
anchors desorbing from gold cores during heating. (b) T, is plotted for
PAEs incubated in different conditions over the course of 6 days. While
PAEs held at elevated temperatures (60 °C) display a significant drop in T,
in this time, those held at room temperature with or without formamide
remain constant.
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This formamide response is consistent with prior examinations
of formamide’s effects on free DNA strands.”” These trends
were also observed for different DNA designs, including DNA
linkers of different lengths, and both binary and unary PAE
assemblies (Fig. S3, ESIf). These results confirm that the
formamide response is consistent across multiple PAE designs,
emphasizing its utility as a tool for tuning PAE self-assembly.
To further demonstrate the advantages of using formamide to
modulate PAE assembly, it is important to consider the potential
benefits associated with conducting assembly at lower tempera-
tures. Typically, to grow large single crystals, PAEs must undergo
slow cooling to prevent excessive nucleation.”®" This process
often requires maintaining the particles at elevated temperatures
for extended periods,” which can result in the detachment of
DNA grafts thereby degrading the DNA brush and diminishing
assembly quality (Fig. 4a).*>*® An indication of this degradation is
a drop in Ty, after the PAEs are held at elevated temperatures for
significant periods of time, which is attributed to a reduced
number of linkers binding the particles together. For example,
when PAEs were incubated at 60 °C, a 4 °C decrease in Ty, was
observed after six days (Fig. 4b). In contrast, PAEs maintained at
room temperature display a consistent Ty, over the same time
period. Similarly, PAEs incubated in 25% v/v formamide (at room
temperature) show no decrease in T;,,, indicating that formamide
does not degrade DNA over extended periods. Therefore,

View Article Online
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formamide could alleviate DNA desorption issues that would be
expected during standard slow cooling experiments to produce
single crystals, as the addition of formamide would permit
assembly to be conducted at temperatures where DNA grafts
remain stable. However, it is important to note that formamide
can oxidize into formic acid which can cleave nucleobases,*’ thus
requiring the use of fresh formamide stored in at low tempera-
tures (additional details in ESI,i Section S1.5).

As noted above, solution ionic strength would be expected to
induce many of the same effects observed from the addition of
formamide, albeit with a non-linear correlation between
solution salt concentration and Tj,. Nevertheless, even if the
correlation between solution salt concentration and PAE T,
were meticulously characterized, formamide still provides a
major advantage because it only alters DNA hybridization
thermodynamics. Conversely, lowering PAE T, by altering
solution ionic strength drastically changes both assembly ther-
modynamics and assembly kinetics, which has adverse effects
on the quality of the resulting PAE crystals. The T;,, of a given
PAE system is the temperature at which the rate of DNA
association (Cok,) and dissociation (ko) are equal, where C,
is the initial concentration of unhybridized DNA, and k,, and
kosr are the rate constants of association and dissociation,
respectively.*>*® One of the effects of low ionic strength on
DNA is to decrease the rate of k.n,>>° which slows down
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High Temp: Formamide

Fig. 5 Utility of formamide for PAE assembly. (a) Heuristic image showing the trends of Cok,,, (green) and k¢ (grey) at various salt concentrations (light
green: high salt, dark green: low salt). T, is represented by the intersection of Cokon and ke for each trace; decreasing Cokon With lower salt
concentrations leads to a drop in Tp,. At lower Ty, rates for ko and Cokon drop, leading to poor crystallization kinetics.3>*¢°C (b) Heuristic image showing
the trends of Cokon (grey) and kg (orange) at various formamide concentrations (light orange: low formamide, dark orange: high formamide). Increasing
kofs With higher formamide concentrations leads to a drop in T,,,. At all TS, rates for ko and Cokon remain high, allowing for rapid reconfiguration and
large crystal growth.51 (c) 1D SAXS patterns for traditional high temperature annealing of PAEs (black; T,, = 48 °C), low temperature annealing using a low
salt concentration to lower T, (green; T, = 25 °C), and low temperature annealing using formamide to lower T,, (orange; T,, = 25 °C). All samples cooled
from 60 °C to 10 °C at a rate of 0.1 °C min~%. Included is the average crystallite size determined via Williamson—Hall analysis. (d) AH and AS for PAE
binding at varied formamide concentration determined via Van't Hoff analysis. A drop in AH indicates broadening of the melt curve at higher formamide
concentrations, which can help facilitate the growth of larger crystals. (e)—(g) SEM images of crystals formed via low temperature annealing with low salt,
traditional high temperature annealing, and low temperature annealing using formamide, respectively.
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particle reconfiguration around T, (Fig. 5a). Consequently,
even with careful control of T, by altering solution salt
concentration, assembling high-quality crystals at lower tem-
peratures remains challenging due to sluggish particle kinetics.
In contrast, evidence suggests that formamide’s denaturation
effects are due mainly to the destabilization the double
helix,>”*® that is, increasing kg without significantly affecting
kon.”' Therefore, the kinetics of assembly are expected to
remain high across all formamide concentrations, even at lower
Twms (Fig. 5b).

To further investigate the effects of kinetics, annealing
experiments were conducted to assess the quality of crystals
formed under different processing conditions, including tradi-
tional high temperature annealing and lower temperature
annealing where T,,, adjustments were made using either ionic
strength or formamide. SAXS data confirm that while the
control “high temperature” and “formamide” samples have a
high degree of crystallinity, the “low salt” sample displays only
a few broad peaks indicating a lower quality of crystallization
(Fig. 5c and Fig. S4, S5, ESIT). Williamson-Hall analysis of SAXS
patterns also indicate that assembling crystals under low salt
conditions produces smaller crystallites, while assembly in the
presence of formamide produces crystallites that actually
exceed the size of crystals assembled using standard high-
temperature methods. One possibility for the relative increase
in crystal size under formamide conditions is broadening of the
melt curve, which provides particles more time to nucleate and
assemble into fewer, larger crystals. Melt broadening, charac-
terized by a decrease in AH, has been previously observed in
formamide-treated DNA systems,>” while a similar trend
emerged for PAEs, as determined by Van’t Hoff analysis of melt
curves for different formamide concentrations (Fig. 5d and
Fig. S6, ESIT). High resolution SEM images indeed show that
crystals formed in low salt conditions are substantially smaller
compared to the other annealing methods (Fig. 5e). Addition-
ally, both the standard high temperature method and assembly
with formamide-tuned T, successfully produced crystals with
well-defined rhombic dodecahedral habits, confirming their
higher quality indicated by SAXS (Fig. 5f-g). While the low salt
sample clearly does display some order, and likely could be
improved in quality by increasing the duration of cooling,
formamide provides a far more robust and simple means to
achieve crystallization at ambient conditions, without the need
to extensively optimize PAE assembly protocols.

Conclusions

The use of formamide to tune PAE T, represents a significant
advance for the field of self-assembly. While numerous colloi-
dal interactions can be used to modulate DNA-driven assembly
thermodynamics, formamide offers a rare design handle that
allows precise and rational control. The predictability and
consistency of Ty, reduction with formamide, as opposed to
the non-linear effects observed with other variables such as
ionic strength, present a clear advantage in designing and

This journal is © The Royal Society of Chemistry 2024
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implementing controlled self-assembly processes. This research
enhances our understanding of PAE behavior under varying
thermal conditions and offers a practical method to achieve rapid
crystallization at ambient temperatures. Such conditions not only
prolong the lifespan of traditional PAE systems utilizing gold-thiol
bonds but could also be crucial for utilizing PAEs with DNA
ligands bound through weaker chemistries that are even more
sensitive to elevated temperatures.”>>* Additionally, this method-
ology may be similarly applicable for controlling the interactions
of DNA-coated colloidal particles on the micron scale.”* High-
temperatures currently pose challenges for detailed analysis using
higher-magnification oil immersion optics, which act as heat
sinks. In contrast, room temperature assembly could facilitate
the use of these lenses for enhanced imaging at higher magnifica-
tions. Precise Ty, control also enables applications for sensing,
wherein functional nanostructures respond programmatically to
thermal fluctuations near biologically relevant temperatures.
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