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Acoustically shaped DNA-programmable
materials

Z. A. Arnon1, S. Piperno2, D. C. Redeker1, E. Randall1, A. V. Tkachenko 3,
H. Shpaisman 2 & O. Gang 1,3,4

Recent advances in DNA nanotechnology allow for the assembly of nano-
components with nanoscale precision, leading to the emergence of DNA-
based material fabrication approaches. Yet, transferring these nano- and
micron-scale structural arrangements to the macroscale morphologies
remains a challenge, which limits the development of materials and devices
based on DNA nanotechnology. Here, we demonstrate a materials fabrication
approach that combines DNA-programmable assembly with actively driven
processes controlled by acoustic fields. This combination provides a pre-
scribed nanoscale order, as dictated by equilibrium assembly through DNA-
encoded interactions, and field-shaped macroscale morphology, as regulated
by out-of-equilibrium materials formation through specific acoustic stimula-
tion. Using optical and electron microscopy imaging and x-ray scattering, we
further revealed the nucleation processes, domain fusion, and crystal growth
under different acoustically stimulated conditions. The developed approach
provides a pathway for the fabrication of complexly shaped macroscale
morphologies for DNA-programmable nanomaterials by controlling spatio-
temporal characteristics of the acoustic fields.

Nanomaterials have gained much interest due to their extraordinary
mechanical, chemical, optical, and biological properties1–3, which are
desirable in various emerging applications. However, translating their
unique properties to bulk materials and devices requires control over
macroscale morphology. Often, nanomaterial generation methods
permit the creation of only small mesoscale structures, which are dif-
ficult to utilize in applications. Therefore, one of the key challenges for
transferring nanomaterials toward applications is gaining control over
material structure on the macroscale while maintaining a desirable
nanoscale organization. This challenge has fundamental roots - ther-
modynamic processes are effective for material formation at small
scales, but kinetic effects dominate the growth when a system size
increases. Besides, the thermodynamic processes typically result in
equilibriummorphologies, such as crystal habits,which limit the shape
control of formed materials. This work explores how to address this
challenge and shape the precisely nano-organized materials at the

macroscale by combining thermodynamically controlled DNA-
programmable assembly with out-of-equilibrium processes driven by
acoustic fields.

DNA-guided self-assembly has emerged as a powerful method for
fabricating ordered three-dimensional (3D) nanomaterials with
defined nanoscale control4,5 and with ability to generate diverse types
of inorganic framework architectures6,7. The tunability of DNAWatson-
Crick base pair interactions allows the design of programmable
materials with controlled organizations at the nanometer length scale
with crystal domain sizes on the order ofmicrometers8–10. DNA strands
can be designed to fold into a designated architecture, so-called DNA
origami, which enables the construction of DNA frames with the cap-
ability to hold nanoparticles and proteins8,9,11–14. The frames can be
further assembled into lattice structures using directional bonds
between DNA frames8,13,15. For example, the octahedral DNA frames,
which interact via ssDNA sequences (sticky ends) extended from the
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six vertices, form a simple cubic lattice, whose Wulff shape is a cube
(Fig. 1). While recent studies show that domain, growth and mor-
phology can be manipulated through differentiated bonds14,16, the
shapes of formed crystals are determined by their type. Thus, it is
challenging to shapematerials formed through DNA assembly into the
desired form at the macroscale.

The control of the macroscale nanomaterial morphology can be
achieved using external factors affecting material formation, such as
light, magnetic and electric fields17–21. However, these methods typi-
cally require specific material components and media characteristics,
e.g., conductivity, transparency, or magnetic susceptibility, that
respond to the applied field; this limits materials diversity and their
applications. In this respect, the use of an acoustic field is attractive
since it only requires a non-zero acoustic contrast factor (see Supple-
mentary Information, Acoustic contrast factor) between the assem-
bled components and medium22,23, which is determined by density or
compressibility differences; this drastically reduces requirements on
component material. This approach was used to manipulate micron-
scale particles and their interactions with their environment24–26. More
specifically, Standing Surface Acoustic Waves (SSAW)23,27,28 can be
utilized to direct the assembly of nanoparticles into microstructures
and manipulate chemical reactions29,30. In addition, using an acoustic
field is attractive since its power density formanipulating particles can

be lower than used in other methods, while the working area can be
easily scaled up31,32.

In this work, we propose and investigate using an acoustic field to
shape DNA-assembled material at the millimeter scale. We demon-
strate (Fig. 1a) that specifically shaped acoustic pulses allow the for-
mation of DNA-assembled materials according to the shape of
the standing wave nodes (space with aminimumwave amplitude) into
macroscale morphologies. Our studies reveal that specifically tailored
pulses of SSAW can enhance the nucleation and crystallization of DNA
lattices leading to the assembly of larger crystallites. The combination
of DNA-based assembly and acoustic-directed assembly allows for
bridge control over six orders of magnitude in scale (nm to mm). Due
to the broad applicability of the acoustic method to diverse materials
classes, our approach for sculpturing DNA-based assemblies can be
extended to catalytic, biological, and inorganic materials5,33–36

metamaterials37, optical fibers and information storage devices38.

Results and discussion
Our experimental system includes two complementary DNA octahe-
dral origami frames with about 30 nm edge length that can self-
assemble into crystalline organization with a cubic lattice through
vertex-driven sixfold hybridization8. The nucleation and growth of
these lattices is closely dependent on the thermal annealing

Fig. 1 | Controlling DNA-assembled materials on a macroscale using
acoustic waves. a Schematic representation of the acoustic field use for directing
the formation of DNA-based assemblies. DNA strands are designed to fold into
octahedral frames, which assemble into simple cubic lattices. SSAW (red dashed
line), either after, or during lattice formation, direct the assembly toward nodes
where minimal acoustic pressure is applied within a capillary, where elongated
organizations from DNA crystals are formed at the millimetric scale. Red arrows
represent pressure produced by the SSAW. b Acoustic device. Two IDTs connected

to a function generator produce a SSAW in the active region between the elec-
trodes (highlighted in orange). A capillary of 1mm inner width and 50 µm height
with the sample sealed inside is placed in the active region.cBrightfieldmicroscopy
image of DNA crystals dispersed in a glass capillary. Capillary with DNA crystallites
without field. Inset is a magnification of the same sample. d The same capillary
shown in (c), after applying an acoustic field, crystals form chains in the nodes
within the capillary. Inset is a magnification of the same sample.
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procedure, which starts at 50 °C to obtain a monomeric DNA-frame
solution, followed by a slow ramp down of temperature to allow
crystallization8,15. The acoustic setup consists of interdigital transdu-
cers (IDTs) and wave generator. IDT, fabricated by photolithography,
convert electrical signals into acousticwaves through the piezoelectric
effect.

Acoustic organization of pre-formed crystals
We first explored the use of acoustic waves for a macroscale organi-
zation using preassembled micron-sized DNA crystallites. A sealed
glass capillary with the sample solution is placed in between the two
IDTs, where the SSAWwith a half wavelength of ~100 µmare generated
(Fig. 1b, c). This results in the formation of a pattern of linear nodes
with a width of several microns, separated by ~50 µm microns39, the
length of nodes (~3mm) is determined by the size of IDT (3.5mm).
While applying the SSAW, the acoustic forces push theDNA crystallites
to the node positions within the capillary, creating a linear pattern
(Fig. 1d). The entire setup is held in a temperature-controlled chamber
which permits controlling DNA hybridization and pathway for crystal
assembly and disassembly, while visualizing the process in real time
through optical microscopy.

The standing acoustic waves are generated in pulses to stimulate
crystallites in a specific spatiotemporal way. This leads to local heating
at the active region between the IDTs, where the magnitude of the
effect is determined by the temporal acoustic field profile (Supple-
mentary Fig. 1). The profile consists of a wave pulse with a duration of
50ms active SSAWanddifferent timeperiods between the initiation of
each pulse, ranging from 500 to 5000ms in our experiments. This
design allows us to independently control several key parameters of
the system: thermal protocol (using the thermal chamber), pulse and

period durations. Initially, the crystals are dispersed randomly within
the capillary (Fig. 1c), yet when the acoustic field is applied, the crystals
move to the nodes, forming a linear arrangement of individual crystals
in the nodes (Fig. 1d and Supplementary Movies 1 and 2).

Following the successful organization of DNA crystals into linear
patterns, we investigatedmerging the crystals into a singlemacroscale
morphology through thermally controlled fusion. Our thermal proto-
col (Fig. 2a) includes the reannealing of crystals without their full
melting into a single extended unit under the acoustic field. First,
preassembled crystals (Fig. 2b) were aligned into the nodes (Fig. 2c).
Next, the temperature was elevated to completely dissolve smaller
crystals andnuclei, leavingonly crystals thatwere initially larger, which
narrowed the size distribution of crystallites (Fig. 2d). Then, the tem-
perature was ramped down slowly to allow the remaining crystals
regrowth while the acoustic field kept the growing crystals within the
nodes (Fig. 2e). Due to the closely packed linear alignment and con-
finement to the nodes by the acoustic force, crystals have the pro-
pensity to grow one into the other. Scanning electron microscopy
(SEM) images show that crystals are fused together during regrowth,
creating a single continuous elongated entity formed from organized
crystals. The fused crystals are coherently coordinated and form a
solitary lattice that spans over several crystallites (Fig. 2f, g). We
observed that the cubic crystallites within the nodes exhibit a certain
degree of alignment with a preference for facets to be orientated
parallel to the transducer surface (Supplementary Fig. 2), likely since
such arrangement minimizes their cross-section to the SSAW. How-
ever, this orientation effect is suppressed by inter-crystallite attach-
ments due to the hybridization between DNAs on the surfaces of
different crystallites (Fig. 2b–h and Supplementary Fig. 3). Our
approach for forming DNA-based morphologies by acoustic field is

Fig. 2 | Fusing crystallites into macroscale materials. a Thermal profile for
reannealing preformed crystals. Active acoustic waves pulsing is represented by a
dashed blue line; inactive acoustic field (no pulsing waves) is represented by a solid
red line. b–e Brightfield microscopy images of crystals subjected to the thermal
reanneal protocol and acoustic waves at the different stages of the protocol,

corresponding to the numerical notation in (a). f, g SEM images showing that the
crystal reanneal protocol induces fusing of the crystals to form elongated macro-
scale morphology of crystals. h Crystals filled with AuNP aligned using acoustic
waves. The red hue is the result of AuNP loaded into the lattice.
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also suitable for lattices with nano-cargo. Such a cargo (gold nano-
particles (AuNPs), proteins, or quantum dots) allows adding a desired
functionality to DNA lattices. As an example of this possibility, Fig. 2h
shows the linear arrangement of lattices filled with 10 nm AuNP cargo
formed under acoustic stimulation.

Crystallization under acoustic stimulation
Considering the ability of SSAW to push preassembled lattices, we
were interested in exploring whether lattice formation is affected by
the acoustic field. We applied SSAW pulses during the initial crystal
nucleation and growth and combined this with a thermal anneal pro-
cess. While the wave pulse length is set to 50ms (approximately 1M
wave cycles), the period, i.e., the time between the initiation of each
pulse, is altered for different experiments; the period divided by the
pulse length is denoted as τ (Fig. 3). Following this procedure, we
observed a formation at the nodes of elongated morphologies of
tightly packed crystals, whose appearance is similar to the morphol-
ogies formed by preformed crystals under SSAW-driven assembly.
However, crystallites assembledunder acousticfield pulses exhibited a

noticeable increase in crystal size, particularly for certain pulse
regimes, as we elaborate below (Figs. 3 and 4a).

To obtain a quantitative understanding of this phenomenon,
we systematically studied the effect of the ratio between period
and pulse, τ, on the size of formed crystals. Pulse in a narrow
range of τ values yields an increase of the crystal size at a fast
thermal anneal of 0.03 °C/min (Fig. 3 and Supplementary Fig. 6).
Compared with thermal annealing without acoustic waves (τ→ ∞),
SSAW treatment also broadens crystal size distribution, which is
more prominent in the narrow τ range (Figs. 3 and 4a). Specifi-
cally, at τ = 20 (1000:50ms period to pulse ratio), crystal sizes are
significantly larger (nearly doubling in edge length), even com-
pared to the other samples formed under acoustic waves at dif-
ferent τ values (Fig. 3 and Supplementary Fig. 5). We also
observed this effect for all explored thermal anneal rates and
found that the largest crystals were formed at the same τ = 20
with a slow thermal anneal of 0.01 °C/min (Supplementary
Figs. 7 and 8, for more microscopy images, see Supplementary
Figs. 9–18).

Fig. 3 | Crystal size formedwith acousticwaves.Crystal size formedwith varied τ.
The colors of the plotted sample correspond to the frame of the brightfield
microscopy image frame. All samples (other than No Wave) were subjected to

50mswavepulseswith variedperiods (τ =period/pulse, as shown in the inset). Box-
plot overlayed shows the median, Q1, Q3 and 1.5 Interquartile range whiskers. n is
the number of crystals measured for each sample.
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We first analyzed the size distribution in the absence of acoustic
waves to gain mechanistic insights into the observed phenomena of
larger crystals formed under the acoustic field (Fig. 4a). This dis-
tribution arises from the interplay between nucleation dynamics and
diffusion-limited crystal growth. We first ruled out the possibility that
the acoustic field has an effect on the individual frames since our
estimation indicates that the thermal energy exceeds an acoustic
energy for ~30nm objects (see Acoustic field considerations in Sup-
plementary Information). Both nucleation and growth processes
dependon thedifference in chemical potential between the solutionof
free monomers frame, kT lnc, and the crystal phase, denoted as:

μcr tð Þ= kT ln c0 � ΔSrt ð1Þ

Here, r represents the cooling rate, and time is measured from
t =0, the point at which the crystal would be in coexistence with the
solution at the original concentration c0. ΔS denotes the entropy
associatedwith the unbinding of a single frame from the crystal, which
corresponds tomelting of 12DNAduplexes.We introduce the quantity
Δ tð Þ, that represents the thermodynamic driving force to crystal-
lization, defined as:

Δ tð Þ � kT ln c� μcr tð Þ
kT

= ln
c
c0

+
ΔSrt
kT

ð2Þ

Let a be the lattice constant of the cubic crystal, with ΓkT
a2 repre-

senting its surface energy, andD denoting the diffusion coefficient of a
free building block. The classical homogeneous nucleation rate for a

cubic-shaped crystal can be expressed as follows40:

ν tð Þ= DcΔ

a2
ffiffiffi

Γ
p exp � 32Γ3

Δ2

 !

ð3Þ

Once nucleated, each crystal grows at a diffusion-limited rate
given by:

_L=
4πς
3

Dca3

L
1� e

4Γa
L �Δ

� �

ð4Þ

Here, L represents the edge size of the cube, and ς≈0:66 is a
numerical constant specific to the cubic geometry. As the number
density of crystals n and their average volume L3

D E

increase, the
solution of the building blocks gets depleted:

c= c0 1�
n L3
D E

a3

0

@

1

A ð5Þ

By constructing the Fokker–Planck equation and solving it
numerically, we obtained the final size distributions, which are in
excellent agreementwith the experiments conductedwithout acoustic
waves for both fast and slow thermal anneal protocols (Fig. 4a, b).
When fitting the data, we used Γ as a single adjustable parameter (the
same for all annealing rates), while the rest of the parameters have
beendeterminedbasedon the knowngeometry of the building blocks,
their concentration, and the thermodynamics of DNA hybridization.

Fig. 4 | Acoustic waves affect nucleation and growth. aHistogram of crystal size
distribution with no acoustic waves (blue) and with τ = 20 (red) for a fast tem-
perature decrease rate of 0.03 °C/min (some of the data is shown in Fig. 3 with
different representation). The nucleation and growth theory fit (blue line), and the
infusionmodel (red line) account for the effect of the acoustic waves.bCrystal size
distribution vs. τ, showing both discrete experimental data points (as shown in
Fig. 3) and continuous model-calculated behavior. c, d Slow thermal anneal

(temperature decrease rate of 0.01 °C/min) of crystals with no waves applied (c)
and with τ = 20. e Fast thermal anneal (0.03 °C/min) with τ = 20, followed by a
thermal reanneal to fuse crystals together, results in elongated macroscale struc-
tures at the millimetric scale. The width of the capillary (left wall to right wall) is
1mm. f Measured SAXS structure factor (S(q)) of the crystals assembled under
acoustic field and untreated crystals corresponds to modeled S(q) of simple cubic
crystal structure.
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Once the system is subjected to acoustic stimulation, two new
effectsmust be considered. Firstly, SSAWare expected to suppress the
nucleation of crystallites due to local heating in the active regionof the
acousticfield due to their dissipation (Supplementary Fig. 1). Secondly,
the forces associated with the acoustic field result in an influx of small
clusters of frames into the active region from adjacent areas in the
capillary (Fig. 1b), which act as nuclei for crystal growth. Thus, the
number of growing crystals is dictated by both an interplay of acous-
tically suppressed homogeneous nucleation and the influx of nuclei
from the adjacent region. As the time interval between pulses, i.e., τ
decreases, both effects become more pronounced, explaining the
observed non-monotonic behavior of the τ vs. crystal size relationship
(Fig. 3). Namely, as τ decreases, the suppression of homogeneous
nucleation is initially offset by a moderate influx of crystals from the
surrounding regions. This leads to a reduction in the overall number of
crystalline particles and an increase in their average size (since the total
amount of material is determined by the initial concentration). Once
the homogeneous nucleation is sufficiently suppressed, the further
increase in influx reverses the effect, resulting in a greater number of
crystalline particles and, consequently, smaller crystal sizes.

To describe this effect, we propose a simple model in which
nucleation in the active region is suppressed by a factor of e�

ϵ
τ , while

remaining unaffected in the adjacent region. The infusion process is
represented by a single rate proportional to pulse frequency, κ

τ. The
size distribution f Lð Þ in the region exposed to SSAWevolves according
to the Fokker–Planck equation:

_f L,tð Þ= ν tð Þe�ϵ
τδ L� L*
� �

� ∂L f L,tð Þ _L
� �

+
κ
τ
f 0 L,tð Þ ð6Þ

Here, the first two terms represent the nucleation and growth
processes discussed above, and the last term is due to the infusion of
material from the adjacent region unaffected by the acoustic waves.
Thus, f 0 L,tð Þ is the size distributionwithout the SSAWeffect that obeys
the same equation with parameters κ and ϵ set to 0.

Although oversimplified, this model provides a surprisingly good
description of the observed phenomenon. Specifically, it captures the
non-monotonic behavior and the observed broadening of the size
distribution due to the acoustic field. Furthermore, this simple model
gives an impressive quantitative agreement with the observed size
distribution in the vicinity of the optimal conditions for larger crystal
sizes (Fig. 4a, b and Supplementary Figs. 6–8). Note that the same
values of adjustable parameters κ and ϵ, have been used for different
cooling rates and inter-pulseperiods. As the τ increases, homogeneous
nucleation in the active region returns to its unsuppressed rate. Con-
versely, more frequent acoustic driving leads to an increased infusion
rate κ. Both these effects cause the size distribution to revert to the no-
wave case, which is described by the unmodified nucleation and
growth theory.

In certain cases, the SSAW effect could produce exceedingly large
crystallites compared to those assembled without a field, specifically,
with a slow thermal anneal (0.01 °C/min) and an acoustic pulse of
50ms and τof 20 (Fig. 4c, d). Interestingly, in contrast to the formation
of larger single crystals with a slow anneal, pulsing SSAW during a fast
annealing (0.03 °C/min) results in assembly of long crystalline
morphologies, reaching length of 2mm (Fig. 4e). Combined with the
reannealing and fusing process discussed above (Fig. 2), each of these
morphologies is merged into a single unit, as indicated by the fact that
such linear structures (highlighted in blue) can hop from one node to
another (marked in red) without breaking. We further explored that
nanoscale structure of the latticemorphologies assembled under both
acoustic driving and annealing using small angle x-ray scattering
(SAXS). SAXS measurements reveal that the formed crystals exhibit a
simple cubic lattice, similar to crystals without acoustic stimulation
(Fig. 4f). This implies that the acoustic-driven assembly does not alter

the nano-scale arrangement of the DNA frames in a lattice but only
affects the lattice growth at the level of crystallites and a final mor-
phology at the scale of a hundred micrometers up to millimeters.

In conclusion, we have demonstrated that acoustic fields with
specific spatiotemporal characteristics provide an effective means to
drive the formation of DNA-assembled materials at the macroscale.
While DNA nanotechnology enables precise spatial control at the
nanoscale, achieving controlled organization at larger scales has
remained challenging. By combining DNA-guided assembly with
acoustically driven processes, we successfully directed the assembly
and dictated the morphology of DNA-origami-based crystal lattices at
scales ranging from tens of microns to millimeters, while maintaining
DNA-defined nanoscale organization. This study shows that the
acoustic field can drive the assembly of macroscale morphologies
from preformed crystals and monomers under annealing conditions.
Themacroscalemorphologyof crystals canbepotentially expanded to
other geometries, beyond linear structures shown in our work. This
can be achieved by changing the boundary conditions of the sample,
or by changing the arrangement and geometry of the transducers. For
example, complex two-dimensional patterns can be produced, much
like Chladni plates41. More broadly, acoustic holography can be
potentially employed to form complexly designed patterns of self-
assembled materials42,43. Moreover, the acoustic field might enhance
the formation of crystals within a certain pulse regime due to the
combinationof the twoneweffects causedby the acousticwaves (local
heating and influx of nuclei). Our experimental observations are sup-
ported by a computational model that incorporated nucleation
dynamics, diffusion-limited growth, and the effects of acoustic driving.
Given the flexibility in engineering acoustic fields and a broad range of
functions ofDNA-basedmaterials, our combinedDNA and acoustically
driven assembly approach potentially allows for the controlling
structure formation over 6 orders of magnitude in scale from sub-nm
to mm. Combined with an inorganic templating strategy6,15, this
approach provides device-scale nanomaterials fabrication for poten-
tial applications in photonics, mechanics, electronic devices, and
biomaterials.

Methods
Design, synthesis, and purification of DNA origami
The octahedron DNA origami frame was designed using the DNA ori-
gami design software caDNAano44 (http://cadnano.org/). The edges of
the octahedron frame were designed to be six-helix bundles (6HB)
with edge lengthsof 84basepairs. Eachof the6HBshaveone sequence
extending from each of the ends. This results in four ssDNA sequences
extending away from each of the six vertices of the octahedron.

DNA origami frames are folded by mixing 40nM M13mp18
scaffold purchased from Bayou Biolabs, LLC with a 5:1 staple to scaf-
fold ratio. The staple sequences were purchased from Integrated
DNA Technologies (IDT) and are presented in Supplementary
Tables 4 and 5. The buffer of this solution is mixed to contain 1mM
EDTA, 40mMTris at a pHof approximately 8.0, and a concentration of
12.5mM magnesium chloride. This mixture is heated to 90 °C and
slowly cooled to 20 °C over a period of 20 h to allow for the correct
folding of the scaffold sequence into the target 3DDNA origami frame.
This protocol is adapted from previous literature8,12,45.

The folded DNA origami is washed in order to remove the excess
staples used during the folding process. The origami samples are
washed five times through a 100 KDa Millipore Sigma Amicon Ultra-
0.5mL centrifugal filters in an Eppendorf 5424R at a speed of 2.2k rpm
for 25min using a buffer consisting of (1X) TAE and 12.5mM Mg2+.

To preform lattices, 2 types of origami frames with com-
plementary sticky ends on their vertices are incubated together in a
PCR tube at a concentration of 20 nM each. The mixture is heated to
50 °C and slowly cooled down to 25 °C over a period of ~72 h to allow
the formation of crystalline structures.
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Acoustic experiment design and setup
One end of a borosilicate hollow capillary, with dimensions
50 × 1 × 0.05mm (VitroTubesTM, VitroCom), was immersed in the
sample solution to allow capillary effects to draw the solution into the
capillary. The capillary was then sealed using wax and positioned onto
the acoustic device between the two IDTs. In order to ensure the
proper coupling of the capillary to the piezoelectric substrate, a small
amount (~1 µl) of immersion oil (Olympus) was applied between the
substrate and the capillary. Subsequently, the setup was connected to
a function generator (SDG 1032X, Siglent Technologies). A sine wave
with a frequency of 19.34MHz was generated at an amplitude of 20
Volts peak-to-peak. This wave was applied to both IDTs located on the
sides of the sample to generate a standing wave. For the wave pulsing,
a 50ms pulse (966,980 wave cycles/19.34MHz) was generated, fol-
lowed by a variable relaxation time in the different experiments (and
by that changing the τ variable). The end product can be extracted
from the capillary by breaking the wax seal and pushing the liquid out
using a pipette with a gel loading tip.

Crystal size measurement post acoustic-stimulated
crystallization
Crystals were formed under a standing waves acoustic field with
varying τ values. DNA frames were incubated inside the capillary with
acoustic pulsing in effect and heated to 50 °C to dissolve any aggre-
gates. The temperature was adjusted and regulated using a
temperature-controlled Linkam LTS420 thermal stage. The tempera-
turewas rampeddownat a rate of 0.03 (fast) or 0.01 (slow) °C/min. For
the specific DNA frame used, crystal growth occurs at the range of
approximately 47.5–45 °C. When the temperature reached 40 °C and
the growth had finished, 5–10 optical microscopy images were col-
lectedwith a ×50magnification. This processwas done for each τ value
at least 3 times. Images were taken to cover all locations inside the
active region of the acoustic device (Fig. 1b). For every set of τ values,
samples were taken from the same stock of building blocks. Only
crystals with clear edges were selected to measure the size of the
crystals. This approach causes a bias toward larger crystals with clearer
edges; however, the same bias applies to all τ values. The area of each
distinct crystal was measured using Fiji46 (ImageJ; version 1.54f), and
the value of crystal area was square rooted to get the edge length,
assuming crystals are cubic.

Statistics and reproducibility
Each experiment, with each of the various conditions including
applying acoustic waves on pre-formed crystals (Fig. 1), fusing crystals
using thermal reannealing (Fig. 2), varying the value of τ (Figs. 3 and 4),
varying the thermal anneal ramp (Fig. 4 and Supplementary Figs.), and
measuring crystal sizes (Figs. 3 and 4) was independently repeated at
least three times.

Data availability
The authors declare that the data supporting the findings of this study
are available from authors on request and within the paper, its Sup-
plementary Information files.

Code availability
The code used to perform modeling for the simple cubic crystal is
publicly available to download at https://github.com/CFN-softbio/
scattersim.
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