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Abstract 

Assembly of DNA nanostr uct ures to sub-millimetre scales is expected to have significant potential for applications in materials science and 
medicine. One approach to control nanostr uct ure growth is through using acoustic w a v es to create pressure nodes for clustering. Here, we 
report a facet-based underlying DNA nanostr uct ure architect ure with str uct ural and st abilit y c haracteristics ideal for acoustic pat terning. The 
architecture comprises only 16 canonical DNA oligonucleotides which self-assemble to form a nested cube, inspired by the four-dimensional 
h ypercube kno wn as a “tesseract.” Cry ogenic electron microscop y (Cry o-EM) and atomic f orce microscop y (AFM) analy sis re v ealed a fully f ormed 
tesseract str uct ure with e x ceptional stiffness and a melting temperature of 84 ◦C, significantly higher than other unmodified DNA nanostr uct ures. 
The DNA tesseract nanostr uct ures could be acoustically shaped into wires spanning over 500 μm, observed after deposition onto an interdigitated 
electrode (IDE). The wires were shown to be electrically conductive, highlighting unique prospects for application. Simplified bottom-up assembly 
of a small number of oligonucleotides into a relativ ely comple x and str uct urally stable DNA nanostr uct ure with characteristics ideal for modular 
assembly holds promise for applications across bioelectronics and other fields. 
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Introduction 

Micron-scale assembly of metamaterials allows for new pos-
sibilities in bioelectronics, which is especially important for
rapidly developing areas of technology such as wearable de-
vices [ 1 , 2 ]. Biocompatibility is often one of the major con-
cerns for these devices and DNA is theoretically amongst the
most compatible materials for such purpose. In DNA nan-
otechnology, large scale assembly is often achieved by comple-
mentary overhang sequences on individual units for polymer-
ization [ 3 –5 ]. Growth typically relies on the design of over-
hangs and assembly conditions without further directional
control. However, extending assembly control to the micron
scale could be important for fabricating DNA into an actual
device. Given the capability of DNA in conducting electric-
ity [ 6 –8 ], one innovative approach is using surface acoustic
wave (SAW) to direct DNA origamis that could result in a lin-
ear stream of crystals of over 100 μm [ 9 ]. Yet, existing DNA
nanostructures are often thermally unstable (melting temper-
atures: 50–70 

◦C) [ 10 –13 ] and require sophisticated design or
exotic modifications for the structural stability to withstand
shear forces and localized heating [ 14 –16 ]. In this work, we
investigate the tesseract structure as a possible solution. The
tesseract is a four-dimensional hypercube considered as the
natural successor to the two-dimensional square and three-
dimensional cube [ 17 , 18 ]. In chemistry and materials science,
a fully designable, self-encapsulating, and modular tesseract
structure has not been synthesized, neither as a hydrocarbon
framework nor as a nanostructure. Theoretical studies have
predicted significant thermal and kinetic stability and poten-
tially unusual biophysical properties of molecules with such
architecture [ 19 ]. Inorganic tesseracts have been etched from
transition metal alloys [ 20 ] but would be difficult to design
and scale for various applications or other functionalities [ 21 ,
22 ]. A nested cube with a similar shape as the tesseract has
been made using a DNA origami strategy [ 10 ]. However, such
a DNA origami approach uses a long phage DNA scaffold
coupled to ∼100 smaller staple oligonucleotides with multiple
single stranded breaks, unsuitable for the exceptional stability
required for acoustic shaping. 

Herein, we report the design and structural characteriza-
tion of a DNA tesseract (a nested cubic framework) built from
just 16 oligonucleotides with remarkable mechanical proper-
ties and thermal stability. The tesseract’s mechanical robust-
ness enables its alignment into micron-scale conductive wires
via SAW patterning, overcoming a critical barrier to functional
DNA-based electronics. We then use this DNA tesseract to
acoustically shape a micron-scale conductive wire as shown in
Fig. 1 . We first developed a new facet-based design approach,
which requires only 16 DNA oligonucleotides in equimolar
ratio, rather than hundreds of single strands in excess amount
to scaffold for origami-based approaches [ 23 ]. The simple as-
sembly method has high assembly efficiency even without pu-
rification under optimal DNA concentration conditions. The
DNA tesseract also shows high thermal stability with a melt-
ing temperature of 84 

◦C. Cryo-EM and AFM reveal the ex-
pected hypercube structure with significant structural rigid-
ity. Thermal, spatial and mechanical stabilities were conferred
to an encapsulated small cube through the facet-based de-
sign of tesseract. The resulting DNA tesseract combines un-
precedented thermal stability and mechanically reinforced in-
ner cube, surpassing most unmodified DNA nanostructures.
The stability allows the aggregation into clusters by applica-
tion of SAW. The clusters of tesseracts were found to grow into 

a long wire when deposited onto an IDE and were found to 

be more conductive than before the application of SAW. Re- 
markably, SAW-directed growth produces sub-millimeter con- 
ductive wires with a 4.21-fold increase in relative conductivity 
compared to randomly aggregated tesseracts, demonstrating 
the first acoustically shaped DNA-based wire. 

Materials and methods 

Design and assembly of DNA tesseract 

The DNA tesseract was designed using Tiamat 2.0 [ 24 ].
Each of the four components (A, B, Bc, and Sc) consists of 
four single-stranded DNA occupying one face of the struc- 
ture. Equimolar concentrations of single-stranded DNAs (In- 
tegrated DNA Technologies and Sangon, nanodrop corrected 

to 10 μM) were mixed in deionized water to make up a 2.5 

μM working solution of the individual components. Equimo- 
lar concentrations of the working solutions were mixed in 1 ×
phosphate buffer saline (Sigma; 140 mM NaCl, 3 mM KCl, 10 

mM phosphate buffer) at a final concentration of 20 nM for 
assembly. For gel electrophoresis, samples were prepared in 

1 × TAEM (40 mM Tris-acetate, 1 mM EDTA, and 12.5 mM 

magnesium acetate). The assembly mixture was annealed in 

a thermal cycler (Applied Biosystems ProFlex PCR System).
The mixture was incubated at 95 

◦C for 3 min then slowly an- 
nealed from 95 

◦C to 20 

◦C at the rate of 4.4 

◦C/h. The folded 

structures were stored at room temperature. 

Gel electrophoresis 

For agarose gel electrophoresis, 2.5% agarose gel in 1 ×
TAEM was used to observe the migration of DNA tesser- 
act and the partial assemblies. For polyacrylamide gel elec- 
trophoresis (PAGE), it was only used to observe the assembly 
of small cube. 15% native PAGE in 1 × TAEM was used for 
the experiment. All gel electrophoresis were performed at 65 

V at 4 

◦C. Four hours were used for agarose gel electrophoresis 
and one hour was used for the PAGE. The fluorescent signal 
from the agarose gel electrophoresis was observed with Ana- 
lytical GE Amersham Typhoon5 Biomolecular Imager (photo- 
multiplier tube potential: 322 V). For gels stained with SYBR 

gold (Invitrogen), prestain was done by mixing 10 μl of 20 

nM sample with 2 μl loading mixture (5 × SYBR gold and 4 ×
loading dye). Signal was observed with ChemiDoc (Bio-Rad).

Quantitative fluorescent measurement 

20 nM DNA tesseract and partial assemblies were assem- 
bled in 1 × Phosphate Buffer Saline (PBS) (strands on small 
cube were labeled with Cy3 and Cy5). The fluorescent sig- 
nals of fluorescent resonance energy transfer (FRET) (excita- 
tion: 550 nm, emission: 668 nm) were measured using Thermo 

Varioskan Flash microplate reader. Bandwidth was 5 nm and 

measurement time was 500 ms. 

Melting analysis in quantitative polymerase chain 

reaction (qPCR) 

For qPCR, 100 nM DNA tesseract and partial assemblies 
were assembled in 1 × PBS (concentration determined in 

Supplementary Fig. S11 ). SYBR green was used to observe the 
presence of duplex DNA in the mixture with ROX as a nor- 
malising control. The samples were subjected to melting from 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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Figure 1. Three stages of bottom-up assembly of a DNA tesseract wire. Suggested mechanism of microscale assembly of the DNA tesseract into a long 
wire. DNA tesseracts were assembled separately with complementary anchors ( A ) and mixed after concentration. The image at the bottom shows the 
front angle of the DNA tesseract as one of the 2D classifications from Cryo-EM; scale bar: 5 nm. ( B ) The aligned clusters of DNA tesseract in capillaries; 
scale bar: 20 μm. The clusters were pushed out of the capillaries and deposited onto IDE pretreated with thiolated anchors that were complementary to 
the o v erhangs on the tesseract. T he droplet w as incubated on IDE o v ernight f or the wire f ormation ( C ); scale bar: 2 μm. 
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◦C to 95 

◦C at the rate of 0.5 

◦C/min in Bio-Rad Opus 96.
he derivatives of raw data were calculated to find out the
elting temperature. 

ircular dichroism 

or circular dichroism (CD), 300 nM DNA tesseract and par-
ial assemblies were assembled for CD using Jasco J-1500.
00 μl of sample was transferred to a quartz cuvette with
 cm pathlength. Five repetitive measurements were done by
canning the spectrum from 220 to 320 nm with 1 nm band-
idth. Data pitch was 1 nm and data integration time were
 s. To observe melting, measurement was repeated for every
 

◦C from 20 

◦C to 95 

◦C. The obtained spectra were smoothed
sing Savitsky–Golay filter in Origin with polynomial order
f 4 and a smoothing window of 15 points. The peak values
rom 247 and 277 nm were obtained to calculate the deriva-
ives along the temperature change. 

ynamic light scattering 

article size and size distribution of the DNA tesseract were
haracterized by dynamic light scattering (DLS), using the Ze-
tasizer Pro particle size analyzer with a 4.0 mW He-Ne laser
at a detection angle of 173 

◦, and the ZS Xplorer software
(Malvern Panalytical Ltd., Worcestershire, UK). Samples were
dispersed in 1 × PBS, loaded in a low-volume quartz cuvette,
and measured in triplicates. 

Atomic force microscopy 

The acquisition of AFM images was performed using a Bruker
NanoWizard ULTRA Speed 2 AFM, employing the peakforce
tapping mode in a fluidic environment. SNL-10d AFM tap-
ping mode probes (Bruker Nano, Inc.) with an average force
constant of 0.06 N/m and a mean resonance frequency of 18
kHz was used in imaging with scan areas of 1 μm × 1 μm.
A scanning resolution of 256 lines with 256 pixels per line
with a scan rate of 1 Hz was maintained throughout all image
acquisitions. The JPK Data Processing software program was
utilized for the meticulous analysis of DNA contour lengths,
as previously described. The AFM and force–distance curve
measurements were carried out in 1 × TAE buffer with 7 mM
NiCl 2 and analyzed following a published protocol. To ob-
tain Young’s modulus ( E ) value, the deflection sensitivity of
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the probe was calibrated on the mica surface several times and
the mean value was taken. The spring constant of the probe
was determined using the Thermal Tune function of the AFM
software. The Young’s modulus ( E ) value was determined by
fitting the data to the Sneddon (conical indenter) model, where
F = force (from force curve), E = Young’s modulus (fit param-
eter), ν = Poisson’s ratio (sample dependent, typically 0.2–
0.5, for the DNA Tesseract, the Poisson coefficient should be
∼0.3), α = half-angle of the indenter (20 degree), and δ =
indentation. 

Cryo-EM sample preparation, data collection, and 

analysis 

The assembled DNA tesseract at 20 nM in PBS was prepared
in sufficient amount to be concentrated using Amicron cen-
trifugal filter with 100 kDa cutoff. Centrifugation was per-
formed at 14 000 × g for 10 min at room temperature. Multi-
ple centrifugations were performed until the concentration of
DNA tesseract reached 10 μM as confirmed by nanodrop. Af-
ter concentration, 3.5 μl of concentrated DNA Tesseract was
then applied to glow-discharged holey carbon grid (Quantifoil
1.2/1.3) and vitrified using Vitrobot Mark IV (ThermoFisher
Scientific) at 4 

◦C, 100% humidity, 0 s wait time, 3 s blot time,
and 0 blot force. The DNA tesseract was imaged at nominal
magnification of ×130 000 on a 300 kV FEI Titan Krios. Pixel
size was 0.9557 Å . Movies were captured in counting mode
with electron dose rate at 50 e ̊A 

−2 using the EPU software and
Falcon 3 detector (FEI). Defocus range was −1.2 to −2.6 μm.
The raw movies were motion corrected, followed by constant
transfer function (CTF) estimation in CryoSP ARC 4.4. Par -
ticles were manually picked as template for Topaz training
to generate a picking model. The model was used to auto-
matically pick particles from the entire movie set. A sub-set
of the picks was inspected and corrected as a new template
for another round of training. Three Topaz trainings were
performed in the same manner for auto-picking the dataset.
2D and 3D classification was performed to select intact par-
ticle for the reconstruction. A total of 4745 particles were se-
lected to reconstruct a 3D map using the ab initio model with
C1 symmetry. To enhance the resolution of the 3D map, oc-
tahedral symmetry was applied for the reconstruction again
as well as the non-uniform refinement. Half-maps and full
maps were submitted to 3DFSC processing server for vali-
dating the final resolution [ 25 ]. The illustrations of refined
maps and 3D resolution maps were performed in ChimeraX
[ 26 ]. 

Coarse-grained molecular dynamics simulations 

The tesseract and all sub-assemblies were simulated using
the oxDNA coarse-grained model at 298 K and an effective
monovalent salt concentration of 0.5 M (in essence account-
ing for both monovalent and divalent ions typical of DNA
nanostructure fabrication conditions) [ 27 ]. A timestep of 15
fs was used for time integration. Mutual traps enforcing ide-
alized base pairs were employed during relaxation stages but
removed for the final production stage. Structures were simu-
lated for 50–100 μs in the production stage, and mean struc-
tures were obtained using the structure averaging utility in the
oxDNA analysis tools package [ 28 ]. 
Surface acoustic wave for alignment of DNA 

tesseract 

DNA tesseract, BcA or tetrahedron with two different set 
of complementary overhangs were assembled separately at 
20 nM in 1 × PBS. The products were concentrated to 200 

nM and mixed for another slow annealing from 50 

◦C to 

20 

◦C over 2 days. Samples were then transferred into hol- 
low rectangle capillaries (CM Scientific, 0.05 mm × 1.00 

mm × 50 mm) through capillary action and sealed with nail 
polish. 

SAW device fabrication 

Interdigital transducers (IDTs) were patterned on a Y-cut 
lithium niobate (LiNbO 3 ) substrate via photolithography,
with a 1500 μm gap between transmitter and receiver IDTs.
Each IDT comprised 40 finger pairs of titanium/aluminum 

electrodes (2.5 μm width and 210 nm thickness), generating 
SAWs with a 10 μm wavelength at 342 MHz. The IDTs were 
wire-bonded to a printed circuit board (PCB). 

Acoustic alignment and deposition 

The capillary was mounted between the IDTs on the LiNbO 3 

substrate, with a thin layer of immersion oil (Nikon, Type A) 
applied to enhance acoustic coupling. A sinusoidal signal (342 

MHz, 2 Vpp) was delivered to the transmitter IDT using a 
function generator (Siglent SDG 7102A), pulsed at 3 ms du- 
ration (1 000 000 cycles) with 27 ms intervals to mitigate ther- 
mal drift. Standing waves formed via interference between in- 
cident and reflected waves, concentrating nanostructures at 
pressure nodes within 30 min. 

After applying SAW, one end of the capillary was cut, in- 
serted into a cut gel loading tip and sealed with polydimethyl- 
siloxane (PDMS). After the PDMS was dried, the other end of 
the capillary was cut, and the solution was pushed out with a 
pipette. 

Electrode biofunctionalization and tesseract wire 

hybridization 

MicruX interdigitated gold electrodes (ED-IDE1-Au) were 
first rinsed thoroughly with 95% ethanol and MilliQ water.
After drying, 10 μl of 0.5 M H 2 SO 4 was dropped onto the 
electrode. The gold surface was activated by cyclic voltamme- 
try (CV) scanning from −1 V to 1.3 V at 0.1 V/s for 12 cycles.
The electrodes were rinsed again by MilliQ water and dried 

before DNA immobilization. 
Thiol modified DNA anchor strands (sequences provided in 

Supplementary Table S1 ) were reconstituted to 100 μM and 

diluted to 10 μM in ultra-pure water. Then, the strands were 
reduced by Tris-(2-carboxyethyl) phosphine (TCEP; oligo to 

TCEP molar ratio was 1:100) for 2 h at room temperature 
(RT) to cleave the disulfide bonds. Reduced anchor strands 
were mixed and diluted to 0.5 μM each in 1 × PBS. 10 μl 
of the mixture was dropped onto the activated gold surface 
and immobilized at RT overnight. After thorough washing 
with MiliQ water, the electrodes were blocked with 6 mM of 
mercaptohexanol (MCH) for 3 h at RT. Following the wash- 
ing off unbound MCH, 5 μl of tesseract fiber sample was 
dropped onto the gold surface for strand hybridization. The 
reaction was performed at RT overnight. All incubation steps 
were conducted with humidity control to prevent solution 

drying. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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lectrical conductivity measurement 

fter fiber hybridization, the electrodes were rinsed briefly
ith 1 × PBS and then blown dry. Linear sweep voltammetry

LSV) was performed using PalmSens 4 potentiostat (Houten,
etherlands). The LSV scan ranged from 0 to 0.8 V at a rate of
 V/s. Electrical current readings were recorded at 0.1 V inter-
als. All electrochemical data were exported from the software
STrace 5.9. 

uNPs biofunctionalization and hybridization with 

he tesseract fiber on electrodes 

hiol modified DNA anchor strands (10 μM) were separately
educed by TCEP in water for 2 h at room temperature. Re-
uced anchor strands were mixed and diluted to 1 μM each
n water for subsequent biofunctionalization. 

1 ml of stock citrate capped AuNPs (741 957; Sigma) was
entrifuged at 21 000 × g for 1 h at 4 

◦C. After removing the
upernatant, the AuNP pellet was resuspend into 100 μl of
he mixed reduced DNA anchor strands for thiol conjugation.
he suspension was incubated on an orbital shaker for 3 h at
oom temperature. NaCl was spiked into the suspension at a
nal concentration of 100 mM and continued to incubate at
 

◦C overnight with shaking. The AuNPs were pelleted again
y centrifugation to remove the unbound oligo. Finally, the
ellet was resuspended into 100 μl of 0.1 × PBS and stored in
 

◦C. 
Anchor strand immobilization efficiency on AuNPs was

erified by 0.5% agarose gel electrophoresis in 1 × TBE ran
t 80 V for 30 min. The gel was imaged directly by Gel Doc-
mentation system without any staining. 
After hybridizing the tesseract fiber onto the interdigi-

ated electrodes (IDEs). The electrode surface was rinsed and
ried. Then, 5 μl of AuNPs coated with the mixed anchor
trands was dropped onto the electrode surface and incubated
vernight at room temperature. Following rinsing in 1 × PBS
nd airdrying the electrode surface, the LSV measurement was
onducted again to characterize the effect of AuNPs pattern-
ng to changes in fiber conductivity. 

canning electron microscopy 

xperiment was performed using Hitachi S-4800 field emis-
ion scanning electron microscope equips with a cold cathode
eld emission column emitter. The IDE with tesseract wire was
putter-coated with a 60:40 gold/palladium target using Quo-
um Q150T Plus ES for 40 s. Images were obtained with sec-
ndary electron at 5 kV accelerating voltage and sample dis-
ance of 14.2 mm. For energy dispersive X-ray spectroscopy,
econdary electron at 20 kV and a X-Max 80 EDS detector
ere used with at least 150 000 counts Reports of element
apping were generated by AZtec software. 

onfocal microscopy 

DEs with observable wires under brightfield microscope were
tained with 10 μl of 1 μM Cy3 anchor for 15 min. Fluores-
ence imaging was performed using a Zeiss LSM 900 inverted
onfocal microscope equipped with Airyscan 2. Imaging was
onducted with a 20 × objective, with excitation and emission
t 548 nm and 561 nm (detection wavelength 569–617 nm)
espectively. GaAsp-Pmt2 imaging device with GaAsP-PMT
etector was used at 800 V detector gain. Effective numeri-
al aperture was 0.8 and pinhole size was 122 μm. All images
were processed using Zeiss ZEN Blue software for Airyscan
reconstruction with only linear adjustments applied to bright-
ness and contrast to preserve data integrity. 

Results 

Design of the DNA tesseract 

In order to synthesize a stable DNA tesseract, we used a facet-
based design strategy using single-stranded DNAs [ 29 ]. As a
three-dimensional projection of four dimensions, the tesser-
act is composed of a small cube within a big cube. The shape
has four sub-structures (Fig. 2 A): Big cube (Bc), Small cube
(Sc) and two trapezoidal prisms termed “A” and “B.” Each
sub-structure consists of four single-stranded DNAs with each
strand making up one face of the sub-structure using a sin-
gle thymidine at each vertex. These four sub-structures in-
teract as depicted by the grey arrows in Fig. 2 A. The small
cube does not interact with the big cube directly but is cap-
tured within the tesseract through the presence of trapezoidal
prisms. Fig. 2 B shows the schematic diagrams of various per-
spectives of the tesseract. As shown in Fig. 2 C, the structure
has octahedral symmetry as confirmed by Cryo-EM. 

Formation of DNA tesseract 

Before assembly experiments, we computationally tested the
equilibrium structure of the tesseract design using oxDNA
simulations. Figure 3 A shows mean structures of the vari-
ous sub-structure combinations obtained from simulations.
Each sub-structure remained largely structureless in the ab-
sence of its complementary component, especially for the
small cube, where nine base-pair complementarities between
single strands were insufficient to realise proper assembly.
When the small cube was bound to other sub-structures of
the DNA tesseract, it assumed the cubic structure as de-
signed. To experimentally observe the modular formation of
the DNA tesseract we used an electrophoretic mobility shift
assay (EMSA) to test the integrity of each assembled com-
ponent ( Supplementary Fig. S1 ). As predicted from the sim-
ulations, the big cube ( Supplementary Fig. S1 A) and both
trapezoidal prisms ( Supplementary Fig. S1 C) formed higher-
order structures, as observed by decreased gel migration,
whereas the small cube did not form any higher structure
( Supplementary Fig. S1 B). 

To further test the hypothesis that DNA tesseract assem-
bly depends on stabilization of the outer big cube by a cap-
tured inner small cube, we assembled all 15 possible combi-
nations of the four sub-structures of the tesseract and observed
their migration via EMSA ( Supplementary Fig. S1 D). We ob-
served slower migration as the complexity of combinations
increased as well as 89.5% assembly efficiency (by compar-
ing the band intensity of big cube on lane 3 and lane 15).
However, we were not able to observe the Sc single strands
due to the short length of DNA and contrast to other long
sequences. Therefore, to enhance the sensitivity of detection
for observing Sc, we labeled two strands of the Sc with Cy3
and the other two with Cy5 to facilitate a fluorescent reso-
nance energy transfer (FRET) experiment (Fig. 3 B). The same
labels were in diagonal positions so that there were effectively
four pairs available for FRET on the small cube. From the flu-
orescent EMSA, Sc single strands were observable with very
weak FRET signal, whilst the other Sc combinations showed
much stronger signal. Especially for the complete DNA tesser-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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Figure 2. Design of the DNA tesseract. ( A ) Components of the DNA tesseract. Each sub-str uct ure consists of four single-stranded DNA oligonucleotides 
that interact as indicated by the gray arrows. The small cube is encapsulated within the big cube through the two trapezoidal prisms. ( B ) Schematic of 
DNA tesseract from multiple perspectives. ( C ) 3D electron density maps of the DNA tesseract determined by Cryo-EM single particle analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

act, the FRET signal remained stable under prolonged elec-
trophoresis, suggesting high stability of the complete structure
( Supplementary Fig. S2 ). This suggested a possibility that the
formation of small cube was stabilized when bound to other
sub-structures. We further quantified the formation of Sc by
measuring the FRET signal from bulk solution, as shown in
Fig. 3 C. The FRET signal of the complete tesseract was ten
times higher than that of the small cube alone, indicating that
the small cube assembly only took place in presence of all sub-
structures of the tesseract. The size of the DNA tesseract was
then characterized. The hydrodynamic diameter and diagonal
length determined by DLS and Cryo-EM was 25.5 and 19.8
nm, respectively (Fig. 3 D). The quality of the measurements
was validated by the correlation function and the Cryo-EM
density map, respectively ( Supplementary Fig. S3 ). Consider-
ing the formation of a double layer on particles during DLS,
which results in the hydrodynamic diameter slightly greater 
than the particle core diameter, the measured sizes by the two 

techniques were in good agreement [ 30 ]. 

Stability of DNA tesseract 

We next directly examined the tesseract using AFM and Cryo- 
EM (Fig. 4 ). We first solved the structure of tesseract by Cryo- 
EM. The optimization of concentration conditions was essen- 
tial to avoid aggregation of particles on the Cryo-EM grid 

( Supplementary Fig. S4 ). Tesseract-like particles were easily 
recognized in the raw images ( Supplementary Fig. S5 A). Three 
major orthogonal tesseract projections were observed in the 
2D classification ( Supplementary Fig. S5 B). Without applying 
symmetry, 3D reconstruction (C1) successfully revealed an in- 
tact tesseract, in which the Sc was solved at higher resolution 

compared to the other tesseract components (Fig. 4 A). This re- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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Figur e 3. P artial assemblies of DNA tesseract components. ( A ) Simulated str uct ure of small cube (Sc), DNA tesseract and other small cube binding 
components including big cube (Bc), Trapezoidal prism A and B (A, B). ( B ) Partial assemblies of DNA tesseract on agarose gel electrophoresis. 
Single-stranded DNAs for different combinations of components were mixed for assembly. The small cube was labeled with FRET pairs (two Cy3 and 
two Cy5). Lane 1: A; Lane 2: B; Lane 3: Bc; Lane 4: Sc; Lane 5: AB; Lane 6: BcA; Lane 7: ScA; Lane 8: BcB; Lane 9: ScB; Lane 10: BcSc; Lane 11: BcAB; 
Lane 12: ScAB; Lane 13: BcASc; Lane 14: BcBSc; Lane 15: BcABSc (tesseract). ( C ) FRET between 5 ′ ends of small cube in different combinations. Blue 
sphere: Cy3; Green sphere: Cy5. The st abilit y of the small cube was progressively improved as it bound to more components of the tesseract as 
quantitatively measured. ( D ) Size characterization of the DNA tesseract. The mean hydrodynamic diameter of the tesseract measured by DLS was 25.5 
nm. Inset shows the density map of the tesseract obtained from Cryo-EM with a measured body diagonal of 19.8 nm. 
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ult suggested that the Sc was the most rigid part of the struc-
ure and the hyperstructure might confer a strong mechanical
roperty. In addition to the other stability data above suggest-
ng integrity of the complete tesseract, the fluctuation from the
1 reconstruction was likely caused by damage from freezing

n Cryo-EM. Therefore, octahedral symmetry was applied in
he reconstruction for a more representative structure as in
he bulk solution (Fig. 4 B). The simulated model in Fig. 3 A
as then docked into the octahedral density map using the
D modeling software package USFC ChimeraX (Fig. 4 C),
ielding a high-confidence correlation (77.96%) at 14.16 Å
etween the two structures ( Supplementary Fig. S6 ) [ 26 ]. 
We further confirmed the mechanical property of the tesser-
act hyperstructure by AFM, revealing evenly distributed par-
ticles with the expected two-dimensional size of the tesser-
act (10 × 10 nm). We measured the force–distance spec-
trum of the big cube and tesseract with AFM measuring 10
random particles on mica (Fig. 4 D and E, 10 replicates in
Supplementary Figs S7 and S8 ). While the Young’s modulus
of the tesseract (23.44 ± 0.56 MPa) was similar to that of
the big cube (19.55 ± 0.98 MPa), the Young’s modulus was
significantly higher than canonical DNA nanostructures pre-
viously reported [ 31 –34 ]. Although z -height of the tesseract
was distorted when the AFM tip approached, the same mod-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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Figure 4. Str uct ure and st abilit y of DNA tesseract. ( A ) Cryo-EM 3D resolution map of the reconstruction of DNA tesseract with C1 symmetry. The global 
resolution of C1 reconstruction is 21.24 Å . The small cube was found to be more stable than the other parts of the str uct ure. ( B ) The 3D resolution map 
of reconstruction with octahedral symmetry. The symmetry was applied to enhance the global resolution to 1 4.1 6 Å . ( C ) Doc king of the simulated model 
into the density map with octahedral symmetry. The correlation was found to be 78% on chimera. Atomic force microscopy on 20 nM DNA tesseract 
and the force–distance spectroscopy comparing the ( D ) big cube and ( E ) tesseract. ( F ) Force–distance spectra of big cube and tesseract. The Young’s 
modulus of the tesseract and big cube were 23.44 ± 0.56 MPa and 19.55 ± 0.98 MPa, respectively. The stiffness of the tesseract as indicated by the 
energy dissipation (0.033 ± 0.01 × 10 −18 J) was 23.7 times higher than that of the big cube (0.783 ± 0.1 × 10 −18 J). 10 random particles were measured 
(SI Appendix, Supplementary Figs S7 and 8) for the averaged value. ( G ) Thermal st abilit y of tesseract. The melting temperature was determined by 
melting analysis in quantitative polymerase chain reaction (qPCR) and it was found to be 84 ◦C. The same analysis using CD looking at the signature of 
B-form DNA showed a similar trend on the melting temperature. ( H ) Thermal st abilit y of small cube. Both qPCR and CD did not show a significant 
indication of melting temperature due to insufficient amount of DNA. ( I ) Comparison of melting temperature between tesseract and small cube. 1.7 μM 

of str uct ure w as used f or enough DNA to generate observ able signal. A melting temperature of 54 ◦C w as observ ed from the small cube. T he peak 
disappeared in the tesseract indicating the small cube was stabilized to the same thermal st abilit y. 

 

 

 

 

 

 

 

ulus observed during retraction, we observed the slope of the
force curve as the modulus remained unchanged after the ap-
proach and retraction. This showed the fully elastic recov-
ery with excellent structural integrity of DNA tesseract indi-
cating minimal structural hysteresis under deformation. Dur-
ing retraction, the energy dissipation of the complete tesseract
(0.033 ± 0.01 × 10 

−18 J) was found to be 23.7 times lower
than that of the big cube (0.783 ± 0.1 × 10 

−18 J). This obser- 
vation suggested that the interior tesseract framework could 

resist expansion pressure with much higher stiffness, indicat- 
ing the mechanical strength to survive the acoustic radiation 

force. Collectively, these data validate the unique ability of 
DNA tesseract to combine high rigidity with elasticity while 
maintaining a small size with high density, overcoming a ma- 
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or limitation of conventional DNA architectures for the ap-
lication under high frequency SAW. 
To benchmark the stability of DNA tesseract, we also in-

estigated the melting temperature of the tesseract as the
ost common characterization of stability of biomolecules.
he same combinations of sub-structures were studied. Fig-
re 4 G and H, and Supplementary Fig. S9 show the melt-
ng of the combinations. Realtime quantitative PCR (qPCR)
evealed a positive correlation between melting temperature
 T m 

) and combination complexity, i.e. number of structure
omponent combinations. The tesseract T m 

was unexpect-
dly high at 83.5 

◦C to 84 

◦C. To confirm this finding, we also
sed CD as a function of temperature using 247 nm and
77 nm as the signature peaks of duplex DNA (raw data in
upplementary Fig. S10 ). CD confirmed tesseract T m 

to ex-
eed 80 

◦C. When the concentration of Sc and tesseract was
aised to 1.7 μM, the Sc has enough DNA to generate an ob-
ervable signal in qPCR showing a melting temperature of
4 

◦C (Fig. 4 I). The same peak was not observed from the
ame concentration of tesseract, indicating the thermal sta-
ility of Sc was aligned with the entire tesseract. Finally, to
robe stability of the tesseract in a complex environment, we
sed endonuclease digestion assays whereby DNase-I was em-
loyed to determine the structure’s resistance toward degrada-
ive stress. In Supplementary Fig. S12 , a titration of the tesser-
ct revealed partial degradation starting at 7.7 U/ml DNase,
hich is about 21 times higher than the physiological levels
f DNase-I found in serum (0.36 ± 0.20 U/ml) [ 35 ]. We also
ncubated the DNA tesseract with 95% fetal bovine serum
nd observed no significant degradation over three days of in-
ubation. These results indicate a marked nuclease resistance
f the DNA tesseract and suggests potential applications with
linical sample for biomedical applications. 

lignment of DNA tesseract into conducting wire 

fter characterizing the stabilities of the DNA tesseract, we
ext investigated the acoustic fabrication of DNA tesseracts
nto wires to the sub-millimeter scale. Figure 5 A illustrates the
AW-driven alignment mechanism: tesseracts accumulate at
ressure nodes of the standing wave, enabling accelerated and
irectional clustering. To allow clustering, eight duplexes were
dded in Tiamat (Fig. 5 B) as overhangs to diagonally connect
wo tesseracts. The two species of tesseracts—assembled sep-
rately and purified via Cryo-EM protocols—were mixed in
quimolar ratios, triggering hybridization-driven aggregation
 Supplementary Fig. S13 A). Then a thin rectangular capillary
ontaining the solution of tesseract clusters was put between
wo IDTs on a piezoelectric substrate. A standing SAW gen-
rated by IDTs was applied across the capillary to align the
esseract aggregate into a stream of large clusters (Fig. 5 C)
nd the optimal time was found to be 30 min ( Supplementary
ig. S13 B). Prolonged application of SAW would distort the
luster formation. Figure 5 D showed the statistics of the di-
meter of clusters identified from the capillary as average of
.93 μm and median of 1.55 μm (images for the statistics in
upplementary Fig. S14 A). Big cube (BcA, tesseract without
rapezoidal prism B, and small cube) and tetrahedron were
esigned to connect in the same manner as control using the
ame set of anchors ( Supplementary Fig. S14B and C ). No
lusters were observable in the capillaries after 30 min of SAW.
e then pushed the liquid out of the capillary and deposited

he liquid on IDE. Thiolated anchors were immobilized onto
the electrode for capturing the wire via duplex hybridisa-
tion with ssDNA overhangs. Depositing these aligned clus-
ters onto thiol-functionalized IDE yielded continuous wires
with sub-millimeter length, as confirmed by brightfield mi-
croscopy (Fig. 5 E and Supplementary Fig. S15 ) and scan-
ning electron microscopy (SEM) (Fig. 5 F). At least 16 h of
overnight incubation was required for the growth of wire on
IDE ( Supplementary Fig. S16 ). To further confirm the wire
was DNA, a Cy3 anchor was used to stain the electrode,
and signal was observed under confocal microscopy (Fig. 5 G
and Supplementary Fig. S17 ). In addition, energy-dispersive
X-ray spectroscopy in SEM showed the presence of phos-
phorus and nitrogen as the signature of DNA in the system
( Supplementary Fig. S18 ). To quantitatively measure the ef-
fect of wire formation by hypothesizing that a longer wire will
have more contacts on IDE, a potentiostat was used to apply
a linear voltage across the electrode observing the variation in
electric current. In Fig. 5 H, it could be observed that the tesser-
act wire showed higher current (or lower resistance) after the
SAW was applied. Structural variants were tested as control
using BcA (tesseract without small cube and trapezoidal prism
B) and DNA tetrahedron with the same edge length as the
tesseract. Apart from the absence of observable wires from
these controls, each showed lower current and higher resis-
tance (Fig. 5 I) than the completed tesseract wire. These results
demonstrate that the mechanical rigidity and thermal stabil-
ity of our DNA tesseract enable survival under SAW-induced
stresses, while its modular overhang design permits scalable,
directional assembly. These results indicated the strategy com-
bining SAW and the simplicity of stable DNA tesseract, is
a scalable method beyond origami in fabricating large scale
DNA based bioelectronics. 

Discussion 

In this work, we have demonstrated the use of SAW to produce
clusters of DNA nanostructures and the formation of a sub-
millimeter wire with observable conductivity. The concept of
using SAW to cluster DNA nanostructures was established us-
ing DNA origami by Arnon et. al [ 9 ]. However, DNA origami
has some drawbacks including needing typically > 100 staple
strands in excess which may preclude translational applica-
tion. Based on the conceptual foundation built from Arnon
et al . [ 9 ], we determined that for wire formation instead of
linear clustering we would need to use an IDT with a higher
frequency 342 MHz as compared to 19.34 MHz previously.
When assuming identical electromechanical conversion effi-
ciency of IDT across different frequencies, a shorter wave-
length of standing wave was introduced into the capillary with
smaller peak-to-peak voltage (2 V versus 20 V). As a result, the
clusters formed in the standing wave node would be smaller
than 2 μm (Fig. 5 C and D ), such that finer clustering could
be achieved. Due to the high frequency of SAW, particles in
the capillary would encounter much more significant acous-
tic turbulence. Therefore, a stable DNA nanostructure with
enhanced mechanical strength would be required to survive. 

As a solution to the challenge of creating a DNA nanos-
tructure with extreme mechanical strength, we used the pro-
grammability of DNA to create a tesseract, by capturing a
small cube within a big cube of the same material. Such tesser-
acts can be fabricated into a conductive wire using SAW.
As compared to conventional DNA origamis that typically
use a long single strand viral DNA with hundreds of sin-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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Figure 5. Assembly of DNA tesseract into micro-scale wire for electrical conduction. ( A ) Principle of using SAW to locally concentrate DNA tesseract for 
clustering. The propagation and reflection of SAW in the capillary would create pressure nodes (gray dots) to further concentrate the DNA tesseracts for 
the formation of clusters (black dots) as observed in ( B ). (B) Design of tesseract with complementary anchors. Duplexes were added on top of the 
original design to connect two tesseracts in diagonal manner. Top right: representativ e Cry o-EM micrograph of single DNA tesseract with o v erhangs. ( C ) 
Zoomed-in image from brightfield microscopy observing the presence of DNA tesseract clusters in the glass capillary after application of SAW (342 
MHz, 2 V, burst period 30 ms, 1 × 10 6 cycles, 30 min); scale bar: 10 μm. ( D ) Diameter of 1239 particles was measured with an automated image 
process implemented in MATLAB. Average diameter was 1.93 μm and median was 1.55 μm. Error bar indicates standard error. ( E ) R epresentativ e 
image of tesseract wire on IDE; scale bar: 20 μm. ( F ) SEM images of the same wire in (E); scale bar: 20 μm. ( G ) Confocal image of a tesseract wire 
stained with Cy3 anchor; scale bar: 100 μm. ( H ) Measurement of conductivity on IDE. Three different str uct ures before and after the application of SAW 

were tested. Electrical current readings were recorded at 0.1 V intervals in triplicate and the linear regression was plotted ( R 

2 ≥ 0.98) for the calculation 
in (I). Samples were found to be more conductive after the application of SAW. ( I ) Reciprocal of the data in h reflecting the resistance. Samples were 
found to have lower resistance after the application of SAW. 

 

 

 

 

 

 

 

 

 

 

gle stranded DNAs, the tesseract is synthesised from only 16
oligonucleotides, yet has a melting temperature ∼20 

◦C higher
(Fig. 4 G–I and Supplementary Fig. S9 ). The design of DNA
tesseract allowed us to put an unstable cargo (Sc) within the
structure as observed by Cryo-EM, and stabilized it to the
same extent as the entire structure, thermally (Fig. 4 I and
Supplementary Fig. S9 ), spatially (Fig. 4 A and B), and me-
chanically (Fig. 4 D–F) for survival under acoustic radiation
force. 
The remarkable stability of the DNA tesseract could pro- 
vide a structural approach to significantly stabilize DNA 

for applications in medicine and material sciences with ad- 
vantages compared to use of chemical modifications [ 12 ,
36 –38 ], extreme ionic conditions, or unusual DNA motifs 
[ 11 , 16 , 39 , 40 ]. The tesseract could be useful for the dis-
play of biomolecules for structural study [ 41 –43 ] or for pre- 
cise molecular scale nano-assembly of catalysts. Sealing the 
ends of single-stranded DNA on the tesseract by ligation or 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1409#supplementary-data
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V irradiation could further stabilize the structure [ 44 , 45 ].
he exceptional and unusual properties of the DNA tesser-
ct also suggest potential applications in drug delivery. Func-
ionalizing the tesseract with nucleic acid aptamers for strand
isplacement and targeted drug delivery [ 46 –49 ] would fur-
her extend the horizons of applications [ 50 ]. We anticipate
he easily synthesised and accessible DNA tesseract structure,
omprising 16 short oligonucleotides prepared by simple ther-
al assembly, will be beneficial in a wide range of scientific
elds. 
In addition, we demonstrated the growth of DNA tesseract

lusters into a conductive wire. Although the contact between
DT and capillaries could be improved for better transduction
f acoustic force, we successfully collected clusters of DNA
esseract for the IDE. There have been a few examples in the
iterature measuring conductivity of DNA duplexes and DNA
rigami [ 6 , 8 , 51 , 52 ]. The voltage applied in these examples
anged from −0.4 to 10 V obtaining current from −20 to 30
A. The conductivity of the DNA tesseract wire was high at
30 nA with 0.8 V. The IDE served as a template for the clus-
ers of DNA tesseract coming together as a wire. DNA nanos-
ructures, especially DNA origamis, have previously been used
s a template to pattern the growth of organic and inorganic
aterials [ 53 –58 ]. With specific design of overhang sequences

or tiling, they could also grow into well-defined superstruc-
ures at the micron-scale [ 59 –62 ]. We have also demonstrated
oating of gold nanoparticle on the tesseract wire via the same
et of anchors. Particles were observed coated on the wire
nder SEM and the conductivity in terms of current was in-
reased about two times ( Supplementary Fig. S19 ). The sim-
licity of the 16 oligonucleotides facet-based design of DNA
anostructure coupled to high yield, and the use of SAW for
lustering at low concentrations, holds promise for more com-
lex DNA-based electronic circuitry. 
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