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ABSTRACT DNA self-assembly has emerged as a powerful strategy for constructing complex nanostructures. While the me-
chanics of individual DNA strands have been studied extensively, the deformation behaviors and structural properties of self-
assembled architectures are not well understood. This is partly due to the small dimensions and limited experimental methods
available. DNA crystals are macroscopic crystalline structures assembled from nanoscale motifs via sticky-end association. The
large DNA constructs may thus be an ideal platform to study structural mechanics. Here, we investigate the fundamental me-
chanical properties and behaviors of ligated DNA crystals made of tensegrity triangular motifs. We perform coarse-grained mo-
lecular dynamics simulations and confirm the results with nanoindentation experiments using atomic force microscopy. We
observe various deformation modes, including untension, linear elasticity, duplex dissociation, and single-stranded component
stretch. We find that the mechanical properties of a DNA architecture are correlated with those of its components. However, the
structure shows complex behaviors which may not be predicted by components alone and the architectural design must be
considered.
SIGNIFICANCE DNA nanotechnology relies on spontaneous organization of DNA molecules based on sequence
complementarity and offers powerful ways to construct complex architectures in a programmable manner. However,
related deformation behaviors and structural properties are not well understood. Here, we construct macroscopic ligated
DNA crystals from triangular motifs and investigate their mechanical properties using nanoindentation measurements and
molecular dynamics simulations. The crystals are deformed under external loading, which may be classified into several
distinct modes and relevant elastic/plastic properties are determined. We find that mechanical properties of DNA crystals
are partly correlated with those of individual DNAmolecules and that structural designs also play a critical role. Overall, this
work bridges chemistry with mechanics.
INTRODUCTION

DNA nanotechnology offers a powerful bottom-up man-
ufacturing approach with excellent programmability and
structural predictability (1,2). DNA self-assembly can
construct intricate structures with subnanometer precision
using DNA tiles (3–5), origami (6–8), or bricks (9–11).
The tile-based method involves several single-stranded
DNA (ssDNA) oligonucleotides to form a motif, which
then self-assembles into 2D or 3D configurations via
sticky-end association. In DNA origami, a long genomic
scaffold strand is folded as designed and stabilized with
the help of staple oligonucleotides. The DNA brick app-
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roach uses many unique ssDNA strands in a single-step
annealing.

Although various arbitrary nanostructures can be
achieved, the related mechanics are still not well under-
stood. This fundamental knowledge is crucial for designing
and constructing complex architectures as well as trans-
forming them into functional materials (12). Previous
studies reported deformation behaviors and mechanical
properties of double-stranded DNA (dsDNA) (13,14), rods
(15,16), and polyhedrons (17,18). These studies revealed
some mechanical properties (e.g., Young’s modulus).
However, they are limited to simple structures due to the
difficulties in applying external forces on the small dim-
ensions. In complex architectures, it is extremely chal-
lenging to apply extension, compression, and twist forces
using optical and magnetic tweezers. There are also reports
on programmed reconfigurations of DNA structures; howev-
er, the loadings were introduced indirectly, most commonly
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through strand displacement-rehybridization (8,19–21) and
DNA intercalation (22–25). Direct mechanical studies to
unveil the basic mechanics of complex geometries are
lacking.

DNA crystals are macroscopic crystalline structures
assembled from nanoscale DNA motifs (26). The motifs
include tensegrity triangles with 3 pairs of protruding
sticky ends in 3 directions (total 6 sticky ends), squares
with 8 sticky ends (27), and hexagons with 12 sticky
ends (28). The units can self-assemble into a 3D crystal
larger than 100 mm via sticky-end association, and their
physical properties depend on several parameters including
motif design and edge length (29–31). Compared with
other strategies for constructing large-scale DNA structures
(e.g., multiscaffold annealing, postsynthesis assembly of
DNA origami, and DNA bricks), DNA crystals hardly
have unwanted aggregations and maintain a high synthesis
yield. Thus, the macroscopic crystals could serve as a plat-
form to study deformation behaviors and structural proper-
ties. However, the native assemblies are unstable and
fragile. They need high ion concentrations (e.g., 50 mM
Mg2þ) in the buffer to maintain their shape (31). They
dissociate spontaneously at room temperature after a short
period of time (e.g., on the order of 1 h) even without any
external loads (32). The crystals may be reinforced by
triplex formation (33) or enzymatic ligation (31). The
ligated crystals can survive in a no-ion environment, such
as deionized (DI) water, and cycle between dehydration
and rehydration (31). Therefore, ligated DNA crystals
may be ideal to investigate structural mechanics of com-
plex DNA assemblies, considering their macroscopic size,
excellent stability, motif periodicity, and structural predict-
ability. For example, key elastic properties, such as
Young’s modulus and yield strength, as well as plastic be-
haviors and failure mechanics, may be studied. It will also
be possible to elucidate the relationship between structural
properties of DNA assemblies and nano-motif designs.
Other methods for large-scale constructs will benefit from
a better understanding of structural mechanics in DNA ar-
chitectures, especially on improved assembly processes.

Here, we have investigated the deformation behaviors and
mechanical properties of ligated DNA crystals. Molecular
dynamics (MD) simulations were performed based on a
coarse-grained model. Given the computational capacity
and time, we built a model of a fully ligated DNA crystal
made of 5 � 5 � 5 triangular motifs with a length of two
or four full turns in each direction (termed 2T and 4T crys-
tals). Tensile forces were applied by immobilizing one sur-
face (bottom) and pulling the other (top). As the top and
bottom surfaces moved away from each other (with
increased tensile forces), the crystal deformed. We observed
various deformation modes with the 4T crystal: untension,
linear elasticity, dsDNA dissociation, and ssDNA stretch.
We extracted force-extension and stress-strain plots from
which we analyzed structural properties, such as Young’s
modulus and yield strength. We found that the plastic defor-
mation is due to the dissociation of dsDNA into ssDNA and
the severe contraction of cross sections. In parallel, we con-
structed macroscopic crystals from 4T motifs and strength-
ened them using DNA ligase enzymes (similar to the
computer simulations). Nanoindentation experiments were
performed using atomic force microscopy (AFM) and
probed the elastic range. From the simulation and experi-
ment, we concluded that the 4T crystal has a structural
Young’s modulus of about 1 MPa, which is two orders of
magnitude smaller than that of a component dsDNA. The
mechanical behaviors can be modulated by changing the
crossover density in the motif. The tightly formed 2T crystal
does not show the untension regime or undergo significant
cross-sectional changes. The overall properties of a DNA ar-
chitecture are correlated with those of the component as
anticipated, yet the structure clearly demonstrates complex
behaviors that may not be predicted by components alone.
MATERIALS AND METHODS

Design of the DNA crystal

Fig. 1 a illustrates the tensegrity triangle motif, which has
three strands in three independent directions, marked in
red, green, and blue. A strand in the center (cyan) holds
the strands together. To secure the directions, another three
strands are placed to combine two neighboring directions
together, simultaneously offering sticky ends. The tensegr-
ity triangle motif is symmetric in terms of length and strand
arrangement, but the sequences can be different (see sup-
porting material) (30). In this study, we explored two
different edge lengths: two and four full turns, termed 2T
and 4T motifs, respectively. The motifs can self-assemble
via sticky-end association (Fig. 1 b), forming 2T or 4T crys-
tals depending on the length.
MD simulations with OxDNA

MD computation is designed for acquiring the physical
movements of particles (e.g., atoms or molecules). There
are two choices to balance the accuracy and simulation
time. All-atom models can yield better accuracy but take
longer time. Coarse-grained models use a pseudoatom to
represent a group of atoms for faster computation with
less precision. Regardless of models, the particles are sub-
jected under interactions for a given duration of time, thus
generating a view of the dynamic evolution of the whole
system. By numerically solving Newton’s equations of mo-
tion for the particles, their trajectories are determined.

The MD simulations based on a coarse-grained model
were performed with oxDNA (34–37) to study equilibrium
conformations of the DNA crystals and their gradual struc-
tural deformations under tensile forces. Specifically, the
oxDNA2 model was used and the program was executed
Biophysical Journal 121, 4078–4090, November 1, 2022 4079



FIGURE 1 (a) Schematic of a tensegrity triangle

motif. Three independent directions are marked as

red, green, and blue. The center cyan strand holds

the three strands together. Yellow, orange, and purple

strands secure the directions with sticky ends. (b)

Schematic of the triangle motif assembly via

sticky-end association. (c) A tensegrity triangle

motif with a length of four full turns (4T motif).

The molecular model is constructed in the oxDNA

software. (d) A DNA crystal made of 5 � 5 � 5

4T motifs (4T crystal) with ligation. (e) Thermally

annealed motifs in a PCR tube. (f) Optical image

of assembled DNA crystals on a mica surface. Scale

bar, 100 mm.
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on our local computers. The temperature in the simulation
was set at 300 K. In typical experiments, Mg2þ is used to
mitigate the repulsion between negative charges on DNA
strands. Thus, the salt concentration was set at [Naþ] ¼
0.5 M (34,38–40), since there is no Mg2þ concentration in
the oxDNA simulations. We created the motif in the caD-
NAno2 and converted into topology and configuration files
as the initial conformation in the oxDNA simulation plat-
form with actual sequence information. The internal stresses
in the single 4T motif were relaxed by MD simulations as
shown in Fig. 1 c. Due to the slight mismatch created by
this alternating over-and-under arrangement, each direction
deformed slightly. The motifs were duplicated into 125 units
and combined into a 5 � 5 � 5 crystal (five motifs in each
independent direction) by both associating the hydrogen-
bonds (sticky-end association) and linking the covalent
bonds (ligation) together at the sticky ends (Fig. 1 d). This
process was realized by changing the topology and configu-
ration files simultaneously and by monitoring the structure
on an online platform, oxView (41). There are 25 dsDNA
strands along each direction. The strands in the other two di-
rections form 5 layers of networks, which the 25 dsDNA
strands pass through. They serve as the cross-sectional
4080 Biophysical Journal 121, 4078–4090, November 1, 2022
planes. Due to the motif design, sticky-end association
and ligation, there is only one strand in each dsDNA duplex
that has no nicks. For example, the red, green, and blue seg-
ments at the bottom in Fig. S4, a to c, respectively, will be
intact strands after ligation.

The configuration of the crystal was then relaxed with the
25 nucleotides fixed on the bottom plane (one nucleotide per
motif or per dsDNA at the outer surface of the cross-
sectional plane at the bottom) immobilized using a set of
force planes as reported previously (42). This bottom plane
is formed by green and blue directions (Fig. 2 a). The relax-
ation was performed for 8 � 106 steps to obtain the initial
equilibrium structure. If a native crystal was subject to
relaxation, it would quickly lose hydrogen-bond connec-
tions at the sticky ends. In 1� 106 steps, we observed motifs
at the corners detached from a native crystal even at 5 M
Naþ. Given sufficient simulation steps, the dissociation
can propagate. Therefore, motifs can leave from the edges
and then the outside surfaces toward the inside. Ultimately,
it would disintegrate completely. Given unstable crystal
conditions and short lifetime, native crystals are not suitable
for mechanics studies. Thus, we did not apply loading on
them.



FIGURE 2 Tensile loading of a 4T DNA crystal (made of 5� 5� 5 4Tmotifs) in theMD simulations. (a) Arrangement of the motifs on the bottom holding

plane. The arrows represent the strands in three directions from the 50 to the 30 ends. The circle cross-hair indicates the arrow going into the page. (b) The

crystal in the fully relaxed state with the holding plane enforced on 25 nucleotides on the bottom. Thus, the crystal would not move perpendicular to the plane.

The bottom and top planes are shown in sky blue shades. The top plane is pulled gradually, while the bottom plane is held in place. The black arrows indicate

the directions of pulling forces. The purple arrows depict the examples of curved dsDNA strands. All the nucleotides are in four different colors. Red, green,

and blue indicate the associated nucleotides in three different directions, as illustrated in (a). Dissociated nucleotides are shown in black. (c–f) The crystal

under tensile loading at different stages with increased extension: (c) curved, (d) straight, (e) dsDNA dissociation, and (f) ssDNA stretch. The color schemes

are the same as in (b).

Mechanical properties of DNA crystals
The relaxed ligated crystal was subjected to tensile
loading by exerting forces from another set of force planes
on 25 nucleotides in the top plane. The difference between
the loading plane (top) and the holding plane (bottom) is
the spring constant of the associated force planes. Therefore,
there is one nucleotide that is subject to the force from the
bottom plane and one nucleotide from the top plane in
each of the 25 dsDNA strands. Choosing the loading points
on two different strands in the same duplex would limit the
maximum possible pulling after dissociation. Thus, the two
nucleotides for the top/bottom planes were chosen from the
intact strand of the duplex. The loaded direction is presented
in red, as shown in Fig. 2 a.

The specimen in traditional tensile loading experiments is
normally held at the bottom while being pulled at the top.
The bottom is then assumed to be stationary. We adopted
the same approach in the simulations by enforcing the force
constant of the holding plane to be at least 100 times that of
the loading plane. In such a case, the nucleotides on the
holding plane may be considered stationary along the
loading direction. By moving the loading plane further
from the holding plane and increasing the force constant,
the crystal deformed progressively and eventually became
ruptured. For any given loading plane and force constant,
MD simulations were performed for 1 � 106 steps. It may
take about 3 � 105 steps to reach the equilibrium. We
defined the equilibrium as relative fluctuations of less than
3%, and analyzed the data after reaching the equilibrium.
The total running time required for each case (a combination
of a loading plane position and a force constant) was about a
day. After the computation, the results were analyzed by
visualizing the crystal in cogli2 as well as oxView and by
extracting the directional and positional data. The lengths
of the edges in the cross section were measured by using po-
sitional data to obtain a vector pointing from the nucleotide
at one terminal of the edge to another. The angle between
two edges was determined by arccosine of the dot product
of the two directional vectors of the two edges, so that the
cross-sectional area was acquired. Forces were recovered
by the product of the distances from the positional data
and force constants. Extension was also calculated from
the positional data.

We also acquired the data of hydrogen-bond energies. A
threshold was set to distinguish the states of hybridization
sites (bonded or broken). The value was two standard devi-
ations higher than the averaged bond energy (a negative
value) when the crystal was in the fully relaxed state
(when all the bonds were supposed to be intact). The
Biophysical Journal 121, 4078–4090, November 1, 2022 4081
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averaged bond energy and the threshold were �2.9 � 10�20

and �1.2 � 10�20 J, respectively. The threshold magnitude
is less than a half the magnitude of the bond energy, which is
reasonable. On each loaded dsDNA in the 4T crystal, there
were 185 bases between the top and bottom planes. With 25
loaded duplexes, there were 4625 bases. For each result, the
total bonded number was counted by comparing each
hydrogen-bond energy of the base with the threshold. The
ratio was defined as the total bonded number divided by to-
tal base number. The 2T crystal was analyzed in a similar
manner. In a 2T crystal, each loaded duplex had 91 bases
and the total number of bases in loaded direction was 2275.
Preparations of motifs and crystals in
experiments

In experiments, the motifs were prepared by thermal anneal-
ing of seven strands (sequence information given in the sup-
porting material) in buffered solution (Fig. 1 e). The strands
were mixed with 1� TAEM buffer (an aqueous solution of
40 mM trisaminomethane or Tris, 20 mM acetic acid, 2 mM
ethylenediaminetetraacetic acid or EDTA disodium salt, and
12.5 mM magnesium acetate [pH �8]) to yield a final con-
centration of 2.0 mM in 40 mL. The mixture was then held
for 30 min for each temperature steps of 95, 65, 50, 37,
and 22�C, respectively.

The native DNA crystals were assembled using the
hanging drop vapor diffusion method: an aliquot of 2–5
mL assembled motif solution was incubated against 600
mL of 5� TAEM buffer in a hanging drop setup at room
temperature (�22�C) for 3 to 7 days (30). During the pro-
cess, the motif concentration was high (>2.0 mM). This
was needed not only for assembling them into macroscopic
crystals but also for maintaining the structural integrity af-
terward. The free motifs after the synthesis could interfere
with the force measurement on the native crystals with
AFM and would make it hard to determine them in the
MD simulation. For the preparation of the assembled crys-
tals, two concepts were used: 1) ‘‘transferring’’: the crystal
was taken out by cryoloop, with minimal buffer, into
another new drop; and 2) ‘‘washing’’: most of the original
buffer was pipetted away from the crystals (leaving only
1–2 mL), and the new buffer was added to the crystals.

The assembled native crystals were washed twice with
5� TAEM buffer and then incubated at room temperature
overnight in the freshly prepared ligation mixture (an
aqueous solution of 1 mM adenosine triphosphate or ATP
and 80 units/mLT4 DNA ligase from New England Biolabs
in 5� TAEM). The ligation process connected the 50 phos-
phate group to the 30 hydroxy moiety between neighboring
strands. Therefore, the individual DNA strands were joined
by covalent bonds. After incubation, the crystals became
fully ligated and were transferred three times into 10 mL
5� TAEM to wash off the ligase mixture. Then they were
washed twice using DI water before storage.
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In the 4T motif, the center cavity is a triangle with an edge
length of 17 bp or�5.6 nm (Fig. S1). The gap between center
cavities in the crystal is 25 bp or �8.3 nm. The edge length
and the gap of the 2T motif are approximately 2.3 and
4.6 nm, respectively (Fig. S2). T4 DNA ligase has a diameter
of �5 nm if represented as a sphere (31). Due to the small
pore size, T4 DNA ligase may not enter the 2T crystal to
function. Thus, only 4T crystals with full ligation were pre-
pared for the experiment. For the AFM measurements, the
crystals need to be stable on a surface. If all three directions
had the same length, the crystal (designed as a tilted cube
rather than a perfect cube) could rotate upon external
compression loading. Thus, the thickness (the height of the
crystal) is desired to be shorter than those of the in-plane di-
rections. Therefore, we chose the design with different
sticky-end association free energies in three directions. The
weakest direction is the red direction, which is the thickness
and the direction to be loaded in the experiments. Typically,
the crystal is around 100 mm in two in-plane directions and
10–20 mm in thickness as shown in Fig. 1 f.
AFM nanoindentation measurements

During the last transfer, the ligated 4T crystals were trans-
ferred onto freshly cleaved mica surfaces. Approximately
60 mL DI water was added for AFMmeasurement. AFM im-
aging was performed in fluid in the Peak-Force Quantitative
Nano-mechanics mode with a Bruker Dimension Icon AFM
and ScanAsyst-Fluidþ probes. This mode executes nanoin-
dentation at each imaged point in such a way that the imag-
ing and force capturing are performed simultaneously. The
Z direction (height direction) was calibrated, and the deflec-
tion sensitivity, spring constant, and tip radius were mea-
sured for accurate results. To further verify, we carried
out nanoindentation measurements on several polydime-
thylsiloxane samples, and the results agreed with previous
research (see supporting material). Visible light was shone
from the bottom of the DNA crystals to the lens of visible
light (rather than from the lens to the top of the DNA crys-
tals and reflected back to the lens) for better visibility. Dur-
ing the AFM measurement, we made sure that the crystals
were stationary and that they were always under the probe.
Since the height of the crystals is about 10–20 mm, we
adjusted the max force to 3–5 nN to ensure that the indenta-
tion depth was approximately 100 nm. Thus, the depth was
at the level of 1% of the total height. In general, the relative
indentation depth should be less than 10% with respect to
the thickness to avoid any substrate effects (43), but it
also must be deep enough to probe the properties of the in-
side part rather than just the surface. In our crystal, the
maximum thickness of each layer is approximately 14 nm,
and thus�100 nm contains at least seven layers and is there-
fore a reasonable depth. For each DNA crystal, at least seven
different places were imaged with a scanning scale of 2 � 2
mm for each measurement.
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RESULTS

Externally forced elongation of a 4T DNA crystal
in MD simulations

When applying tensile forces, the nucleotides on the bottom
(holding) plane were immobilized while the nucleotides on
the top (loading) plane were pulled away in the opposite di-
rection. The 4T motifs were labeled from 1 to 125, and the
1–25 motifs were assigned on the bottom plane as illustrated
in Fig. 2 a. The arrow indicates the strands in three direc-
tions from the 50 to the 30 ends (circle cross-hair means
the arrow going into the page). Similarly, the top plane
has motifs 101–125. The initial height was found by enforc-
ing the holding plane for relaxation in the simulation. Once
the crystal was fully relaxed on the plane, a height of
�45 nm was observed. This is notably shorter than the
height estimated based on the B-form length (approximately
61 nm based on 0.332 nm/bp). There are two major factors
for the difference between the relaxed height and the B-form
length. One is the curvature of the dsDNA strands. After
relaxation, the strands in Fig. 2 b appear to be in a curved
form compared with those in Fig. 1 d. For example, two
dsDNA duplexes are marked by purple arrows that have sig-
nificant curvature. This is due to the nature of the relaxed
polymer (see the discussion below in ‘‘quantitative analysis
of force response’’). The other factor is the angle between
the strands and the cross-sectional planes. The crystal is a
tilted cube rather than a perfect one. The angles between
the neighboring directions are all slightly over 110� in a
relaxed state (31). Therefore, the height must be shorter
than the B-form length. Based on this relaxed configuration,
tensile forces were applied by implementing both loading
and holding planes as indicated by a pair of black arrows.

During the initial loading, dsDNA helices started to un-
curve and straighten (Fig. 2 c). As depicted by the insert,
the strands still have curvature to some extent. This is
similar to pulling a slack rope: at the very first stage, the
rope deforms with little resistance. As more tensile forces
were applied, the loaded dsDNA strands became nearly
straight (Fig. 2 d). From this point on, the gaps between
the stacked bases increased progressively upon pulling. At
some point, the basepairing started to have visible dissocia-
tion. The loaded double helices dissociated, unwound, and
freed ssDNA strands. The single strands became straight
as shown in Fig. 2 e. This was a gradual process, which
means that some of the regions were straight and dissociated
while the hydrogen-bonds in other regions were still intact.
The distances between the five cross-sectional planes
formed by two nonloaded directions increased noticeably.
Meanwhile, the cross-sectional area shrunk. This phenome-
non may be depicted by Poisson’s ratio (n):

n ¼ �
Dy=y

Dx=x
¼ � εy

εx

; (1)
where εx and εy are the strains in the loading (x) and orthog-
onal, nonloading (y) directions. The 4T crystal has positive
values of the ratio, indicating the orthogonal directions con-
tracted as the loading direction extended. Toward the end of
the pulling, loaded ss-strands were almost straight but not
really separated from the rest of the crystal (Fig. 2 f). The
complementary strands still wrapped around them. The dis-
tances between the five cross-sectional planes extended
significantly, and they did not detach from the loaded
ssDNA completely. The connection was a few hydrogen-
bonds. This indicates that the crystal was loose (or able to
hold significate amount of deformation) as the force pro-
vided by the few hydrogen-bonds were sufficient to link
the cross-sectional planes. Even the structure deformed
further, it was still held together (see supporting material).
The strands in cross sections were severely compressed
and moved out of plane. This is analogous to a flat surface
that starts to pleat; it will be easier to deform further
(Fig. S6). This compression also confirms the positive Pois-
son’s ratio (Fig. S8). Shortly after this point, the ssDNA
broke and the simulation ended.
Quantitative analysis of force response

The applied forces and respective extensions were extracted
from the simulations and plotted in Fig. 3 a. There were four
distinct stages with different deformation modes. In stage
(i), the extension increased without any significant change
in the force. The structure was initially untensioned and
then entered the linear range after extension of approxi-
mately 13 nm under 0.3 nN loading. In stage (ii), the exten-
sion increased linearly with the applied force, until reaching
a yield strength of �1.7 nN. Then, as the force increased
moderately, the structure was extended drastically in stage
(iii). For example, the crystal was extended for approxi-
mately 49 nm while the force was varied from 1.7 to 3.7
nN (with a slope of �0.04 N/m). In comparison, the linear
elasticity in stage (ii) ranged from 0.27 to 1.7 nN for an
extension of only �9 nm (with a slope of �0.16 N/m).
When the crystal was pulled further into stage (iv), the force
increased drastically until the crystal eventually broke.
Representative images of the deformation modes shown in
Fig. 2, b–f are denoted as filled black circles in Fig. 3 a.
All simulated structures corresponding to the plotted data
are presented in Fig. S6.

In mechanics, the stress-strain plot is widely used to
determine the physical properties of a specimen, such as
Young’s modulus. Stress is defined as applied force per
unit cross-sectional area. It should be noted that the cross-
sectional area varied during the extension and the real
time area was used for all the data points. As shown in
Eq. 1, the strain is extension per unit reference length (which
is the initial height here), thus it is proportional to extension.
Stages (i) through (iv) in Fig. 3 b correspond to those in
Biophysical Journal 121, 4078–4090, November 1, 2022 4083



FIGURE 3 MD simulation results of a 4T crystal. (a) Force-extension plot. The cross marks all data points (presented in Fig. S6), while the solid dot in-

dicates the result corresponding to the configuration presented in Fig. 2, b–f. (b) Stress-strain plot processed from the force-extension curve. The stress data go

up to �22 MPa but are plotted below 4.5 MPa for clarity. The basepairing ratio of the 25 dsDNA strands in the pulling direction is also plotted in red. The

purple dotted line indicates the Young’s modulus of the structure. (a and b) Four deformation modes are observed as indicated by the vertical dotted lines:

(i) untension, (ii) linear elasticity, (iii) dsDNA dissociation, and (iv) ssDNA stretch. (c) Association ratios of the dsDNA bases in all three directions. The

color codes on red, green, and blue are identical in Fig. 1. Note that the red indicates the pulling direction as in (b).
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Fig. 3 a. The association ratio of the dsDNA bases in the
loaded 25 double helices can provide insight into the mech-
anisms involved in the different deformation modes. The
dsDNA bases were nearly intact in stage (i). In stage (ii),
the dsDNA ratio decreased slightly, yet it was greater than
96%, indicating that there were negligible dissociations.
When the crystal was pulled further into stage (iii), the
dsDNA ratio decreased monotonically. At the end of stage
(iii), the dsDNA ratio was below 22%, indicating that
most of the hydrogen-bonds along the loading direction
were broken. Thus, the force response in stage (iv) becomes
related to ssDNA stretch rather than dsDNA. As the dsDNA
strands were all dissociated, the stress and the force required
for extension increased rapidly. The loaded ssDNA broke af-
ter the dsDNA ratio dropped under 1%. We termed the four
stages, untension, linear elasticity, dsDNA dissociation, and
ssDNA stretch, to represent the major deformation modes in
the stages.

The association ratios of the dsDNA bases in the other
two directions, green and blue, are plotted in Fig. 3 c to
compare with the loading direction, red. As discussed
above, the 4T motif has different sequences in three direc-
tions and, thus, the 4T crystal can be thin in one direction.
However, the edge length and the strand arrangement in
all three directions are the same if we neglect the nick on
the cyan strand (see Figs. S1 and S4). When analyzing the
association ratio of the red direction, we considered the ba-
ses between the bottom and the top cross-sectional planes
(Fig. S5 a). The bases protruding out of the two planes
were not considered in the estimation. Similarly, the bases
between the left and right cross sections (Fig. S5 b) were
taken into account for the basepairing ratio in the green di-
rection. For the blue direction, the bases examined were be-
tween the front and back cross sections (Fig. S5 c). When
the loading direction was almost intact in stages (i) and
(ii), the other two directions were also intact. As the bases
in red dissociated almost linearly in stage (iii), those in
green and blue dissociated as well. However, the basepair-
ing ratios in the nonloaded directions were always above
85%, even in stage (iv). This shows that the nonloading di-
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rections were not severely affected. The crystal is similar to
25 loaded double helices in parallel with some effects from
perpendicular directions.
Nanoindentation experiments on the 4T DNA
crystals

We deposited the assembled 4T DNA crystals on mica sur-
faces and performed AFM nanoindentation in fluid to verify
the simulation results. The measured crystals were placed
under the AFM probe and engaged for scanning as depicted
in Fig. 4 a. We acquired the surface topography (Fig. 4 b)
while performing nanoindentation. There were repeating
hollows on the surface, corresponding to the center pores
of the connected motifs. The upper surface had some varia-
tions in height, which was within 20 nm, mostly less than
8 nm. If the indentation depth was at the 100 nm level, these
variations should not affect the measurement results signif-
icantly. At each imaged point, approach and retract force
curves were collected and analyzed using the AFM soft-
ware. Fig. 4 c presents a pair of representative force curves
at a single point. The separation is defined as the displace-
ment from the lowest indented point. As the probe ap-
proached the surface from high up, there was barely any
force at the beginning. The contact point was judged by
the start of monotonic increase of the force with respect to
the separation. At around 100 nm of separation, the force
started to increase, indicating the initial contact point of
the AFM tip. Therefore, the indentation depth was approx-
imately 100 nm. As the probe tip pressed the surface contin-
uously, the force increased drastically, reaching a maximum
force of about 3 nN. During the retraction, the probe was
slowly raised up from the indented spot. The retract curve
was similar to the approach process, but it went below
0 (attraction force), indicating that the surface was sticky.

We used a conical tip model to analyze the force curves
(see supporting material) (44). The analysis suggests that
the measured structural Young’s modulus has an average
of approximately 1 MPa. This is consistent with the value
from the MD simulations indicated by the inclined purple



FIGURE 4 AFM nanoindentation of the 4T DNA

crystal. (a) The AFM probe hovers on a DNA crystal

before measurement. (b) Representative topography

of the upper surface of a DNA crystal. The height

variation is within 20 nm, mostly less than 8 nm.

(c) A pair of representative approach and retract

force curves at a single point. The separation is the

displacement from the lowest indented point. The

indentation depth was approximately 100 nm.
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dotted line in Fig. 3 b. The linear elasticity in the simulations
ranges from 0.4 to 1.4 MPa. The agreement between exper-
iments and simulations suggests that we reached the linear
elasticity as the AFM tip probed into the crystal. The unten-
sion stage did not prevent the measurement. Limited by the
maximum possible indentation depth, we could not proceed
further.
Computational studies of a 2T crystal

We constructed another crystal from 5 � 5 � 5 2T motifs
(26) (Fig. 5 a) to investigate the effect of motif length. Simi-
larly, the bottom holding plane was enforced to obtain the
initial equilibrium conformation before loading. The corre-
sponding height was �29 nm (Fig. 5 b). It is interesting to
note that this height is nearly the same as the one estimated
based on the B-form dsDNA (�30 nm). Due to a higher
crossover density, the dsDNA strands in this 2T crystal
did not show any noticeable curvature when compared
with the 4T crystal. This agrees with the height comparison.
Tensile forces were applied on this relaxed crystal. Notably,
there was no untension period. The gaps between the
stacked bases increased upon loading (Fig. 5 c). With
continued extension, the basepairs started to have visible
dissociation, as depicted in Fig. 5 d. The distance between
neighboring cross-sectional planes increased significantly,
while the cross-sectional area remained roughly the same.
The green and blue directions were nearly independent
from the loading direction. Toward the end of the pulling,
the loaded ss-strands were almost separated from the rest
of the crystal (Fig. 5 e). Instead of being further pulled apart
from each other, the 5 cross-sectional planes failed from the
25 loaded ssDNA and stacked toward the bottom plane.
There were still some base pairings that held related strands
together against a full detachment. As the structure
deformed further, the cross-sectional planes collapsed to
the bottom (see supporting material). The connections be-
tween the planes were tighter than the linkages to the loaded
strands at this point. After this collapsing point, the ssDNA
did not stretch much more and broke, which marked the end
of the simulation (Fig. S7).

The force-extension, stress-strain, and basepairing ratio
were extracted from the simulations and plotted in Fig. 5,
f–h). There are three stages with distinct deformation
modes: (i) linear elasticity, (ii) dsDNA dissociation, and
(iii) ssDNA stretch. The vanishing of the untension stage
is because the 2T crystal was in tension from the beginning.
The structural Young’s modulus was approximately 17.6
MPa, which is more than an order of magnitude larger
than that of the 4T crystal. This is attributed to the elimina-
tion of the untension stage. The longer the untension stage,
the lower the Young’s modulus. The yield strength was
approximately 1.4 nN, which is similar to that of the 4T
crystal, since they both have 25 duplexes along the loading
direction. The slopes for the linear elasticity and dissocia-
tion stages (spring constants) were about 0.43 and 0.10
N/m, respectively, which are several fold greater than those
of the 4T crystal. There are two reasons for this. First, the
motif edge length of the 2T crystal is half of that of the
4T crystal. Under the same loading, shorter dsDNA will
be extended shorter. Second, a higher crossover density
makes a tighter structure, thus the 2T crystal is harder to
pull. As the crystal was extended into stage (iii), the force
increased drastically until the crystal eventually broke.

The basepairing ratio of the dsDNA strands in the loaded
direction provides insights on the stress-strain behavior. In
stage (i), the dissociations are negligible, with the associa-
tion ratio above 95%. Thus, the structural deformation is
by almost pure dsDNA stretch. Then, the ratio decreases
monotonically reaching below 5% at the end of stage (ii).
This trend corresponds to the drastic extension of the crystal
height. The association ratio at the end of the dissociation
stage is much lower than 4T crystal. When the force and
stress started to increase drastically with respect to exten-
sion or strain, the deformation mode shifted from dsDNA
dissociation to ssDNA stretch. Ideally, the association ratio
should drop to 0 by the end of the dissociation stage. The 2T
crystal reached <5%, which is a good match, indicating that
the nonloaded directions do not really affect the loading di-
rection (also see the discussion below on Fig. 5 h). In
contrast, the 4T crystal reached <22%. This could be due
to the mutual influences between the loading and nonloaded
directions. With the loaded strands mostly dissociated in
stage (iii), the ssDNA strands on the top pulling plane
were stretched completely, as shown in Fig. 5 e.

Fig. 5 h depicts the association ratio of the dsDNA bases
in all three directions. The nonloading directions were al-
ways above 93%. Interestingly, after the loading direction
Biophysical Journal 121, 4078–4090, November 1, 2022 4085



FIGURE 5 (a) Molecular model of a 2T tensegrity triangle motif in oxDNA. The color codes are the same as in Fig. 1 c. (b) A 2T crystal (5� 5� 5 motifs)

with ligation after full relaxation, while enforcing just the holding (bottom) plane. The top blue plane is pulled gradually, while the bottom plane (also in blue)

is held in place. The color scheme is consistent with that in Fig. 2 b. (c–e) Snapshot images of the crystal under tensile loading at different stages. (f) Force-

extension plot. (g) Stress-strain curve with the basepairing ratio of the dsDNA in the loading direction. The stress data go up to�30MPa but are plotted below

16 MPa for clarity. (f–g) The vertical dotted lines divide the plots into three stages: (i) linear elasticity, (ii) dsDNA dissociation, and (iii) ssDNA stretch. The

cross marks all data points (presented in Fig. S7), while the solid dots indicate the configuration images in (b–e). (h) Base association ratio of the dsDNA in all

three directions.
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dropped below 10%, both green and blue regained some as-
sociation. With the loaded ssDNA detached from the rest,
the green and blue had freedom to rehybridize with the pre-
viously dissociated complementary nucleotides. The more
bases in red detached from the rest of the structure, the
more bases in green and blue reassociated with the structure.
This shows that the green and blue directions were less
affected compared with the situation in the 4T crystal. In
a tighter structure with a higher crossover density, each di-
rection behaves more independently.
DISCUSSION

Experiment and simulation

We have studied the mechanical deformation behaviors of
ligated DNA crystals with MD simulations and AFM nano-
indentation, which together provided invaluable insights on
the DNA mechanics. To the best of our knowledge, this
study presents the first experimental measurement of direct
force-response on complex DNA architectures. In me-
chanics, the mechanical properties of a material are tradi-
tionally revealed in the most simplistic manner by
uniaxial extension and compression, and they both yield
similar results. Thus, one may choose extension or compres-
4086 Biophysical Journal 121, 4078–4090, November 1, 2022
sion for the experimental method. To examine a very small
sample or just a small portion of a sample, indentation
(compressive loading) is often performed, and several
models are already available including the conical and
spherical models (see supporting material). We chose inden-
tation in the experiment as it does not require extra immobi-
lization methods for the crystals. The only challenge is the
possible rotation of the crystal. This was overcome by build-
ing flat, thin crystals.

As a comparison, tensile loadings would present two
main challenges. Firstly, there are no specific models avail-
able on how to relate the single point stretch with the bulk
(structural) properties of the material. Secondly, there is a
risk that the measured properties may be of the attachment
rather than those of the crystals. The measurement would
require solid attachment between the mica and the crystals.
Since the loadings were to be exerted by the AFM probe,
DNA strands would also need to be attached to the probe
for a connection with the crystal. This is similar to an exten-
sion of a single polysaccharide chain by AFM (45). Howev-
er, it would be difficult to pull or stretch uniaxially for a
micron-sized crystal and to accurately retrieve the material
properties. In addition, the modifications are required for
all the terminals of the crystals and may interfere with as-
sembly and ligation processes. Putting the modified DNA
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motifs only on the surface may seem reasonable, but one
cannot control the exact size of the macroscopic crystals,
not to mention the top layer. Overall, these steps will add
a lot of complexity to the system and may not work as
well as simple indentation.

In this study, the indentation experiments complemented
the coarse-grained MD simulations, as both confirmed the
structural moduli in the linear elastic range. During the ex-
periments, we did not observe a sharp transition between
the untension and linear elasticity, as in the simulations. If
anything, it would be too weak to discover under thermal
fluctuation. There are some limitations such as the maximum
indentation depth and the smallest scale we can probe. Due
to the limited indentation depth, plastic deformation was not
achieved. The limitations may be improved by larger crys-
tals. For example, a crystal size of 500 � 500 � 50 mm
will allow us to probe into significantly greater depths.
Another advantage of larger crystals is that uniaxial loading
may be possible and thus we can cross-check the indentation
results. In addition, different motif lengths (e.g., 6T) or
various unit cells (even a mixture of motifs) may be used
to build crystals for further studies.

Coarse-grained MD simulations can be versatile for
exploring different loading methods on various dimensions
of DNA structures. We tried both tensile and compressive
loadings. The immobilization for extension is simple in
the simulation, but the compression can be complex. Under
compressive loading, the tilted cubic crystal may rotate, as
in the experiments. Building a flat, thin crystal will signifi-
cantly increase the number of motifs and require a great deal
of computing power. Besides, the numerical simulation can
apply loading on the ligated 2T crystal, which was unattain-
able in the experiments. The simulations provided a lot of
detailed information, which was not possible in the mea-
surements. A good example is the association ratios of the
dsDNA bases. Given the huge number of bases and the
transient loading conditions, it is impossible to acquire the
real-time association ratios experimentally. Plus, the
computation revealed the distinct stages during the loading
until the failing of the covalent bonds. Limitations are pre-
sent for simulations as well. The maximum size to be calcu-
lated is limited by the model and the computation power. A
larger structure (e.g., larger than the crystal model made of
125 motifs) might provide more details and match the
experimental scenarios better, but the balance between the
calculation speed and insights is critical.
4T and 2T crystals

Both crystals have similar motif designs and assembly
methods. As a result, they are both in a tilted cubic shape.
Due to the motif size, the ligation of the 2T crystal was
not possible in the experiment. The native 4T crystal in
simulation was unstable, as discussed above. The detach-
ment of the motifs at the corners was observed early on dur-
ing the initial relaxation (within the first 106 simulation
steps). The crossover density in the 2T crystal is twice
that in the 4T crystal. Therefore, it is a tighter crystal, there
will be more internal stresses, and we expect more severe
dissociation in the native 2T crystal. We found that approx-
imately one-third of the sticky-end connections between the
bottom cross section and its neighboring plane came off dur-
ing the initial relaxation. A similar dissociation pattern was
observed with the top cross-sectional planes. This is consis-
tent with experimental observation that both crystals disin-
tegrate under normal salt concentrations and high ion
strength (e.g., 50 mM Mg2þ) is needed for stabilizing the
native crystals.

Despite many similarities, the 4T and 2T crystals show
interesting differences in mechanical properties. As dis-
cussed above, the structural Young’s moduli of the 4T and
2T crystals are approximately 1 and 17.6 MPa, respectively.
This difference is mostly caused by the elimination of the
untension stage in the 2T crystal. In terms of the yield force;
however, they are similar; about 1.7 and 1.4 nN for the 4T
and 2T crystals. This is because the yield strength is simply
the total force exerted on the 25 double helices. The linear
elasticity in the 2T crystal starts without the untension,
whereas the 4T crystal starts at �0.3 nN. For a fair compar-
ison, we may exclude the force related to the untension
stage. Then, both crystals have the yield force of 1.4 nN.
Mechanical behaviors of a structure and its
components

Fig. 6 compares the deformation behaviors of a single
dsDNA and averaged dsDNA strands in the 2T and 4T
DNA crystals. A general trend of pulling a ds-l-DNA in
Fig. 6 a was obtained from previous reports in the literature.
Caron and co-workers attached one end of the l-DNA on a
latex bead subjected to a micropipette for extension of the
strand (46). The other terminal was connected to a fiber
holder. The force was measured using the fiber holder while
the displacement was acquired by the controlled microbead.
By pulling the bead away from the holder, the l-DNA was
extended. Bustamante and co-workers linked two beads to
the either ends of a l-DNA strand (47). One was immobi-
lized using a pipette tip while the other was subjected to
an optical tweezer. The force and the extension were both
recovered from the optical inputs. There are also other
methods for probing DNA mechanics including hydrody-
namic drag, magnetic beads, and glass needles, as summa-
rized by Bustamante et al. (48) and Marko and Cocco
(49). Regardless of the methods, the results of l-DNA
extension are comparable. Four regimes were observed:
entropic elasticity, intrinsic elasticity, overstretching transi-
tion, and breaking covalent bonds.

If we compare the force-response of a single dsDNAwith
the averaged dsDNA in the DNA crystal (Fig. 6, b–c), the
overall magnitudes of the transition points between the
Biophysical Journal 121, 4078–4090, November 1, 2022 4087



FIGURE 6 (a) General trend of pulling a ds-l-DNA from previous pub-

lications (46-49). The strain data start at �1 but are plotted from �0.25 for

clarity. Before the linear elastic range, the DNA molecule is very soft at the

beginning (regime (i) or entropic elasticity), and it enters the intrinsic elas-

ticity at�8 pN. The extension on the dsDNA backbone continues until�65

pN (regime (ii)). Beyond this point, the overstretching transition (regime

(iii)) is followed by a sharp increase up to �150 pN at the end. In regime

(iv) (termed breaking covalent bonds), the force increases exponentially.

The maximum force one dsDNA could hold is approximately 1 nN. (b

and c) Force-strain plots of averaged dsDNA strands in the 4T and 2T crys-

tals. The plotted force is the pulling force per loaded dsDNA. Thus, they are

the forces in Figs. 3 a and 5 f divided by 25, respectively. The force data go

up to �1 nN but are plotted below 320 pN for clarity. The strains are rede-

fined by the reference length of B-form DNA for comparison with the liter-

ature. Therefore, the initial strain is less than 0 since the relaxed length is

shorter than the B-form length. The maximum forces per dsDNA are

approximately 0.9 and 0.8 nN (not shown in (b) and (c)). The black dotted

lines in (a–c) indicate the slope of the linear elasticity.
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regimes and stages share some similarities. The deformation
mechanism for each regime corresponds to that of the stage
at similar strain. The similarities overall verify the reliability
and validity of our MD simulations on 2Tand 4T DNA crys-
tals. However, they are not completely identical. In the
entropic elasticity of a single duplex, it starts from a strain
of almost �1 since it has no restriction against tangling
together. In contrast, the dsDNA strand in the crystal is
restricted by other helices, especially the helices in different
directions. The 4T crystal starts the untension stage from a
strain of �0.25, and the 2T crystal starts at 0. In the over-
stretching transition regime, the single dsDNA has a drastic
change of force in the end, which is not reflected by the aver-
aged dsDNA of the crystal in the dissociation stage. There
are variations on the force distribution over the cross-
sectional areas of the crystal. This leads to a steady incre-
ment rather than a drastic change of the force-reaction.
Moreover, part of the impact may be absorbed with the non-
4088 Biophysical Journal 121, 4078–4090, November 1, 2022
loading directions. With the understanding of the difference
between Fig. 6, a–c, we conclude that dsDNA is one of the
determinators of the properties of DNA crystals. By assem-
bling dsDNA into a crystal, the force-reaction curve is
smoother.

Another difference between the structures and compo-
nents is the Young’s moduli. The slope in the intrinsic elas-
ticity (noted by the black dotted line in Fig. 6 a) of a single
dsDNA is about 290 pN. The slopes per strand in the 4T and
2T crystals are approximately 550 and 390 pN, respectively.
Given the cross section of a dsDNA strand of roughly
3.8 nm2, the Young’s moduli from the linear elasticity in
Fig. 6, a–c are approximately 76, 145, and 102 MPa. This
is consistent with typical Young’s modulus (on the order
of 102 MPa) of dsDNA reported in the literature (50). These
values are one to two orders of magnitude higher than those
of the crystals (1 and 17.6 MPa). Note that the Young’s
moduli of the crystals are the structural properties and are
defined as force per area per strain, that is, the slope in the
force-strain plot divided by the cross-sectional area. The
cross section of a DNA crystal has the area that includes
both components (dsDNA) and cavity (where there are no
dsDNA). Overall, the comparison clearly shows the intricate
correlation between a structure and its components (dsDNA
rods) in mechanical properties. However, the force-reaction
of a complex DNA architecture is not a simple sum of the
individual components. The structural complexity and motif
designs, along with the mechanics of the components, must
be accounted for to fully understand the deformation
behaviors.
CONCLUSION AND OUTLOOK

This work presents the elastic properties, such as Young’s
moduli, yield strength, and plastic failure of ligated DNA
crystals, depicting a full scale of mechanical deformation.
This is the first mechanics study on complex DNA architec-
tures. Our combined computational and experimental study
clearly provides critical insights on the structural mechanics
of DNA assemblies.

We found that DNA crystals made of tighter and shorter
motifs will have a higher crossover density and likely will
not have the untension stage. By the same token, we can
infer that a 3T crystal with ligation will have some untension
region but less than that of the 4T crystal. By varying the
crossover density, it may be possible to assemble a crystal
with motifs of different lengths (e.g., 2T and 4T combined).
Such a heterogeneous crystal could offer interesting proper-
ties with some parts tight and stiff, while other parts more
relaxed untensioned (thereby more deformation tolerant).

DNA crystals may be used as a framework to host other
functional groups or guest molecules, which may be ar-
ranged precisely at desired locations. The guest molecules
can be proteins, dyes, and other DNA strands. We previ-
ously studied association and dissociation of dyes and
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Förster resonance energy transfer using DNA crystals (51–
54). Förster resonance energy transfer can mark local struc-
tural deformations, serving as a strain gauge.

The plastic deformation of DNA crystals is initiated by
the noticeable dissociation of hydrogen-bonds. There are
other ways to induce dissociation; for example, heating or
chemical signals (e.g., urea or pH). It is thus possible to
study the transition from elastic to plastic deformations by
controlled dissociation as a function of urea concentration
(although dissociation will not be directional). Upon the
introduction of the chemicals of interest, the crystal may
deform drastically. Similarly, DNA crystals could be used
as force-based temperature sensors. They will deform
visibly once the temperature passes a certain point if the
structure is preloaded with certain force. The temperature
point may be altered by adjusting the preload.

For a ligated DNA crystal, the total failure of the struc-
ture occurs when the covalent bonds on the backbone are
pulled apart. In such a case, the breaking point may be
random with perfect ligation. The failing points may be
introduced at certain locations. Introducing imperfect liga-
tion on the crystal (that is, leaving some sticky-ends in
native form) would be useful. The ligated part can be solid
and should be able to withhold mechanical forces, while
the native segment may collapse upon external loads.
Further, it is possible to achieve patterned ligation on a
DNA crystal. We recently demonstrated complex yolk-
shell and Matryoshka doll-shaped ligation patterns within
DNA crystals by controlling the ligation process (31).
DNA crystals with such patterned ligation could have
anisotropic mechanical properties and serve as a platform
toward programmable actuation devices.
SUPPORTING MATERIAL
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