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Mechanochemical properties of DNA origami
nanosprings revealed by force jumps in optical
tweezers†

Deepak Karna, a Wei Pan,a Shankar Pandey,a Yuki Suzuki b,c and
Hanbin Mao *a

By incorporating pH responsive i-motif elements, we have con-

structed DNA origami nanosprings that respond to pH changes in

the environment. Using an innovative force jump approach in

optical tweezers, we have directly measured the spring constants

and dynamic recoiling responses of the DNA nanosprings under

different forces. These DNA nanosprings exhibited 3 times slower

recoiling rates compared to duplex DNA backbones. In addition,

we observed two distinct force regions which show different

spring constants. In the entropic region below 2 pN, a spring con-

stant of ∼0.03 pN nm−1 was obtained, whereas in the enthalpic

region above 2 pN, the nanospring was 17 times stronger (0.5 pN

nm−1). The force jump gave a more accurate measurement on

nanospring constants compared to regular force ramping

approaches, which only yielded an average spring constant in a

specific force range. Compared to the reported DNA origami nano-

springs with a completely different design, our nanospring is up to

50 times stiffer. The drastic increase in the spring constant and the

pH responsive feature allow more robust applications of these

nanosprings in many mechanobiological processes.

Introduction

DNA origami structures1–6 have provided versatile tools in a
wide variety of applications including drug delivery, sensing,
and fabrication of materials with nanometer precision. Many
of these applications exploit the mechanical properties of
origami structures. Force manipulation tools such as Atomic
Force Microscopy (AFM), optical tweezers and magnetic
tweezers7–11 have been used to characterize the mechanical

properties of DNA origami structures. In most cases, single-
molecule force spectroscopy has been employed12,13 to reveal
the stress–strain behaviors of DNA nanoassemblies. In a
typical strategy, a DNA origami structure is attached between
two surfaces. One of the surfaces is then moved away from the
other by using a nanomanipulator employed in the force
manipulating instruments. During this process, the tensile
force in the DNA origami structure varies. Such a variation
causes a property change in the nanoassembly, which will be
monitored in real time.

However, this method is difficult to reveal the dynamic
structural changes in DNA origami nanoassemblies. Recently,
Shih and co-workers have designed an elegant DNA origami
nanodevice, DNA nanospring.14 Similar to macroscopic
springs, this nanospring extends and contracts in response to
external forces. Using force–extension curves, the spring con-
stant of the DNA nanospring has been estimated as 0.01 pN
nm−1, a value that is suboptimal for many mechanochemical
and mechanobiological processes.15 Our previous finding has
indicated that integrin heterodimers require about 25 pN for
their clustering and declustering activities which require a
nanospring having a stiffer spring constant for the study.16 In
addition, the dynamic response of the nanospring is difficult
to be measured by these force–extension curves reported by
Shih and co-workers.

In this work, we prepared DNA origami nanosprings with
stronger spring constants. These nanosprings have a unique
feature to respond to external cues such as pH. This feature
has been achieved by incorporating a pH sensitive element,
i-motif, in the junction between adjacent DNA origami
modules. At acidic pH (pH ∼ 5.5), the folding of the i-motif17

induces a curvature in the origami modules, which leads to
coiled nanosprings. At neutrality, the unfolded i-motif relaxes
the curvature, causing an uncoiled conformation of the
origami templates. We applied innovative force jump methods
to follow the coiling and uncoiling of the nanosprings at
different pH. This allowed us to reveal that the spring con-
stants of the nanosprings are dependent on the force exerted
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on the DNA nanoassemblies. The nanosprings showed
0.03–0.5 pN nm−1 spring constants at pH 5.0, which is about
50 times stiffer than previously designed nanosprings.14 We
anticipate these pH responsive nanosprings can be used to
investigate pH-dependent mechanobiological processes such
as cell migration.

Results and discussion

Our nanospring (Fig. 1a) was assembled from a circular ssDNA
template (p8064) by a DNA origami approach.16 The DNA
origami backbone contained 37 modules. A bridge was
inserted between two neighboring modules. The bridge strand
comprised a human telomeric C-rich DNA sequence 5′-
CCCTAACCCTAACCCTAACCC-3′, which was extended with
staple sequences that were anchored into each module. Upon
the i-motif formation in the DNA sequence at pH 5.0, the
bridge strand contracts, leading to the bending of neighboring
modules. The propagation of such a bending in the entire
origami backbone transformed the DNA nanoassembly from
linear to a spring conformation at acidic pH (Fig. 1a). When
the i-motif sequence was replaced by 21 thymines (21T), no
coiling was observed (Fig. S2†). In another control, when the

i-motif bridge sequence was replaced by two thymines (2T-NS),
the nanospring attained a coiled form irrespective of pH (see
Fig. S3 and S4†). All these observations verified that pH
responsive i-motif bridges between neighboring modules are
the driving force for the coiling of nanosprings.

Next, we used optical tweezers to analyze the mechanical
properties of the as-synthesized nanosprings. To this purpose,
the two ends of a nanospring were respectively ligated to two
dsDNA handles (Fig. 1a, and see the ESI† for details), which
were labeled separately with digoxigenin and biotin at their
free ends. This design facilitated the tethering of the nano-
spring to the optically trapped polystyrene beads that were
respectively coated with digoxigenin antibody and streptavidin
via affinity linkages (Fig. 1b).18 After tethering of the nano-
spring, the force-ramping experiments were conducted at a
loading rate of 5.5 pN s−1 (measured from 10–40 pN) in a four-
channeled microfluidic chamber at room temperature. The
middle two channels of the chamber contained 5 mM MES
buffers supplemented with 15 mM MgCl2 and 1 mM EDTA at
pH 5.0 and 7.4, respectively. This experimental setup provided
a platform to measure the mechanical properties of individual
DNA nanosprings over varying pH of 5.0 and 7.4.

At pH 5.0, hysteresis between the stretching and relaxing
force–extension (F–X) curves was observed in the mechanical

Fig. 1 Design and characterization of a pH-responsive DNA origami nanospring. (a) pH-Responsive transformation of a linear shape into a spring
conformation through the bending of adjacent origami modules. Each bridge between two neighboring modules (represented by red circles) con-
tains a C-rich human telomeric DNA sequence, 5’-CCCTAACCCTAACCCTAACCC-3’. The DNA strand forms an i-motif at pH 5.0, which causes the
bending of neighboring modules. This, in turn, induces the nanospring formation. A hemiprotonated cytosine–cytosine pair is depicted next to the
i-motif structure. (b) Laser tweezers set up where an i-motif-forming DNA nanospring ligated to two dsDNA handles. One dsDNA handle labeled
with biotin is attached to the streptavidin-coated bead, while the other handle labeled with digoxigenin is attached to the digoxigenin antibody-
coated polystyrene bead. AFM images on top show the conformations of the nanosprings attached with two long DNA handles on both ends (red
arrows) at pH 5.0 and 7.4. Scale bar: 100 nm. More AFM images are shown in Fig. S1.†
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pulling of the nanospring with the i-motif bridges (Fig. 2a). In
contrast, the hysteresis disappeared at pH 7.4. Such a differ-
ence suggested that the nanospring may present different con-
formations under the two pH conditions. At acidic pH, the
i-motif forming sequences in the bridges of adjacent piers may
fold into i-motif structures. The compact topology of each
folded domain brings two neighboring modules closer,
causing the coiling of the nanospring. When force increases,
the end-to-end distance of the DNA origami becomes longer
due to the physical stretching of nanosprings. At pH 5.0, when
force is ∼11 pN, the i-motif starts to unfold until a complete
unfolding is reached at ∼35 pN (Fig. S5(a)†).17,18 This will
further increase the end-to-end distance. The F–X histogram
(Fig. S5(a)†) also indicates that an average force of ∼25 pN is
needed to unfold the i-motif. Upon reducing the tension in
the origami construct, the slow folding of the i-motif prevents
the fast recoiling of the nanospring, leading to hysteresis
between the stretching and relaxing F–X curves at acidic pH. At
pH 7.4, the i-motif is not formed even at low force regimes,
leading to reversible F–X curves since the nanospring is
uncoiled at neutrality during the experiment. With no such
hysteresis observed in the F–X traces of “2T-NS” and “DNA
only” (DNA hairpin) as shown in Fig. 2d and e, respectively, we
confirm that hysteresis is entirely due to the formation and
dissolution of the i-motif at different pH.

To estimate the spring constant of the nanospring, we
developed a model (see Fig. S7†) to delineate the response of
the extension of the entire origami construct against force. We
used the extensible worm-like-chain (WLC) model19 for analyz-
ing the behavior of the dsDNA handles, and Hooke’s law for
analyzing that of the nanospring. To rule out the effect of the
i-motif unfolding (which started at ∼11 pN, Fig. S5(a)†) on the
elastic behavior of the system, we used this model to fit the F–
X curves below 11 pN at pH 5.0 (Fig. 2b) and pH 7.4 (Fig. 2c,
see Table S1†). The fitting allowed us to retrieve spring con-
stants of 0.07 ± 0.01 and 0.15 ± 0.03 pN nm−1 for the i-motif
containing nanosprings at pH 5.0 and 7.4, respectively. Since
the nanospring is coiled at pH 5.0 and the origami structure

remains uncoiled at pH 7.4, it is clear that such a nanospring
at pH 5.0 has a softer spring constant compared to that of the
origami backbones tested at pH 7.4.

In another approach, we directly characterized the mechani-
cal properties of the nanosprings via force-jump methods in
optical tweezers.20 First, the tethered DNA structures were
stretched to an initial force of 25 pN. The force was then sud-
denly reduced to a small level (0.5–9 pN) within 10 ms 20 while
the recoiling event was monitored (Fig. 3a) by measuring the
distance between the stretched state and the completely
recoiled equilibrium state at a low force (Δd ) over a period of
time (t ). This measurement provided the recoiling rate (Δd/t )
for each nanostructure. As seen in Fig. 3b, the nanosprings
(both “2T-NS” and “coiled”) showed much longer recoiling dis-
tances compared to those of their linear counterparts (both
“DNA only” and “uncoiled”). The inherent elasticity of the
duplex DNA caused the DNA handles to be shortened quickly
by this force jump-down process (see “DNA-only” in Fig. 3b;
the recoiling rate: 80 ± 5 nm s−1 and see Fig. S7† for elucida-
tion). The i-motif containing DNA nanosprings, however,
showed much slower recoiling at pH 5.0 (“Coiled” in Fig. 3b;
the recoiling rate: 24 ± 3 nm s−1) likely due to the fact that they
had a long distance to travel from the extended to coiled states
and they were more flexible than dsDNA. The slower rate can
also be ascribed to the slow refolding of some unfolded i-motif
structures in the bridge regions. As expected, the i-motif con-
taining DNA origami that did not form coils at pH 7.4
(“Uncoiled” in Fig. 3b; the recoiling rate: 57 ± 10 nm s−1)
showed a speed similar to that of the dsDNA (“DNA-only”),
since both structures (the DNA origami backbone at pH 7.4
and the duplex DNA at pH 7.4) have stronger elasticities than
the coiled nanospring. As a control, we also performed the
force-jump experiments on the DNA origami nanospring with
the T2 bridge linkers (“2T-NS” in Fig. 3) at pH 7.4. We found
that the recoiling rate for the 2T-NS (29 ± 6 nm s−1) was
similar to that of the “Coiled” origami, which is expected since
both constructs assume a coiled nanospring conformation at a
low force (Fig. S8(a) and S3†).

Fig. 2 (a) Force–extension (F–X) curves at pH 5.0 and 7.4 for the i-motif containing nanospring. Fitting of F–X curves to calculate the spring con-
stants of nanosprings at (b) pH 5.0 and (c) pH 7.4. F–X traces for the (d) 2T-nanospring and (e) duplex DNA. The red and black traces represent the
stretching and relaxing processes, respectively. More F–X traces for the i-motif containing nanosprings are shown in Fig. S6.†
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For the calculation of spring constants as shown in Fig. 3c,
the change in recoil distances was calculated based on the
difference between the stretched state and the recoiled state
observed at a specific recoiling force. These changes in the
recoiling distance were plotted with respect to the recoiling
forces upon which two linear fits were made: one below 2 pN to
0.5 pN and another above 2 pN to 9 pN. The slopes of these
linear fits (revealed by force per unit extension or Hooke’s law)
provided the spring constants over the respective force regimes.

The flexibility of the nanosprings was well supported by the
spring constants estimated by Hooke’s law (i.e. change in force
per unit change in extension in the nanospring) in these rapid
recoiling experiments. Two sets of spring constants bifurcated
at 2 pN are clearly seen in Fig. 3c. This observation can be
ascribed to the higher entropic contribution to coiling at a
lower force (<2 pN), while higher enthalpic contribution to the
backbone stretching above 2 pN. Entropic elasticity is experi-
enced when the persistence length of a polymer is much
smaller than the contour length of the polymer.21 At a low
force, the persistence length of the DNA (∼50 nm) is much
smaller than the contour length of the DNA handles and the
DNA nanospring used here, so, the entropic contribution is
expected for the elasticity. However, at a higher force, the
chemical bonds become stretched and hence the elasticity is
contributed by enthalpy.22 This difference in their confor-
mation above/below 2 pN results in differential spring con-
stants. At the final force above 2 pN, the backbone of the nano-

spring was still at some stretched state, leading to inaccurate
spring constant estimation for the nanosprings resting near
their native length (F = 0 pN), which gave a spring constant of
0.03 ± 0.01 pN nm−1 for the coiled DNA nanosprings (“Coiled”
at pH 5.0). Since the 2T-NS construct also formed the coiled
nanospring (Fig. S3 and S4†), it gave an identical spring con-
stant (0.03 ± 0.01 pN nm−1) as expected. In comparison, spring
constants of 0.37 ± 0.03 and 0.31 ± 0.02 pN nm−1 for the
“DNA-only” construct and uncoiled nanospring were obtained
respectively at pH 7.4. The smaller spring constants of the
coiled nanosprings with respect to that of dsDNA (“DNA-only”)
or the origami backbone (“Uncoiled”) imply that when an
external force was applied, the coiled nanosprings formed at
pH 5.0 imposed greater extension variation compared to the
dsDNA or uncoiled origami nanosprings. During the rapid
recoiling process, the i-motif may not have time to refold, this
explains the deviation in the spring constants measured by the
force jump method (Fig. 3) and those obtained from the fitting
of the force–extension curves (Fig. 2). In addition, the devi-
ation can also be ascribed to different force ranges used in
these two methods. While the force–extension curves
measured the average spring constant from 0–11 pN, the force
jump approach was more accurate in the depiction of spring
constants at different force ranges.

Compared to the origami nanosprings prepared in the Shih
lab where coils were formed by mechanical strains due to the
insertion of extra base pairs in the 2-helix bundles,14 our nano-

Fig. 3 Properties of the DNA nanosprings revealed by force-jump approaches. (a) Schematic representation of the force vs. time plot. (b) Recoiling
distance over time after a force jump from 25→0.5 pN. Note that the kinetics of the recoiling is the average rate from time 0 (as soon as the final
force is reached) to the fully recoiled state. (c) Measurement of the spring constants based on Hooke’s law. Error bars represent the standard devi-
ations of 3 molecules. Ratio of the change in the final force vs. the change in the recoiling distance (with respect to the 0.5 pN value) gives the
spring constant. “Coiled” and “Uncoiled” refer to the i-motif containing origami nanospring at pH 5.0 and pH 7.4, respectively. “2T-NS” and “DNA-
only” refer to the 2T containing origami nanospring and a construct that contains only two dsDNA handles (see the ESI† for details), respectively, at
pH 7.4.
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springs have the unique advantages of accommodating envir-
onmentally sensitive functional groups in the bridge regions
as well as 50 times stiffer spring constants. While the stronger
spring constants provide a robust material to interact with
cells without disrupting the nanocoils, the facile incorporation
of functional groups allows flexible responses of our origami
nanoassembly to environmental cues such as pH variation in
the extracellular matrix (ECM).23

Conclusions

In summary, using optical tweezers, we successfully character-
ized the mechanochemical properties of DNA origami nano-
springs in the pH range of 5.0–7.4. Unlike the conventional
spring constant measurement in which the tensile force of a
nanospring is continuously monitored over the extension of the
nanodevice, here we rapidly perturbed the tensile force in nano-
springs while following the response of the nanospring exten-
sions. While the former method only provided an average
spring constant over a wide force range, our new method
allowed to reveal the spring constants over variable force ranges.
Indeed, we found two distinct spring constants bifurcated at 2
pN for this DNA origami nanospring. With the burgeoning
development of DNA nanoassemblies, we anticipate that our
novel method would provide a better mechanistic description of
DNA devices that have applications ranging from study of motor
proteins to formulating origami nanodevices.
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