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Abstract: While single-molecule sensing offers the ultimate
detection limit, its throughput is often restricted as sensing
events are carried out one at a time in most cases. 2D and
3D DNA origami nanostructures are used as expanded single-
molecule platforms in a new mechanochemical sensing strat-
egy. As a proof of concept, six sensing probes are incorporated
in a 7-tile DNA origami nanoassembly, wherein binding of
a target molecule to any of these probes leads to mechano-
chemical rearrangement of the origami nanostructure, which is
monitored in real time by optical tweezers. Using these
platforms, 10 pm platelet-derived growth factor (PDGF) are
detected within 10 minutes, while demonstrating multiplex
sensing of the PDGF and a target DNA in the same solution.
By tapping into the rapid development of versatile DNA
origami nanostructures, this mechanochemical platform is
anticipated to offer a long sought solution for single-molecule
sensing with improved throughput.

M echanochemistry is an emerging discipline that inves-
tigates the coupling between mechanical and chemical
processes.[” Under mechanical stress, the stability of covalent
or non-covalent interactions changes, which either strength-
ens or weakens molecular structures.” When a ligand binds to
a receptor, the binding affinity between the receptor-ligand
complex changes mechanical tension of either the free
receptor or the ligand.”! In mechanochemical sensing, such
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variation in mechanical signals is monitored.”! Compared to
fluorescence signals that are subject to numerous background
noises, mechanical signals, such as tension in a molecule,
experience little environmental interference. As a result, the
signal-to-noise ratio is high in mechanochemical sensing.
Since ligand binding is directly coupled to the change in the
mechanical signal, target recognition and signal transduction
units in a traditional sensor can be integrated, which improves
the performance of the sensor by eliminating the noise
originating from the extra components in conventional
sensing strategies.

Because of the superior force and spatial resolutions, we
have previously used optical tweezers to investigate the
mechanochemical coupling in individual DNA or RNA
molecules under various conditions.’) However, the through-
put of the method is low as only one sensing event can be
monitored at a time. To increase the throughput, here we used
the DNA origami nanostructures as sensing templates.
Discovered by Rothemund in 2006,® DNA origami has
been exploited to fabricate a wide range of 2D and 3D DNA
nanostructures.®” Such nanostructures have been extensively
used in many applications including nanorobotics, molecular
computation, drug delivery, and high-resolution spatiotem-
poral measurements.®) However, the biosensing has not been
explored well in DNA origami nanostructures.”! Compared to
inorganic-material-based substrates for biosensing, DNA
origami structures provide a biocompatible environment. In
addition, the chemical components of an origami nano-
structure can be precisely controlled at any location in
a modular fashion, which allows facile modification and
convenient incorporation of many functional components in
a 2D or 3D DNA origami without redesigning the whole
nanoassembly from scratch.

As a proof of concept, we designed a 7-tile DNA origami
nanostructure in which the recognition elements are placed in
the interlocks that connect adjacent tiles (Figure 1a). The
binding of a target to any of the recognition elements breaks
the lock, which generates a change in mechanical signal. We
used a PDGF aptamer®'" as the first recognition element in
each of the six interlocks. In the second example, we used the
PDGF aptamer and a toehold DNA strategy!'!! for multiplex
sensing of the PDGF and a target DNA in a mixture. We
anticipate that the DNA origami sensing described here will
provide a new paradigm for high-throughput mechanochem-
ical sensing at the single-molecule level.

To prepare a DNA origami structure, a single-stranded
DNA scaffold can be folded into a predesigned 2D or
3D DNA nanostructure with the aid of DNA staples.!”! Using
this strategy, we designed and synthesized a 2D DNA origami
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Figure 1. Mechanochemical sensing in optical tweezers using DNA
origami nanostructures. a) Experimental setup (not to scale). A 7-tile
2D DNA origami nanoassembly is tethered between two optically
trapped beads through dsDNA handles modified with a terminal
digoxigenin or biotin. Each tile (marked A to G) of the origami has

a dimension of 39.5x27 nm?. The adjacent tiles are locked (marked
1 to 6) by an aptamer DNA (gray) and its complementary strand
(black). b) AFM image (400x 300 nm?) of the origami nanoassembly
depicting 7-tiles and two dsDNA handles. c) lllustration of the tile-
unlocking due to the target binding to an aptamer lock. Binding of the
target to the aptamer induces the folding of the aptamer, which
releases the complementary strand and dissemble the lock.

comprising of seven interconnected tiles by using a linear
M13mp18 DNA scaffold (Figure 1a and b, see Table S1 in the
Supporting Information for staple sequences and Figures S1
and S2 for additional AFM images). Each tile has a dimension
of 39.5x27nm? Two adjacent tiles are locked by using
complementary DNA strands. One DNA strand contains an
aptamer-based target recognition element that can change its
conformation upon binding with a specific target,®'"! thereby
unlocking the tiles (Figure 1c). By attaching the terminal tiles
of the DNA origami to the two optically trapped beads
through dsDNA handles, the target binding and the unlocking
events in the mechanochemical platform are monitored by
optical tweezers (Figure 1a).

Before sensing applications, we characterized the
mechanical properties of this DNA origami construct.
Although it is crucial to investigate mechanochemical proper-
ties of DNA nanostructures for material and biomedical
applications, previously, only limited studies have been
reported on the mechanical properties of rod-shaped DNA
origami structures.®™™!? We performed force-ramping experi-
ments to increase the tension in the origami nanostructures by
moving one of the traps away from the other. We observed
two types of unfolding events in the force-extension curves. In
the force range between 10-25 pN (Figure 2a), we observed
<6 events with a change-in-extension (Ax) of approximately
15nm for each transition. This is consistent with the
disassembly of the aptamer lock (Figure 2b, black population
P1). However, in the range above 30 pN (see Figure S5), we
observed saw-teeth features with Ax of 100 nm (Figure 2b,
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Figure 2. Mechanochemical properties of the 7-tile origami nanoas-
sembly. a) A portion of a typical force—extension curve for the 7-tile
nanoassembly, in which the aptamer lock is constituted by a PDGF
aptamer and its complementary DNA strand (see Figure S5 for

a complete F-X curve). The force-induced unlocking events are
depicted by the arrowheads. b) The change in extension due to the
unlocking (black circles) or tile disintegration (gray circles) events at

a particular force (see text and Sl for details). The ellipses represent
95% confidence interval for each population. c) Histogram of the
change in extension for all individual cooperative events. d) Histogram
of the cumulative change in extension of all events observed in single
7-tile nanostructures. e) Probability of unlocking in each nanoassembly
shows that four unlocking events are most probable. f) Probability of
cooperative unlocking events suggests that one-by-one, rather than
simultaneous, unlocking is predominant.

gray population P2). In a control construct without any
interlocks between adjacent tiles, only >30 pN events were
observed, confirming that the features between 10-25 pN are
associated with the opening of the aptamer interlocks. Such
an observation was further validated by performing experi-
ments in which interlocks with shorter dSDNA were used. In
these experiments, the unlocking forces were reduced, which
reflects less Watson—Crick base pairing in the dsDNA lock.
Based on these results, only the force range between 10—
25 pN (Figure 2b, black population P1) was considered for
the mechanochemical sensing experiments.

The Ax histogram for all individual features of the P1
population shows a dominant peak at 15 nm with a shoulder
at 25 nm (Figure 2c). However, features with longer Ax were
rare, suggesting unlocking events were non-cooperative. The
cumulative Ax histogram (Figure 2d) demonstrated six peaks
with Gaussian centers of 14.0+0.5,33+1,504+3,70£2,90 +
4, and 123 +4 nm, which were consistent with the predicted
Ax patterns (see Table S2). The maximum probability of the
peak at 70 nm indicates that 4 to 5 locks, instead of six, are
most probable to be formed in an origami nanostructure. This
was confirmed by the probability of the unlocked events per
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molecule calculated from the observed Ax (Figure 2e, see
Figure S6 for calculations). The observation of the four
instead of six locks could be attributed to the incomplete
assembly of the 7-tile DNA origami nanostructure itself or
disassembly of the aptamer locks during the synthesis. The
one-by-one, rather than simultaneous, unlocking of the tiles
was confirmed in Figure 2 f in which the most likely tran-
sitions were found to be associated with the single unlocking
events.

After characterization of the unlocking in the 7-tile DNA
origami, we employed this platform to detect the PDGF
target. Binding of the PDGF to the aptamer strand in each
lock helps to fold and stabilize the secondary structure of the
aptamer,® ! which leads to the disassembly of the origami
tiles. Indeed, in the presence of 50 nm PDGF, unfolding of
origami tiles was not observed as locks had been disintegrated
by the binding of PDGF prior to the pulling experiments
(Figure 3a). Analysis of the unlocking events per molecule
confirmed this observation. Whereas a maximum of four
unlocking events per molecule were observed without PDGF,
zero unlocking was the most frequent observation with 50 nm
PDGF (Figure 3b). To detect the binding of PDGF in real
time, we switched the detection to the constant-force mode, in
which the tension in the tethered molecule was maintained at
8 pN while the extension was monitored. As expected, the
extension remained constant in a PDGF free solution over
time (Figure 3¢). With 25 nm PDGF, however, many exten-
sion-jumps were observed (Figure 3¢). The size of each jump
was consistent with expected values when neighboring tiles
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Figure 3. Mechanochemical sensing of PDGF using 7-tile nanoassem-
bly in optical tweezers. a) Representative force-extension curves of the
7-tile DNA nanoassembly in the absence (gray) and presence (black)
of 50 nm PDGF. In this ramping-force detection mode, the force-
induced unlocking events (arrowheads) were absent in the solution
containing the PDGF. b) Comparison of the unlocking events observed
per molecule in the absence (gray) and presence (black) of the PDGF.
The gray bars are slightly offset for clarity. c) Real-time observation of
the target recognition events in the constant-force (8 pN) detection
strategy. Without PDGF, no recognition events were observed. Upon
switching to the target solution (25 nm PDGF), the binding of the
target unlocked the tiles, leading to the extension jumps (arrowheads).
d) The probability of detecting at least one unlocking event within

10 minutes as a function of PDGF concentration. Notice that below
0.1 nmM, the constant-force detection strategy was used while ramping-
force detection method was employed for higher concentrations.
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were separated (see Table S2). In addition, the patterns of the
number of jumps were similar to that observed in the
ramping-force mode in Figure 2e. Using the ramping-force
and constant-force detection modes for high (>25 nm) and
low (<0.1 nM) concentrations of the PDGF, respectively, we
performed similar experiments in a range of PDGF concen-
trations. Figure 3 d shows the probability of observing at least
one unlocking event within 10 minutes. From this diagram, we
estimated a detection limit of 10 pM (30) within 10 minutes.
Compared to the detection limit of 100 pm in 30 minutes in
a mechanochemical sensor that contains only one recognition
element,™ the results described here provide a strong support
that the multiple recognition probes can effectively improve
the detection by lowering the detection limit while signifi-
cantly reducing the detection time.

Next, to demonstrate multiplexing capability of our
mechanochemical sensing platform, we designed a DNA
origami construct comprising of multiple recognition ele-
ments (Figure 4a). As a proof-of-concept, we incorporated
two different probes in the two locks separately. One lock
contains the same PDGF aptamer used above while the other
consists of a DNA sequence (Oligo-B) to recognize its
complementary DNA strand (Target DNA). Oligo-B contains
a toehold segment in the toehold lock to preferentially bind to
the target DNA over its partially complementary strand
(Oligo-E; see the Supporting Information for DNA sequen-
ces). To well-differentiate the binding of each target, we
placed the aptamer lock between tiles A and B; and the
toehold lock, which comprises of Oligo-B and Oligo-E,
between tiles B and E (see Figure 4a) All other tiles were
left unconnected to reduce the complexity of the system. Such
a design allows extension-jumps of 15 and 40 nm, respectively,
for the recognitions of the PDGF by the aptamer lock and the
Target DNA by the toehold lock (see Table S2 and Figure S7).
Shown in the Figure 4b is an AFM image of a typical 7-tile
DNA origami in which the connection between the tiles B and
E is clearly shown due to the association between the Oligo-B
and the Oligo-E (see Figure S3 for additional AFM images).
In the presence of the Target DNA in the solution, the AFM
images (see Figure S4) showed no such connections, indicat-
ing that the unlocking of these tiles is due to the target DNA
binding.

With this design, we performed multiplex mechanochem-
ical sensing using both ramping-force and constant-force
detection modes in optical tweezers. During the ramping-
force mode, the F-X curves showed two features in the target
free buffer: one has Ax of 40 nm and other 15 nm (Figure 4c
and d). These two values are consistent with the predicted Ax
for the unlocking of the B-E and A-B tiles, respectively. In the
presence of the target DNA (5 um) that unlocks the B-E tiles
by a toehold mechanism, only the 15 nm feature was observed
in F-X curves (Figure 4e and f), which corresponded to the
force-induced breaking of the A-B tiles. Similar results were
obtained also in the presence of 500 nm target DNA. In the
presence of the PDGF ligand that unlocks the A-B tiles,
majority (80%) of the observed features were 40 nm (Fig-
ure 4g and h), which are associated with the mechanical
unlocking of the B-E tiles. The 15 nm features were also
observed in this case as a minor population (20 % ), suggesting
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Figure 4. Simultaneous detection of multiple targets using a 3D origami nanoassembly. a) Schematic of the sensing platform. The lock between
tiles A and B contains a PDGF aptamer sequence whereas that between the tiles B and E consists of a toehold DNA strand. All other tiles remain
unlocked. b) An AFM image of the construct showing the connection (black arrow) between the tiles B and E. Note that this assembly does not
contain the aptamer lock between tiles A and B. c,e,g) Typical force-extension curves. d,f,h) The corresponding Ax histograms. c,d) depict target
free solution; e,f) depict 5 pm target DNA, and g,h) represent 50 nm PDGF. In target free solution, two force-induced unlocking events were
observed. In the presence of one target, one unlocking event was observed. In the ramping-force detection mode, unlocking events were not
observed in the presence of both targets (50 nm PDGF and 5 pum target DNA). i,j) Real-time detection of multiple targets in the constant-force
mode (8 pN) at low concentrations (25 nm and 5 pm for PDGF and target DNA, respectively). In target free solution, the sensor showed no
extension-jumps. i) When both targets were present, two extension-jumps consistent with the breaking of the two locks were observed. j) In the

solution that contains only one target, one extension-jump was observed.

that a minor fraction of the locks between tiles A and B are
not bound with PDGF. This observation is consistent with the
slow binding kinetics between aptamer DNA and PDGEF as
reported in previous studies.*) Control experiments with
non-target molecules, such as 100 nguL ' BSA, 5 uM scram-
bled DNA sequence, and 50 nm antidigoxigenin antibody,
showed similar unlocking features as in target-free buffer,
confirming the specificity of our mechanochemical sensing
strategy (see Figure S8).

Further demonstration on the multiplex sensing came
from experiments with the constant-force detection. When
8 pN was maintained in the origami template in the target free
solution, breaking of the tiles was not observed (Figure 41,
upper trace). However, as soon as the sensor was taken to the
solution mixture of 25 nm PDGF and 5 pm target DNA, two
extension-jumps corresponding to the expected breaking of
the two locks were observed (Figure 41, lower trace). In the
presence of individual targets, expected extension-jumps were
observed for specific binding events (Figure 4j). These
findings well established the capability of multiplex sensing
in the DNA origami template. With the incorporation of more
tiles and the full use of each tile, this mechanochemical
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sensing strategy is rather flexible to detect many different
targets.

In summary, with a 7-tile DNA origami nanoassembly, we
successfully demonstrated the principle of mechanochemical
biosensing in optical tweezers. The incorporation of multiple
recognition sites reduces the detection limit as well as the
detection time. In addition, it offers a unique and versatile
approach for multiplex biosensing. The mechanical signal
with little background noise warrants a superior sensitivity of
the sensor at the single-molecule level. With rapid develop-
ment of DNA nanotechnology,'” origami structures with
increased mechanical stability and a wide range of target
recognition sites are well within reach. We anticipate that the
new sensing developed here will expand the applications of
self-assembled DNA nanostructures into the mechanoanalyt-
ical chemistry, a new discipline that exploits mechanochem-
ical principles for chemical analyses.
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