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Mechanochemical Sensing: A Biomimetic Sensing Strategy
Prakash Shrestha, Shankar Mandal, and Hanbin Mao*™

Existing biosensors employ two major components: analyte
recognition and signal transduction. Although specificity is
achieved through analyte recognition, sensitivity is usually en-
hanced through a chemical amplification stage that couples
the two main units in a sensor. Although highly sensitive, the
extra chemical amplification stage complicates the sensing
protocol. In addition, it separates the two elements spatiotem-
porally, reducing the real-time response of the biosensor. In

1. Introduction

A biosensor contains two basic components: a biochemical
recognition element and a physicochemical transducer.” The
specific interaction between a sensing target (or analyte) and
biorecognition element induces a physiochemical change in
the transducer, which is translated into measurable chemical
or physical output signals (e.g. luminescent, electrochemical,
piezoelectric, or calorimetric signals, among others; see
Figure 1). Commonly used recognition elements in biosensors
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Figure 1. Schematic of a biosensor with commonly used biorecognition and
signal transduction units. The mechanochemical sensing is depicted in the
green channel at the bottom.

include aptamers, antibodies/antigens, protein receptors/li-
gands, membranes, whole cells, and tissues."? To increase the
detection limit, another element, chemical amplification, is
often employed between the recognition and signal transduc-
tion components to generate strong signals for detection. An
ideal biosensor should have high specificity in target recogni-
tion, low detection limit, ease of use, and excellent reproduci-
bility. In the past few decades, biosensing devices that use op-
tical® and electrochemical® signals have been developed with
enhanced sensitivity, specificity, and usability.
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this review, we discuss the new mechanochemical biosensors
that employ mechanochemical coupling strategies to over-
come these issues. By monitoring changes in the mechanical
properties of a single-molecule template upon analyte binding,
single-molecule sensitivity is reached. As chemical amplifica-
tion becomes unnecessary in this single-molecule mechano-
chemical sensing (SMMS) strategy, real-time sensing is ach-
ieved.

In particular, fluorescence-based biosensors with synthetic®

or genetically encoded fluorophores® have revolutionized the
development of bioanalyses in many fields. Either fluorescence
intensity or wavelength can be used as a detecting signal.’*”
By using fluorescence imaging techniques, high-throughput
screening of analytes can be achieved in different fields. How-
ever, special fluorophores used in a biosensor often require or-
ganic synthesis, increasing the cost of biosensing. In addition,
bulky fluorophores should be carefully designed to avoid inter-
ference in the analyte recognition. Other disadvantages in-
clude prevalent background fluorescence noise, especially
inside cells, as well as photobleaching of the dyes used in bio-
sensors. Nanoscale electrochemical biosensors” can solve the
problems associated with optical biosensors. As an electro-
chemical reaction is used in these biosensors, the photobleach-
ing and background noise inherent in fluorescence-based sens-
ing can be reduced. It also has unique advantages of simplicity
in design, low cost, and portability.”

However, electrochemical biosensors require redox-active
functional groups, which may, again, interfere with the recog-
nition elements. In addition, the electrochemical biosensors de-
veloped so far measure average properties of analytes. Al-
though ensemble-average approaches increase the reproduci-
bility of sensing, they compromise the detection limit, as many
molecules must be present to give recognizable signals with
sufficient signal-to-noise ratios. The detection limit can often
be improved by chemical amplifications through enzymatic ap-
proaches such as those used in the enzyme-linked immuno-
sorbent assay (ELISA) and polymerase chain reaction (PCR), or
with fuels used in various DNA-based biosensing strategies
such as hybridization chain reaction (HCR),” rolling circle am-
plification (RCA),"” and DNAzymes'" (see Chemical Amplifica-
tion in Figure 1). The employment of chemical amplification
brings several unwarranted consequences. First, extra steps are
involved in the biosensing. This complicates sensing protocols,
increasing the cost and bringing extra noise associated with
each additional step. Second, any amplification strategy re-
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quires time to accomplish. This reduces the temporal resolu-
tion of the sensing, making real-time detection highly chal-
lenging. Finally, the amplification strategy is likely to be analyte
dependent. This is especially problematic in PCR, as it is well
known that the success of PCR is dependent on the sequence
of DNA to be amplified.!?

To eliminate these issues, it is desirable to develop amplifica-
tion-free strategies. As amplification can no longer be consid-
ered, the detector for the sensor must be highly sensitive. Re-
cently developed single-molecule techniques have made these
types of detector readily available. With the capability of de-
tecting single molecules, the ultimate detection limit in bio-
sensing can be achieved. The most widely used method in
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single-molecule detection is fluorescence. However, owing to
the photobleaching and extensive environmental background
noise discussed above, fluorescence is not a reliable choice for
single-molecule biosensing. An alternative approach is force-
based single-molecule tools."® By attaching a single-molecule
template, tension in a molecule can be controlled and moni-
tored. If molecular tension can be correlated to analyte recog-
nition, a new biosensing scheme can be generated.

2. Mechanochemical Coupling and Mechano-
chemistry

Mechanochemical coupling can serve as a missing link be-
tween chemical recognition and molecular tension in the sens-
ing probe. In general, mechanochemical coupling describes
the interaction between the mechanical property and the
chemical property of a molecule. It is a subject of the newly
emerged field, mechanochemistry. The term mechanochemis-
try can be traced back to the 1930s when Staudinger and co-
workers reported that the reduction in molecular weight of
polymers is subject to mastication,"* which was later ascribed
to the mechanical cleavage of covalent bonds in the polymers
by Kauzmann and Erying.™ The force-induced effects also
change properties such as strength and elasticity of chain-like
macromolecular polymers. Recently, the disassembly or change
in mechanical properties of polymers has been attributed to
functional groups known as mechanophores*'® in the poly-
mer under mechanical stress. In addition, changes in fluores-
cent properties of protein biocomposites caused by mechani-
cal stress have been reported."”

Mechanical force is a universal variable that can be used to
describe both microscopic and macroscopic processes such as
electron—-nucleus interactions, breaking or formation of chemi-
cal bonds, as well as various functions of tissues, organs, and
engineering materials. Other than the covalent bonds in poly-
mers, in which nanonewton forces are involved for the break-
ing of covalent bonds,'® extensive efforts have been spent on
investigating mechanochemical processes in noncovalent
bonds. For example, piconewton forces have been shown to
fold or unfold proteins, DNA, and RNA molecules.™ In these
investigations, the macromolecules are tethered by two poly-
styrene particles trapped in optical tweezers. The levitation of
particles isolates the system from the environment, reducing
the background noise. In addition, as no fluorophore is used,
photobleaching is avoided in such a system. As a result, thou-
sands of mechanical cycles can be performed in a span of days
without compromising mechanical properties of a single-mole-
cule template. All these properties forecast a potentially effi-
cient single-molecule reporter that can be used in highly sensi-
tive mechanochemical biosensors.

3. Mechanochemical Sensing

Many biological processes are associated with mechanochemi-
cal sensing, which is carried out by various cell compartments
such as primary cilia or cell membranes by using mechano-
chemical coupling as the basic principle.” As a mechanochem-
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ical sensor uses the same coupling mechanism, it is essentially
a biomimetic device. So far, only a handful of mechanochemi-
cal sensing strategies have been reported,”” most of which are
cantilever based.<"

In 2000, Fritz and co-workers demonstrated mechanochemi-
cal sensing of biochemical reactions by using free-standing
cantilevers.?®? The authors used the change in the surface
stress of cantilevers as a signal to follow DNA hybridization re-
actions. The sensitivity of the method allows differentiation of
a single-base mismatch in two 12-mer oligonucleotides. In the
following years, by monitoring changes in the micromechani-
cal properties of the cantilevers, owing to various physical or
chemical changes on their surfaces, different biochemical pro-
cesses such as cell adhesion and protein recognition have
been investigated.?49

By using a similar approach, the absorption of glucose mole-
cules by living cells was determined by recording the change
in the deflection pattern of the cantilever in an atomic force
microscopy (AFM) instrument.”® In this method, Pei and co-
workers immobilized glucose oxidase on the surface of an
AFM cantilever. The presence of the glucose in a solution leads
to the deflection of the cantilever, likely owing to the heat dis-
sipated during the glucose-oxidase-catalyzed reaction on the
cantilever surface. This was confirmed by inactive enzymes im-
mobilized on the surface, which did not produce detectable
deflections in the cantilever.

Although highly sensitive, these methods work in an ensem-
ble-average manner. A silicon cantilever has dimensions rang-
ing from sub-micrometers to micrometers, which contain zil-
lions of silicon atoms. To induce a detectable change in the
mechanical properties of this macroscopic subject, the number
of interacting analytes should be on similar orders of magni-
tude. Even considering only the reactive surface of a cantilever
400x 80 nm in size, it contains approximately 50 attomoles of
silicon atoms with 0.111 nm as the Si radius.”" To reach this
scale, significant time should be spent to allow enough analyte
molecules to interact with the cantilever. For analytes with low
abundance, chemical amplification becomes necessary to com-
plete the sensing in time. This, however, introduces extra noise
and deteriorates the real-time response, as discussed above. In
the case of the mechanochemical coupling through the reac-
tion heat,” substantial analytes should be turned over by an
enzyme with a rate that surpasses the heat dissipation to the
environment. The heat accumulation then changes the me-
chanical property of the cantilever. All these requirements
complicate the sensing processes by compromising temporal
resolution and narrowing the application scope. Therefore, it is
desirable to reduce the scale of the sensing template. In the ul-
timate reduction, a single-molecule probe can be used for fast
mechanical response upon interacting with only one analyte
molecule. In the following sections of this Minireview, we will
discuss single-molecule mechanochemical sensing (SMMS)
methods that detect single analyte molecules through the
direct measurement of a change in the tension or size in
a single-molecule sensing template.
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4. Single-Molecule Mechanochemical Sensing
(SMMS)

As a sensing device, the ultimate detection limit in a biosensor
is single analyte molecules. As the amount or size of detecta-
ble analytes scales with the mass or size of a sensing template,
the smaller the template, the better the detection sensitivity. If
a single-molecule template can be used, detection of individu-
al analyte molecules becomes possible. In addition, the re-
sponse of a single-molecule template can be rather fast. As
soon as an analyte is bound to the probe, the response ensues
as a result of single-molecule mechanochemical coupling. This
is, in part, because the detection is so sensitive (i.e. single-mol-
ecule detection) that it is not necessary to wait for the binding
of other analytes to achieve an effective detection.

Owing to the signal-to-noise issues discussed above, it is
preferable to use force-based single-molecule tools instead of
fluorescence-based approaches. The mechanical force, by
virtue of its universal applicability, can be used to characterize
almost all chemical interactions. The recognition component in
biosensing is essentially a binding process between an analyte
and the sensing template (Figure 1). As such, it can be charac-
terized by the mechanical force. In SMMS, the same biochemi-
cal binding process is employed (Figure 2).
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Figure 2. a) Schematic diagram depicting the reversible binding of an ana-
lyte molecule with a receptor in the single-molecule template. The binding
induces folding of a structure, which reduces the length of the template
with increased tension in the template. b) A time-lapse trace depicting the
reversible binding event.

The reversible binding process is traditionally described by
a thermodynamic dissociation constant, K. As it is a thermody-
namic parameter, it does not give detailed kinetic information,
which is important for a sensing process. Recently, the concept
of mechanical affinity was proposed to account for the kinetics
in the binding process.”” Mechanical affinity of a ligand-recep-
tor complex is defined as the amount of work to dissociate
a ligand-receptor complex (W,gqi), Which is equivalent to the
difference between the work of dissociating a receptor-ligand
complex by unfolding the bound receptor (W omplex-unfold) and
that to unfold the free receptor (Wieceptor-unfola) [EQ (1)1
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W sttinity = W complex-unfold — W receptor-unfold (1)

As the unfolding work describes a kinetic process that is de-
pendent on a specific reaction path, the mechanical affinity re-
flects the kinetics of the binding between a ligand and a recep-
tor. The kinetic nature of the unfolding work can be under-
stood by the relative movement between the ligand and re-
ceptor during the disassembly. Such a motion causes dissipa-
tion of friction heat, which must be covered by the work
needed to disassemble the pair. Depending on the unfolding
angles, the relative motion between the ligand and the recep-
tor varies, leading to different frictions. As a result, the work of
unfolding and the mechanical affinity is anisotropic. The aniso-
tropic property has been experimentally verified in single-mo-
lecular force spectroscopy experiments.”? In theory, any of the
unfolding directions can be used to monitor analyte binding in
SMMS, which renders the versatility of the method. In practice,
the direction with the biggest change in the mechanical prop-
erty is often selected. By repeatedly collecting many mechani-
cal affinity (W,gq) values along a particular direction, the
chemical affinity (AG,¢iy) can be retrieved by using Jarzynski's
nonequilibrium theorem [Eq. (2)]:2*

_ - 1 Waffinity.i
AG,gnity = —ksTIn ZNexp T (2)
=

where N is the total number of measurements, kg is the Boltz-
mann constant, and T is absolute temperature.

After biochemical recognition through ligand-receptor bind-
ing on a single-molecule template, signal transduction is car-
ried out in the second component of the SMMS. Compared to
regular biosensing, which often employs chemical amplifica-
tion to increase the intensity of a signal, in SMMS, the chemical
amplification is not necessary given the single-molecule detec-
tion capability of the detector. In
force-based single-molecule a) b)
techniques, the change in the
tension or extension of the
probe is monitored through the
mechanochemical coupling.
Such a coupling converts the
chemical recognition events to
the mechanical (force or space) St‘;ﬁ‘t‘i‘t[al
response (Figure 2). For example, \
the sensing template can be
maintained at a constant tension
to populate a macromolecule in
an unfolded state. Binding of the
analyte induces the folding of
the macromolecule, shortening
the extension of the sensing
template given the constant ten-
sion. If, however, the extension
of the template is maintained as
constant, the folded macromole-
cule then increases the tension
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in the probe. Either the change in the extension or the tension
can be monitored in an instrument for force manipulation.

4.1. Instruments used for SMMS

Rapid advancement in force-based single-molecule instrumen-
tation in biophysics and related fields has offered a variety of
choices that can be employed in the SMMS.

AFM was developed® on the basis of the scanning tunnel-
ing microscopy (STM).”¥ After decades of development, AFM
has become one of the most widely used tools for high-resolu-
tion imaging and mechanochemical manipulation of nucleic
acids or proteins in the range of pico- to nanonewtons. A mi-
crofabricated cantilever with a highly delicate tip (in atomic
scale) is used as a probe in AFM. There are various types and
modes of AFM for particular applications. For single-molecule
force manipulation, a molecule is first tethered between the
cantilever tip and the surface of a substrate (Figure 3a). When
the substrate surface that is controlled by a piezoelectric
device is moved, the tension in the molecule changes, which
can be measured by the deflection of the cantilever. Advanced
AFM instruments have spatial resolution on a nanometer scale
and force resolution on a piconewton scale. Such spatial and
force resolutions are sufficient to follow biochemical binding
at the single-molecular level.

Magnetic tweezers represent a more recently developed
single-molecule tool. In this method, a molecule of interest is
tethered between a magnetically trapped microparticle and
the surface of a substrate (Figure 3b). This instrument permits
a unique feature to investigate the effect of torque on a mole-
cule by rotating the magnetic particle. The force resolution of
magnetic tweezers goes down to sub-piconewton level, which
is better than other methods. However, in many cases, the
measurement of force is based on diffraction patterns with in-
volved calculations.
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Figure 3. Setups for single-molecule force manipulations. a) AFM, b) magnetic tweezers, c) optical tweezers, and
d) magneto-optical tweezers. A DNA molecule that contains a receptor is shown as an example between two sur-
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Ashkin and co-workers developed optical tweezers in
1986.%” The instrument has since been widely adopted in
single-molecule biophysics.”® In this method, laser beams are
exploited to trap dielectric microparticles. Single-beam and
dual-beam laser trappings represent the two main types of the
instrument. In single-beam optical tweezers, a laser-trapped di-
electric particle is used to grab one end of a molecule. The
other end of the molecule is attached to a solid surface either
covalently or through a bead immobilized at the tip of a pip-
ette through suction.”? In dual-beam optical tweezers,*? the
molecule is tethered between two optically trapped beads by
using affinity linkages (Figure 3c). As both beads are levitated
away from any surface, the differential drift associated with the
solid surface and the laser foci is eliminated, reducing the me-
chanical noise. The dual-beam laser-trap instruments have
a better force resolution (107*-107'°N) than AFM (107 "-
1077 N). Moreover, the sub-nanometer spatial resolution allows
investigation of interactions between proteins and nucleic
acids at the single base-pair level.*"

Recently, Selvam and co-workers designed a new instru-
ment, magneto-optical tweezers.*? In this method, a magnetic
bead and a polystyrene bead are trapped in two optical traps
and a molecule of interest is tethered between these two
beads through affinity linkages (Figure 3d). A pair of magnets
on top of the magnetic bead is used to rotate the magnetic
bead to introduce torque in a molecule whose ends are teth-
ered to surfaces with a torsionally constrained manner. The
magneto-optical tweezers combine the advantages of easy
manipulation of a magnetic-tweezers instrument in torque
generation and high resolution of dual-trap optical tweezers.

4.2. Templates used in SMMS

Due to the superior spatial and force resolutions, as well as
high mechanical stability, dual-beam laser tweezers are used in
SMMS. In most cases, a DNA template is used as a sensing
template, owing to its easy synthesis and high stability. In
force-based single-molecule biophysical investigations, duplex
DNA strands have been used extensively as handles to tether
biomacromolecules of interest. It has been well recognized
that most plasmid or Lambda dsDNA strands have few secon-
dary structures, which can interfere with the signal interpreta-
tion in SMMS. Recent developments in DNA nanotechnology
such as DNA aptamers and DNA origami's®® have provided
a rich repertoire to construct DNA-based receptors for the rec-
ognition of a variety of analytes. In addition to this prior
knowledge, a myriad of molecular biology techniques, such as
PCR and splint ligation,®¥ are available to incorporate DNA-
based receptors into the dsDNA handles. During the construc-
tion of a sensing template, a DNA probe is first inserted be-
tween two dsDNA handles by using molecular biology meth-
ods. The DNA construct is then tethered between two optically
trapped particles in a dual-beam laser tweezers instrument to
monitor the change in force or extension upon binding of an
analyte to the single-molecule probe. The first-in-class SMMS
device was demonstrated by Koirala and co-workers for the de-
tection of single nucleotide polymorphism (SNP) by using
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a DNA hairpin as a probe.? In a recent development, novel
strategies have been developed to increase the throughput
and render multiplexing capability of the sensing by exploiting
DNA nanoassemblies.®

4.2.1. One-Dimensional Templates

Single-stranded DNA oligomers or DNA aptamers that can rec-
ognize a complementary sequence or specific small molecule
ligands, respectively, are defined as one-dimensional (1D) tem-
plates. A few SMMS examples have been reported for the de-
tection of DNA and small molecules.

4.2.1.1. SNP Detection in SMMS

Owing to its close association with the susceptibility and diag-
nosis of diseases,*” SNP is of high interest in biosensing. In the
SMMS sensor demonstrated by Koirala and co-workers
(Figure 4),°* a DNA hairpin was used as a SNP probe. The loop
and a section of the hairpin stem were designed to recognize
DNA targets by using Watson-Crick base pairing. Owing to in-
creased thermodynamic stability, the binding of DNA targets
to the hairpin is expected to unfold the hairpin, causing

Hairpin Probe
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000 SOCOOS® | head

/7N
b) ‘{

Affinity Linkages

3 Hairpin

~~ Target

c) Buffer In Target 1M
<5sec {66
: n
{0 Sec 10 nM
MY Jjjhnq —— — —o e
i 75 sec 1nM
i 3.5min 500 pM
MWW T
Z 5 .
io 8.0 min 100 pM

10 sec 25 min

Figure 4. Schematic of a SMMS strategy to detect SNP by using a DNA hair-
pin probe. a) A hairpin containing a SNP probe that recognizes a specific
SNP target is sandwiched between two dsDNA handles, which are tethered
to two optically trapped beads. b) Sensing mechanism for the SNP probe in
a microfluidic device. c) Hopping traces for the SNP probe with different
target concentrations. The vertical dotted line indicates the transfer of the
SNP probe from the buffer to the target channel. Double-headed arrows
depict the average time observed before the hopping ceases to the unfold-
ed hairpin state, which indicates the binding of the SNP to the hairpin.
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a change in the tension or extension of the sensing probe (Fig-
ures 4a and b). Before the SMMS experiment, the probe was
sandwiched between the two dsDNA handles, which were
anchored to two optically trapped beads. To perform real-time
SNP detection, a microfluidic chamber with interconnected
channels was used (Figure 4b). Such a design allows the flow
of desired buffers in different channels while ensuring free
movement of the SNP probe between the channels. During
the sensing, by maintaining a constant extension of the DNA
construct, the DNA hairpin inside the construct undergoes
transitions rapidly between the folded and unfolded states (bi-
state hopping) in the buffer channel. As soon as the hairpin
probe was moved to the channel that contains the SNP target,
the binding of the SNP to the hairpin unfolded the hairpin,
ceasing bi-state hopping (Figure 4c). Within 30 min, this SMMS
strategy can detect as low as 100 pM of an SNP target associat-
ed with coronary diseases without using any amplification
steps. The detection limit can be further improved by optimiz-
ing the flow rate and reducing the channel cross-section, for
example.?” Owing to the one-dimensional sensing probe used
in this sensing strategy, the throughput of this method is limit-
ed.

4.2.1.2. Small-Molecule Sensing

By using DNA aptamers as a probe, small molecules can be
recognized in the one-dimensional DNA template (Figure 5).%
With this SMMS strategy, the binding constant (K;) between an
aptamer and a small molecule, ATP, was successfully measured
in optical tweezers.®™ The K, was estimated from a change in
the free energy of the binding between the ATP and the ap-
tamers (AGyinging) by using the relationship AGy;nging = —RTINK,,
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Figure 5. a) Experimental setup to detect the binding interaction of the
small molecule ATP with an aptamer, which is sandwiched between two op-
tically trapped beads through two dsDNA handles. Histograms of the work
done to unfold b) the free aptamer and c) ATP-bound aptamer. Dotted
arrows show the work equivalent to the change in free energy of unfolding
(AGypoi)- d) Hess-like cycle of the aptamer—ATP binding process used for the
calculation of the AG;,qi,y and the determination of Kj.
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where R is the gas constant and T is temperature. As the
change in free energy is a state function, a Hess-like cycle was
used to retrieve the AGynqng value (Figure 5d). For this pur-
pose, the change in the free energy of unfolding the free apta-
mer (AGgeeunorr) and that of bound aptamers (AGyound-unfold)
were first converted from respective unfolding works by using
Jarzynski’s nonequilibrium theorem.®? The difference between
these two AG values then gives AGy,qing. The dissociation con-
stant (K,) was thus estimated as 2.0+0.2 um, which is consis-
tent with the literature.*” It is noteworthy that this technique
offers a unique advantage to determine K; for aptamer-ligand
interactions by using only one ligand concentration.”” In com-
parison, many conventional techniques, such as fluorescence-
based assays, require a series of experiments with varying
ligand or aptamer concentrations to obtain Kj.

Similar experiments were performed for the recognition of
a ligand, pyridostatin (PDS), to the telomeric G-quadruplex,*?
which is suggested to play a role in maintaining the length of
telomere, a hallmark for the cancer genesis.**

4.2.2. Two-Dimensional SMMS Templates

The limited dimension in the 1D DNA templates leads to low
throughput and lack of multiplex sensing. These problems can
be addressed by expanding the dimensions of the SMMS tem-
plates. Recent rapid progress in DNA nanotechnology®®** 344
has made this task within reach. For example, by using the
flexible synthetic strategy of DNA origami nanostructures, mul-
tiple DNA aptamer probes can be incorporated. As a proof of
concept demonstrated recently, a seven-tile 2D DNA origami
template was synthesized, which was then tethered between
two optically trapped beads through two dsDNA handles
using affinity linkages (Figure 6a). The seven origami tiles were
connected in such a way that adjacent DNA tiles were locked
by the hybridization of two complementary DNA strands at-
tached to the two respective tiles. One of the locking DNA
strands contained an aptamer that can recognize the target
(platelet-derived growth factor, or PDGF). During the sensing,
binding of the target to the DNA aptamer compromised the
Watson-Crick base pairing in the two DNA locking strands,
which unlocked adjacent tiles (Figure 6b). The successful syn-
thesis of this origami construct was characterized by using
AFM as well as force ramping experiments in optical tweezers.
Typical force-extension (F-X) curves showed more than six
force-induced unlocking events, as expected when no target
molecules were present (shown by arrowheads in Figure 6¢).
Upon incubation with PDGF (50 nm) prior to the force ramping
experiment, no unlocking events were observed in F-X curves
in the SMMS template, indicating that the binding of PDGF
had already unlocked the tiles (Figure 6, red trace).

After successful characterization of the single-molecule DNA
origami construct, a constant force (8 pN) was maintained in
the SMMS template with and without PDGF for real-time bio-
sensing. No recognition events were observed in the absence
of PDGF, whereas sudden changes in extension occurred after
switching to the target solution (25 nm PDGF) (pointed by ar-
rowheads in Figure 6d). The detection limit was estimated to

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Mechanochemical biosensing using DNA origami nanostructures
with increased throughput in optical tweezers. a) Schematic of a seven-tile
2D DNA origami nanoassembly tethered between two optically trapped
beads through two dsDNA handles modified with terminal digoxigenin and
biotin. The adjacent tiles are locked by aptamer DNA (blue) and its comple-
mentary strand (black) (marked 1-6). b) lllustration of the tile unlocking be-
cause of the target binding to an aptamer lock. c) Representative F-X curves
of the seven-tile DNA nanoassembly in the absence (gray) and presence
(red) of 50 nm PDGF. The force-induced unlocking events (arrowheads) were
absent in the solution containing the PDGF. d) Real-time observation of the
target recognition events when a constant force (8 pN) was maintained in
the probe. Without PDGF, no recognition events were observed. When the
probe was switched to the PDGF solution, the binding of the target un-
locked the tiles, leading to the extension jumps (arrowheads).

be 10 pM (30) within 10 min for the binding of PDGF to at
least one probe. Compared to the 100 pM detection limit in
30 min in the 1D DNA template discussed above, this detec-
tion limit clearly shows that multiple-aptamer probes can im-
prove the sensitivity while significantly reducing the detection
time.

4.2.3. Three-Dimensional SMMS Templates

To further improve the throughput, it is desirable to use a tem-
plate with a more compact design. A 3D template offers such
an opportunity, as the space can be utilized more efficiently. To
demonstrate this, a 3D DNA origami nanostructure comprising
multiple recognition elements was synthesized.*® This design
was based on a previously used seven-tile origami nanoassem-
bly (Figure 7a). Tiles A and B were locked by the same apta-
mer-containing complementary DNA strands, as discussed pre-
viously for the PDGF recognition. Tiles B and E were intercon-
nected by two other complementary DNA strands, in which
the DNA strand from tile B contained a toehold region to facili-
tate the recognition of a DNA target with complementary se-
quence. Typical F-X curves showed two unlocking events in
the target-free solution, which corresponded to the force-in-
duced unlocking of the tiles between A-B and B-E, respective-
ly. In the presence of one of the targets, one unlocking event
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Figure 7. a) Schematic of the sensing platform when using a 3D origami
nanoassembly. The lock between tiles A and B contains a PDGF aptamer,
whereas that between the tiles B and E consists of a toehold DNA strand. All
other tiles remain unlocked. b, c) Real-time detection of multiple targets
when a constant force of 8 pN was maintained in the probe. In target free
solution (b), the sensor showed no extension jumps. When both targets
were present, two extension-jumps corresponding to the breaking of the
two locks were observed. However, in the solution that contains only one
target (c), one extension jump was observed.

corresponding to a specific target was observed. No unlocking
events were observed in the presence of both targets (50 nm
PDGF and 5 um target DNA), indicating prior disassembly of
the locks upon target binding.

Next, a constant tension (8 pN) was maintained inside the
DNA construct for real-time detection of multiple targets. The
sensor showed no change in extension in the target-free solu-
tion (Figure 7b, pink trace), whereas two extension jumps, cor-
responding to the unlockings of the two locks, were observed
when both targets (Figure 7b, blue trace) were present. As ex-
pected, only one extension change was observed in the pres-
ence of one target in the buffer (Figure 7 c). Owing to different
locking arrangements in the 3D template, this method can
easily recognize specific targets through the change in exten-
sion accompanied with the target binding. Although the lock
between tiles A and B brings an extension change of approxi-
mately 15 nm, the lock between tiles B and E gives much
larger extension change of approximately 40 nm. Taking ad-
vantage of copious 3D spatial arrangements, as demonstrated
in many origami DNA nanostructures, the multiplexing capabil-
ity can be well achieved for more targets.

5. Conclusions and Prospects

In this work, a new biosensing strategy, mechanochemical
sensing, has been reviewed. In this sensing method, mechano-
chemical coupling is exploited to convert chemical recognition
to mechanical signals, which are represented by tension or ex-
tension of a probing template. It is, thus, fundamentally differ-
ent from current biosensors, in which spatiotemporally sepa-
rated analyte recognition and signal transduction units are
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coupled by time-consuming chemical amplification modules. A
fast response is achieved for mechanochemical coupling, espe-
cially at the single-molecule level. This not only allows real-
time detection of analyte molecules, the streamlined design
also reduces extra noise imparted by additional coupling ele-
ments. The single-molecule template offers the capability to
detect individual analyte molecules, which represents the Holy
Grail in the mass-detection limit of biosensing. By incorporat-
ing a DNA-based recognition element in single-molecule DNA
templates, the SMMS strategy fully exploits the knowledge and
techniques blossomed in rapidly developing fields such as
DNA nanotechnology, molecular biology, as well as non-B DNA
structures such as hairpins, G-quadruplexes, and i-motifs.”*’
The generic nature and high sensitivity of SMMS have been re-
flected in the facile detection of picomolar amounts of small
molecules, nucleic acids, as well as macromolecular biomole-
cules, such as peptides, on a microfluidic platform within
30 min. By optimizing the microfluidic design and extending
the time window for detection, this detection limit can be
readily improved.

Although 3D DNA nanostructures can be employed to im-
prove the throughput and multiplexing capabilities in SMMS,
the cost and the complexity of DNA nanoassembly become
a concern. Future development of SMMS should aim to solve
this problem. Instead of using DNA nanostructures as sensing
templates, one possible alternative is to use cheaper and more
robust inorganic nanostructures such as 2D graphene sheets
as carriers for sensing probes.

With a broader perspective, mechanochemical sensing is
a subject in the framework of mechanoanalytical chemistry,
which uses mechanical means to analyze chemical prob-
lems.25%! As discussed above, mechanical force is a universal
variable to describe a range of systems, including those in
chemistry. However, limited by the available tools, such a de-
scription has just started to take place in chemistry. The toolkit
of mechanochemical sensing is one example to fill the gap of
our understanding on the fundamental aspects of mechanical
variables on chemical systems.
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