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DNA origami nanocalipers for pH sensing
at the nanoscale†
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A DNA origami nanocaliper is employed as a shape-resolved nano-

mechanical device, with pH-responsive triplex DNA integrated into

the two arms. The shape transition of the nanocaliper results in a

subtle difference depending on the local pH that is visible via TEM

imaging, demonstrating the potential of these nanocalipers to act

as a universal platform for pH sensing at the nanoscale.

pH, which represents the activity of hydrogen ions (H+) in
solution, is one of the few chemical parameters that has wide-
spread effects on the thermodynamics and kinetics of chemical
reactions in the aqueous phase and at interfaces.1–3 The
charges of molecules or clusters, in particular, can alter the
diffusion layer pH compared with the surrounding environ-
ment, resulting in unique chemical and physical properties.4–6

Due to the confined surface electric charges of natural enzymes
and nanoparticles, they exhibit pH-dependence during biologi-
cal processes such as denaturation, catalysis, and delivery.7,8

Thus, the ability to sense pH at the nanoscale is critical for
understanding the role of pH in a variety of chemical and
biological reactions, including electrocatalysis, biochemical
engineering, cell biology, and biomedicine.9,10

Among the various pH sensing systems,11–14 DNA-based pH
sensors have attracted much attention due to their program-
mability in terms of their operational characteristics.15–17 In

general, these pH sensors are composed of two modules: a
spectroscopic reporter and pH-responsive nucleic acids. When
the environmental pH changes, the pH sensor undergoes a
conformational transition, which results in a change in the
reporter’s spectroscopic signal, such as fluorescence or surface-
enhanced Raman scattering (SERS).18,19 Notably, regardless of
the existence of a molecularly dense environment, this nano-
scale conformational transition undergone by the pH sensor
occurs independently and instantly, allowing pH variations to
be sensed precisely and accurately by each individual pH
sensor. However, unlike naturally occurring conformational
transitions, the spectroscopic signal can be easily affected by
a crowded surrounding environment and other chemical cues,
resulting in decreased pH measurement accuracy. Further-
more, because of the optical resolution limit (200–300 nm),
the spectroscopic signal reflects the average performance of a
large number of pH sensors rather than the performance of
individual sensors. Thus, it is highly desirable to measure
the conformational transitions of individual DNA-based pH
sensors for pH sensing at the nanoscale.

DNA origami-based nanomechanical devices provide an
alternative approach for the readout of individual conforma-
tional transitions and biomolecular interactions.20–24 DNA
origami involves self-assembling DNA nanostructures with
arbitrary shapes and sizes that can be visualized easily and
clearly using atomic force microscopy (AFM) or transmission
electron microscopy (TEM). Upon integrating DNA origami with
natural biomolecules, dynamic nanomechanical devices can be
created that switch between defined molecular conformations
in response to specific environmental cues. When these dis-
tinct shapes or conformations of dynamic nanodevices are used
as shape-resolved labels for distinct visualization, this
approach enables the sensing of single and localized dynamic
transitions for probing specific chemical cues or studying
molecular interactions at the single-molecule level in the fields
of biology and chemistry.25–28 For example, Castro and collea-
gues developed a DNA origami nanocaliper to investigate
chromatin rearrangement in target DNA.29 These remarkable
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achievements in probing distinct molecular conformational
transitions suggest compelling applications in the area of pH
sensing at the nanoscale.

Herein, we report the combination of a DNA origami nano-
mechanical device with TEM imaging for pH sensing at the
nanoscale. We constructed a DNA origami nanocaliper with
pH-responsive triplex DNA integrated into its two arms. Our
incorporation scheme couples the nanocaliper angle to the
conformational transition of triplex DNA, such that the hinge
angle of the nanocaliper, when imaged using TEM, serves as a
shape-resolved label for reporting local pH variations. First, we
found that the nanocaliper retains its structural distinctiveness
and integrity in a variety of environmental systems, including at
high salt concentrations, in the presence of molecular crowd-
ing, and under acidic conditions. Following that, we examined
the hinge angle of the nanocaliper in relation to the solution
pH. The hinge angle was found to be an accurate indicator of
pH variations. As a proof of concept, we demonstrated that the
device is capable of sensing subtle differences in local pH near
carbon nanotubes (CNTs) with nanoscale resolution. These
studies demonstrate the feasibility and potential of using this
shape-resolved nanocaliper to sense local pH or other biologi-
cal cues at the nanoscale.

To sense local pH at the nanoscale, we designed a DNA
origami nanocaliper that relies on the structural dynamics of
triplex DNA (Fig. 1). This nanocaliper is composed of two stiff
arms that measure 34 and 44 nm in length from pivot to end
(Fig. S1, ESI†). To detect changes in the local pH, the nanoca-
liper is hybridized with pH-responsive triplex DNA, which is
attached to each arm. Under acidic conditions, the triplex DNA
hybridizes ssDNA to dsDNA via Hoogsteen bonds in its major
groove (Fig. S2 and S3, ESI†). The nanocaliper conformational
transition results in a significant decrease in its hinge angle.
Meanwhile, using TEM imaging, this shape transition of the
DNA origami nanocalipers can be easily and clearly visualized.
Thus, we can directly observe the distribution of hinge angles
based on each individual nanocaliper surrounding the target
material using TEM imaging to determine the local pH at the
nanoscale.

The DNA origami nanocaliper was first assembled in a
typical formation solution containing 12.5 mM Mg2+. Electro-
phoresis shift analysis confirmed the nanocaliper assembly, as
the nanocalipers exhibited only one band with identical

mobility at pH values of 5.0 and 7.4, respectively (Fig. S4, ESI†).
Additional nanoparticle tracking analysis (NTA) revealed that
the formed nanocalipers have a single peak at 70 nm in their
size distribution, matching the size of an individual nanocali-
per based on our design (Fig. S5, ESI†). Notably, this size
distribution result implies that individual nanocalipers dis-
perse freely in both weakly acidic and basic solutions. Taken
together, these results demonstrate that the nanocaliper can
self-assemble efficiently and remain stable in both weakly
acidic and basic environments.

Given that the hinge angle serves as a shape-resolved read-
out for the conformational transition of triplex DNA, the
distinctiveness of the hinge angle and the DNA origami arm
bundle directly affects the accuracy of pH sensing.30,31 There-
fore, using TEM imaging, we determined the distinctiveness of
the assembled DNA origami nanostructures (without triplex
DNA) (Fig. S6, ESI†). Specifically, we observed that the DNA
origami nanostructures are distributed randomly without
aggregation in TEM images, which is consistent with the NTA
analysis results given above. Notably, this dispersed distribu-
tion of individual DNA origami nanostructures allows for the
accurate measurement of the hinge angle independent of the
influence of other nanocalipers. Meanwhile, we found that
both arms of the DNA origami nanostructure have a nearly
identical width of 10 nm, indicating that they can be easily
observed and selected using transmission electron microscopy
(TEM) images.

To further assess the distinctiveness of the nanocalipers in
different environmental systems, we examined their structural
integrity under high-salt conditions (40 mM Mg2+ and 0.8 M
Na+) and in a highly crowded molecular environment (5% PEG),
respectively. We found that they exhibited identical mobility
under all conditions, demonstrating that these nanocalipers
are stable in these complex microenvironments (Fig. S7, ESI†).
Next, we validated their structural distinctiveness and integrity
via visualizing their morphologies and shapes using TEM
imaging. Specifically, we observed that all DNA origami nanos-
tructures exhibited V-shaped arm bundles with an identical
width (10.3 nm) and an identical average hinge angle of 781
(Fig. S8–S11, ESI†). These results clearly demonstrate that a
complex environment has a negligible effect on the nanocaliper
integrity and distinctiveness. As a result, we can identify
isolated single nanocalipers and precisely measure their hinge
angle using TEM imaging, thereby enabling the DNA origami
nanocalipers to be used as distinct shape-resolved labels.

The pH sensing method is based on the change in the hinge
angle caused by the dynamic transition of triplex DNA in
response to pH variations.32,33 To determine the nanocaliper
response to local pH, we investigated the pH responsiveness of
the nanocaliper via plotting its fluorescence intensity across a
range of pH values. Specifically, the conformational change of
the nanocalipers results in a change in the fluorescence signal
due to the FRET effect, which is sensitive to the distance
between the FRET pair (Cy3 as a donor and Cy5 as an acceptor)
at the ends of triplex DNA. As illustrated in Fig. 2b, the
fluorescence exhibited a characteristic sigmoidal curve with a

Fig. 1 The design and assembly of the DNA origami nanocaliper with
pH-responsive triplex DNA. Triplex DNA works as a responsive actuator
module toward local pH, extending from the centers of the two arms of
the origami bundle.
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folding/unfolding midpoint (pKa) of 6.5, which was nearly
identical to that of native triplex DNA (Fig. S12, ESI†). Notably,
the slope of the fluorescence curve between pH 6.0 and 7.0 is
measured to be 2, demonstrating its extreme sensitivity to
localized pH variations.

After demonstrating the nanocaliper pH responsiveness, we
determined their accuracy in relation to pH sensing at the
nanoscale via observing their conformational transition at the
single-molecule level. We observed and measured the hinge
angle of this structure using TEM imaging under both acidic
(5.0) and basic (8.0) conditions. As seen in Fig. 2c, statistical
histograms of the nanocaliper hinge angle are presented based
on an assessment of 100 individual samples at pH 5.0 and 8.0,
respectively. We observed that the nanocaliper distribution has
a relatively clear maximum at an angle of 51 � 161 and a full
width at half maximum (FWHM) of 371 at pH 8. As the solution
enters an acidic state (pH 5.0), the angle distribution exhibits a
significant shift and significant narrowing, with an average
maximum at approximately 27 � 81 and a FWHM of 181. These
results were also confirmed via AFM imaging (Fig. S13 and S14,
ESI†), demonstrating that the formation of triplex DNA under

acidic conditions results in a decrease in the nanocaliper hinge
angle. This implies that the nanocaliper hinge angle is
an accurate chemical indicator of local pH at the single-
molecule level.

The pH responsiveness of this nanocaliper, when combined
with the nanometer imaging resolution of TEM, enables direct
local pH sensing relating to nanomaterials. Given that
negatively charged nanomaterials can attract hydrogen ions
to their surfaces as a result of the surface potential effect,4 we
focused on the in situ probing of subtle differences in the local
pH values of nanomaterials using nanocalipers and TEM. For
instance, carbon nanotubes (CNTs) are a well-ordered, all-
carbon, hollow graphitic nanomaterial with a wide range of
electronic properties.34–36 CNTs have been shown to promote
the formation of i-motif DNA.37,38 Although simulation studies
demonstrated that non-specific DNA–SWNT interactions in
water are caused by nucleic acid–base stacking on the nanotube
surface, it remains unknown whether pH variations in the
localized microenvironment have significant effects on the
formation due to a lack of in situ pH measurements near CNTs.

We used our nanocalipers to determine the local pH of
carbon nanotubes as a proof of concept. Specifically, we incu-
bated carbon nanotubes with nanocalipers in Tris buffer (5 mM
Tris, 1 mM EDTA, 12.5 mM MgCl2; pH: B8.0) and imaged this
mixture using TEM (Fig. 3a) and AFM. As illustrated in the TEM
images, all carbon nanotubes and nanocalipers are distributed
randomly and individually on the TEM grid. Notably, we
observed that the majority of nanocalipers located near a

Fig. 2 The pH responsiveness of the DNA origami nanocalipers. (a) A sche-
matic representation of the pH-responsive DNA origami nanocaliper. (b) Cy5
fluorescence intensity analysis of the nanocaliper at different pH values.
(c) TEM imaging and conformational analysis of nanocalipers and their hinge
angles at pH values of B5.0 and B8.0; scale bar: 100 nm. At a pH value of
B8.0, the nanocalipers exhibited a broad angular distribution, ranging from
201 to 1201, with a relatively flat maximum ranging from 351 to 701. At a
pH value of B5.0, a maximum magnitude occurs at around 211.

Fig. 3 The in situ visualization of pH variations using DNA origami
nanocalipers. (a) A schematic diagram of in situ pH monitoring. (b) TEM
imaging and (c) angle analysis of nanocalipers incubated with CNTs. The
nanocalipers within 200 nm of a CNT exhibited an average magnitude of
around 23 � 141, while the other nanocalipers reveal an average magni-
tude of around 53 � 131. (d) A comparison of the hinge angles of
nanocalipers within 200 nm of a CNT and those far away (within
200–1200 nm). P values were calculated via the one-sample t-test.
(e) Pearson correlation values between the hinge angle of the nanocaliper
and the spatial distance.
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CNT had a hinge angle less than 351, whereas others had a
hinge angle greater than 501 (Fig. 3b, c, and Fig. S15, ESI†).
Next, we randomly selected nanocalipers (a total of 100 sam-
ples) and measured their hinge angles individually from TEM
images. The results indicate that the hinge angle is highly
dependent on the spatial distance between the nanocaliper and
the CNT, and the nanocalipers can be classified into two
categories. Specifically, nanocalipers located within 200 nm of
a CNT exhibit an average magnitude of around 23 � 141,
whereas the angular distribution of the other nanocalipers
undergoes a significant shift and widening, with an average
magnitude of around 53 � 131. Moreover, a very similar result
was obtained from AFM images (Fig. S16 and S17, ESI†).
Notably, Pearson correlation coefficient analysis demonstrates
that the hinge angle is strongly related to the spatial distance
from a CNT (Fig. 3e). Meanwhile, hinge angle analysis demon-
strates that the faraway nanocalipers exhibit an identical angle
distribution to nanocalipers in the Tris buffer (Fig. 3d). Thus,
the above results demonstrate that the local pH value within
200 nm of a CNT is below 6.0 due to the negative charge of
the CNTs.

In this work, we have successfully employed nanocalipers for
pH sensing at the nanoscale. The nanocaliper angle generated
due to the dynamic transition of triplex DNA serves as an
actuated measure of the local pH when the nanocaliper is used
as a shape-resolved nanodevice. Owing to its superior addres-
sability and programmability, this molecular nanocaliper can
be rationally designed to probe various stimuli via incorporat-
ing different responding modules, enabling us to better probe
complex biological environments with direct visualization at the
single-molecule level. Nanomechanical detection systems could
find future applications in biosensing and nanomedicine.
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