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Here, a pH-induced nanomechanical switching of i-motif structures
incorporated into DNA origami bound onto cysteamine-modified basal
plane HOPG was electronically addressed, demonstrating for the first time
the electrochemical read-out of the nanomechanics of DNA origami. This
paves the way for construction of electrode-integrated bioelectronic
nanodevices exploiting DNA origami patterns on conductive supports.

Development of complex 2D and 3D DNA self-assembling
nanostructures has enabled a new-generation of biomedically
and bioelectronically useful nanomaterials for DNA-based
nanolithographyl, targeted drug delivery systems,2 and
nanomachines and nanorobots operating as biological sensor
and actuator systems.3'6 Most of the latter systems are
demonstrated to be highly efficient in solution.” However, the
current practical vision rather aims at solid-state supported
nanomachinery devices possessing a broad spectrum of
activating and sensing properties.3 The most challenging is
adaptation of nanomachines and nanorobots for operation
within the electronically addressable formats that allow large-
scale manufacturing of highly efficient and cost effective
functional materials miniaturised below the microelectronic
chip size.’ Therewith, conductive supports used for interfacing
the operating DNA nanodevices and electronics can
dramatically affect and even interfere with the nanodevice
mechanics,w’ 1 putting in focus the “know-how” strategies for
conservation of nanodevice biorecognition and
mechanical features in functional bioelectronics.

Here, we aimed at electronically responsive pH-induced
nanomechanical switching of the DNA origami12 nanostructure
self-assembled on conductive and atomically flat basal plane
HOPG (highly ordered pyrolytic graphite) surface (Figure 1A).
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The DNA origami studied here (and described in detail
elsewhere)ls’14 is rectangular with dimensions of 60 nm by 32
nm, with a pH-sensitive i-motif composed of cytosine rich
repeating sequences in its central part (Figure 1B and Table S1
and Figure S1, ESI). Under acidic conditions (pH 4-5) these
sequences are known to form a four-stranded structure held
together by hemiprotonated (CeC+) base pairs and
intercalated inter-strand interactions (Figure 1C).15’ 1617
basic solutions the designed origami should adopt an “open
book” configuration that undergoes certain conformational
changes upon lowering the pH (Figure 1D). Repulsive
interactions between the two origami sheets restrict these
conformational changes to their x-plane movement rather
than to a “closed” book state associated with the known and
numerously demonstrated j-motif solution configuration18
(Figure 1D). Here, this pH-induced nanomechanical switching
was electrochemically interrogated in order to establish the
electronic principle of the nanomechanical event detection,
which is particularly important for the design and exploitation
of stimuli-responsive, surface-confined nanoscale electro-
mechanical  systems.
eventually be used to monitor conformational switching in
novel sensing DNA nanostructures employing aptamers that
change shape in response to specific ligand binding19 or redox-
cascade reactions in enzyme-modified DNA origami scaffolds.”®

Electrochemical detection could

Figure 1. Schematic representation of the (A) electrochemical set up used for AFM and
electrochemical characterization of DNA origami on basal plane HOPG; (B) origami
structure containing the pH-sensitive i-motif in its centre (the image was generated by
caDNAno, the scaffold is in blue and staples are in red; the i-motif staples are in green);
(C) A typical i-motif quadruplex structure formed in acidic solutions; and (D) possible
conformational states of the origami B at (a) pH 8 and (b,d,) below pH 5; (a) open-book
state, (b) i-motif compact cleft state; and (c) closed book state.
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On atomically flat hydrophilic mica (the conventional substrate
for origami visualisation), in the presence of the essential
concentration of bivalent cations (ESI), well-resolved “open
book” origami structures were observed by AFM with a
nanoscale resolution (Figure 2A,B). Those structures were
composed either of one (Figure 2B) or few origami structures
stuck together linearly by blunt-end helix stacking 12 (Figures
2A and 3A), in which central open i-motif regions could be
seen (Figure 2A,B). With decreasing pH, the i-motif sequences
fold into quadruplex structures, resulting in the origami’s i-
motif compact cleft state (Figure 2C,D). DNA with low packing
density is a true challenge for detection by AFM, a single
stranded DNA (such as the i-motif region) being an extreme
case.”! Hence, at pH 8, the measured height of the i-motif
region in the “open book” state is much lower than that of the
DNA-origami sheets (Figure 1B, D panel a); and the height
difference is marked as d,u.s (Figure 2E). At pH 5, under the
similar imaging force, the height difference between the DNA-
origami sheets and the i-motif region (d,.s) decreased more
than two-fold compared to d,.g (Figure 2E,F), consistent with
compaction of the cleft at low pH. We believe that the
formation of the i-motif quadruplex structures does actually
decrease the cleft depth and, in return, diminish the cleft size,
as a result of the increasing local packing strength between the
two DNA origami “book” sheets.
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Figure 2. (A-D) Representative AFM topographical images of queues of “open-
book” i-motif origami in (A,B) pH 8 and (C,D) pH 5 imaging buffer solutions. The
scale bar is 100 nm. In (C,D) the origami were kept at pH 5 for more than 30 min
prior to adsorption on mica. (E) Typical line-profiles along the long-axis of the i-
motif origami at pH 8 and 5. The height difference between the dashed lines
indicates the AFM probe detected depth of the cleft between the two origami
sheets at each pH value. (F) The distributions of the AFM detected depth of the i-
motif gap at pH 8 and 5 averaged over 20 individual measurements. In (E,F), all
experimental conditions are the same as in (A-D).

Importantly, those conformational changes stemming from the
nanomechanical movements of the i-motif origami are
inconsistent with a pH-induced transition of the “open-book”
to the “closed-book” state (Figure 1D, panel c); no “closed-
book” structures being detected for DNA origami deposited
from pH 5 solutions. On surfaces, the pH-induced planar
movement of the two “open-book” origami planes, driven
toward one another by the folding of the i-motif structures, is
clearly detected (Figure 2D, panels a and b).

No origami assemblies were observed on the unmodified basal
plane HOPG surface, consistent with previous reports22 (Figure
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3B). The electrochemical response from Ru(NH3)63+, a redox
indicator known to specifically interact with surface-
immobilised DNA™ 2 2% was quite similar before and after
bare HOPG exposure to DNA (Figure 2S, ESI).

For DNA origami assembling on such conductive support as the
atomically flat and hydrophobic basal plane HOPG, widely used
for AFM imaging and electrochemical studies of nm scale
objects,zs'27 an extra surface modification is required.
Therewith, the surface charge and properties should promote
intact origami adsorption, otherwise it can result in either DNA
unfolding or interaction directly through the bases.”” *® While
there are several reports on DNA imaging on HOPG modified
with a self-polymerised fiIm,zg’ 3% the unknown composition of
the film excludes its broader applications. An alternative
method is light-assisted chemisorption of functionalised
alkanethiols® bearing positively charged amine groups (-NH,")
that may promote surface adsorption of the negatively
charged DNA origami assemblies.

Here, the freshly cleaved basal plane HOPG surface was
modified with cysteamine following reported protocols,31 by
its surface irradiation in O,-free DMF solution containing H,O
and cysteamine (see ESI for details). On the positively-charged
modified HOPG surface (cysteamine pKa of 10.7332), the
electrochemical signal from Ru(NH3)63+ decreased 20% due to
Ru(NH3)63+ electrostatic repulsion (curves 1 and 2, Figure 3F).
In contrast, the electron transfer (ET) reaction of the anionic
redox indicator Fe(CN)63'/4' at positively-charged HOPG surface
was improved as evidenced by the decreased charge transfer
resistance, Ry, and the correspondingly increased ET rate
constant, k; (Figure 3F, and Table 1S, ESI).
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Figure 3. (A-D) AFM images of DNA origami in TAE/Mg2+ buffer, pH 8.0, on (A) mica,
(B) HOPG, and (C,D) cysteamine-modified HOPG; (D) is the AFM phase image of (C). (E)
Representative cyclic voltammograms recorded in 1 mM Ru(NH3)53+-containing TAE/
Mg2+ buffer solutions: (1) bare HOPG, (2) cysteamine-modified HOPG, (3,4) cysteamine-
modified HOPG after assembly of 50 pL of 15 nM DNA origami, (1-3) pH 8, (4) pH 5. The
potential scan rate is 50 mV s™. Inset: background-corrected Ru(NHs)s®* adsorption
peaks from (3). (F) Representative electrochemical impedance spectra (EIS) recorded in
2 mM Fe(CN)s*'*-containing TAE/Mg”" buffer solution, pH 8.0, at £=0.25 V. In (1-3)
modification conditions are the same as in (E). Insets: the equivalent circuits used to fit
the EIS data, (a) for (1; 3) and (b) for (2); and the apparent ET rate constants for those
modifications calculated from the charge transfer resistance data, Re>> (ESI).

When DNA origami was deposited onto the cysteamine-
modified HOPG surface (Figure 3C,D), a dramatic increase in
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the voltammetric signal from Ru(NH3)53+ (curve 3, Figure 3E)
and the R increased from 20 to 74 kQ, associated with the
decrease in the k; for Fe(CN)63'/4' was observed (Figure 2F,
and Table 1S, ESI), consistent with the immobilisation of the
DNA origami onto the modified HOPG.

Ru(NH3)63+ is known to electrostatically interact with the
negatively-charged sugar-phosphate backbone of DNA** and
can form conductive wires along the DNA strands,11 while the
Fe(CN)63'/4' couple is electrostatically repelled by the backbone
and exhibits a typical diffusion-limited ET behaviour.® 3 The
increase in the Ru(NH3)63+ signal intensity on the DNA origami-
modified HOPG (diffusion-limited peaks at -149+11 mV, the
peak currents changing linearly with the square root of the
potential scan rate37) is then associated with the attractive
electrostatic interactions between the DNA origami and
Ru(NH3)63+, while electrochemistry of Fe(CN)53'/4' was electro-
statically impeded by the origami assemblies. It is important
that independently of the potential applied, the origami
assembly was stable at the electrode surface both with
positive and negative charging of the electrode (the HOPG
potential of zero charge of -0.1 V, Figure 3S, ESI).

Along with that, a characteristic Ru(NH3)53+-DNA
adsorption peak at -390+20 mV (the peak currents linearly
proportional to the scan rate37) evidenced the formation of the
Ru(NH3)63+ wire bridges along the DNA structures. No
adsorption peaks to be correlated with the electronic wire
formation were detected for double stranded DNA and four-
way DNA Holiday Junctions® adsorbed onto the modified HOPG
surface (Figure S4B,C, ESI). Similar adsorption peaks were
earlier reported for short, double-stranded DNA vertically
oriented on the electrode surface™ ** (Figure 4SA, ESI) and for
G4 structures,38 although at less negative potentials (-264+20
mV). The peak potential difference is apparently associated
with a higher negative charge localised on the tightly packed
DNA origami nanostructures, producing corresponding
changes in the electric double layer potential distribution.>® %°
Therewith, formation of the Ru(NH3)53+ wire should occur
within the i-motif region, more flexible than other origami
regions and oriented vertically towards the electrode surface,
along with that providing an immediate surface contact
between the electrode and Ru(NH3)53+ decorating the DNA
origami. That appears to be sufficient to produce the
electronic wire effect.

The rate constant, k;, for ET between HOPG and DNA-bound
Ru(NH3)63+, was 1.3+0.2 s'l, which is rather comparable to the
k, for ET reactions of methylene blue or anthraquinone bound
to DNA duplexes (1.9 and 1.3 s'l, correspondingly), not to that
of the Ru(NH3)63+ wires (321 s for ona=3.0 pmol cm'z).n’ 2
Ru(NH3)63+ binding to DNA origami appears to differ from the
ideal one-dimensional conductor, 1 which actually can be
anticipated considering strong effects of the interfacial
structure and DNA packing on the mechanism of ET reactions
of DNA-bound species.24

The pH-induced i-motif nanomechanical switching at the HOPG
surface was electrochemically read-out by following the
variation of the signal from the Ru(NH3)63+ adsorption within
the i-motif region. In acidic solutions, the i-motif “open book”

This journal is © The Royal Society of Chemistry 20xx

switched to the compact cleft structure, with the i-motif
region now tighter packed due to its folding into quadruplex.
This resulted in the disappearance of the adsorption peaks
detected in basic solutions, while the Ru(NH3)63+ diffusional
signals remained practically the same, indicating the presence
of origami immobilized at the electrode surface (curves (3-4),
Figure 3E). It follows from these data that the origami
remained integrated at the electrode surface. However, in
contrast to mica, the AFM imaging of the origami state at
HOPG was not of a sufficiently high resolution to visualise the
origami conformational state at pH 5. Along with that, those
variations were directly read-out electrochemically.

In conclusion, i-motif DNA origami was self-assembled onto
conductive cysteamine-modified basal plane HOPG surface
and these origami assemblies were shown to be stable under
applied electric fields, both at negative and positive charging
of the electrode surface. The pH-induced conformational
nanomechanical switching of the DNA origami was
accomplished both on mica and modified HOPG, on the latter
it was electronically addressed by following electrochemical
signals from the redox indicator specifically interacting with
the pH-switchable region. Demonstrated
electronically controllable nanoswitching of complex DNA

i-motif origami

origami nanostructures at electrodes paves the way for design
and further construction of bioelectronically addressable
electrode integrated nanomechanical devices exploiting DNA
origami patterns.
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