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ABSTRACT: Dynamic DNA machines exploit the specificity of base pairing and/or sensitivity
to the local environment to control the reversible switching of DNA constructs between
conformational states. One such example are pH-sensitive DNA nanoswitches that can be
actuated by proton-mediated Hoogsteen interactions within a DNA triplex domain. To date,
studies of pH-sensitive DNA nanoswitches have largely focused on DNA machines that are freely "‘*,-\.,-\.,-\_,.hv
diffusing in the solution phase. For many applications, it is advantageous to integrate these =
dynamic DNA machines with solid-state devices, requiring immobilization on surfaces. Here, we ,ﬂ_-_-‘__l-_l
explore the switching of a pH-sensitive DNA triplex immobilized on a surface as a dense, 2-
dimensional DNA monolayer. DNA nanoswitches were assembled onto surfaces via thiol
chemistry and pH-controlled conformational switching of the constructs examined using quartz
crystal microbalance with dissipation monitoring (QCM-D). These QCM-D experiments
indicate that despite the high density of DNA within the monolayer (10'* molecules/cm?), pH-
switching between open and closed states is retained following immobilization. Moreover,
conformational switching of DNA constructs within the monolayer remains highly reversible and repeatable, with negligible
reduction in switching efficiency observed over 20 switching cycles. DNA switching experiments were also performed in the solution
phase using single-molecular Forster resonance energy transfer (smFRET) and circular dichroism (CD) techniques to confirm their
pH responsivity. Finally, we demonstrate electrically driven, localized, and addressable switching of the DNA triplex by employing
electrochemical reduction and oxidation of water at an electrode surface, further demonstrating the potential of the technology for
surface-immobilized dynamic DNA machines. This study not only provides insight into the actuation of DNA machines on-surface
but also supports the development of hybrid technologies such as integrated electronic-DNA devices able to store and process
information using both molecular and electronic inputs.

KEYWORDS: DNA triplex, dynamic DNA nanomachine, surface-immobilized, hybrid electronic-DNA technologies, electronic actuation

Bl INTRODUCTION nanoswitches for use as logic gates for molecular computation,”
dynamic building blocks of DNA origami,” components of
drug-delivery vehicles,” and synthetic machines to regulate
gene expression.

pH-dependent switching of freely diffusing DNA triplexes
has largely been studied by changing the solution pH by
titration.” It has also been shown that the state of pH-
dependent DNA nanoswitches can be changed from open to
closed conformations using electrochemical reactions that lead
to a reversible change in bulk solution pH. For instance,
Minero et al. used voltage-biased gold microelectrodes to cycle
between pH 4 and 8 using quinhydrone redox systems.” With
their approach, pH changes were used to control the

DNA triplexes comprising three strands of oligonucleotides are
a well-studied example of the variety of noncanonical
structures that DNA molecules can adopt.' DNA triplexes
consist of a double stranded domain stabilized by Watson—
Crick and a third oligonucleotide sequence that binds to the
major groove of the double-stranded domain via Hoogsteen
hydrogen bonding interactions (Figure 1). The base-pairing
schemes in DNA triple helices are TAT, AAT, CGC and GGC
(third-strand bases in italics). Importantly, Hoogsteen
interactions are strongly dependent on local pH. Specifically,
CGC triplets are favored at acidic pHs due to protonation of
the N3 of cytosine on the third strand (pK, of protonated
cytosines in triplex structure is ~6.5). TAT triplets are stable at
neutral pH but become unfavorable at basic pH due to Received:  December 1, 2025 =
deprotonation of thymine (pK, ~ 10). This leads to a Revised:  March 4, 2026
dependency between DNA triplex stability and local pH, where Accepted:  March S, 2026
the pK, of the triplex depends on the number and ratio of TAT Published: March 18, 2026
and CGC triplets”” and that can be exploited to create DNA

constructs that behave as switchable nanomachines, or
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Figure 1. Surface-immobilized DNA triplex nanoswitch construct (arrowhead indicates 3’end). (a) A simplified intermolecular DNA triplex switch
constructed from a polypurine strand (pPu) and a polypyrimidine (pPy) strand, shown here in the closed state (at pH < 7) where the conformation
is stabilized by both Watson—Crick base pairing and Hoogsteen interactions. (b) (left) The nanoswitch in the closed state, in an acidic
environment. Immobilization is achieved by the inclusion of a thiol modifier at the 3’-end of the polypyrimidine oligonucleotide, allowing direct
attachment to gold or immobilization via chemical cross-linkers to surfaces such as quartz (as in Figure 5d). A short oligonucleotide complementary
to the extension at the 3’-end of the polypyrimidine strand was included to increase rigidity. Cy3 (donor) and CyS (acceptor) fluorophores were
used to label the DNA constructs for single molecule FRET experiments. (right) The DNA switch in an open state at basic pH.

conformation of a DNA in solution from duplex to triplex,
which acted as a catalyst for a disulfide ligation reaction. Yang
et al. presented a microfabricated chip that was used to drive
electrolysis of water to reversibly switch the pH between 5 and
8 on a time scale of 20 s per step and induce transitions in a
DNA nanoswitch based on an i-motif in-solution.'’

These examples of electrically actuated pH switching of
dynamic DNA machines demonstrate the enhancement in
speed, convenience and programmability that can be achieved
compared to traditional titration approaches. However, they
still rely on delocalized ensembles of DNA switches that are
contained in and able to diffuse freely through solution. There
is currently increasing interest in the operation of dynamic
DNA machines on surfaces where surface-immobilization
allows the integration of dynamic DNA machines with solid-
state sensors, such as electrochemical biosensors,"* or can be
used to create nanoparticle assemblies that are responsive to
the local environment such as pH."” Surface-immobilization
can also be used to control the spatial arrangement of DNA
molecules on the surface, with high spatial resolution.'> A
range of computational machines have been demonstrated that
exploit this spatial control of surface-immobilized machines to
either promote or suppress interactions between DNA
machines.'*~"”

While approaches to immobilize synthetic DNA oligonu-
cleotides onto surfaces are well-established, molecular
crowding can play an important role in regulating the behavior
of surface-immobilized molecules, which are typically more
densely packed than their solution-phase counterparts. For
instance, DNA hybridization is known to proceed more slowly
on surfaces than in solution'® and the kinetics of toehold
strand displacement are affected by surface-immobilization."”

Despite the interest in surface-phase dynamic DNA
machines, the surface-immobilized pH-induced switching of
DNA triplex nanoswitches have not yet been fully investigated.
To address this, we undertook a detailed study of pH switching
of a DNA triplex on-surface using quartz crystal microbalance
with dissipation monitoring (QCM-D)."” QCM-D involves the
use of acoustic waves to probe surface-immobilized molecules,
providing real-time information on their mass. For example,
QCM-D has been used previously to explore the dynamic
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changes in mass of surface immobilized DNA-machines that
are fuelled by toehold strand displacement.'® Critically, QCM-
D is also uniquely sensitive to the viscoelastic properties of the
immobilized molecular layer, which we exploit here to explore
pH-driven conformational changes occurring within a DNA
triplex nanoswitch.

The DNA nanoswitches used in this study, and shown in
Figure 1, are based on the design by Idili et al.”’ with minor
modifications to enable surface immobilization. Single
molecule Forster resonance energy transfer (smFRET) and
circular dichroism were first used to quantify the switching
conditions in solution before QCM-D experiments confirmed
that pH-switching between open and closed states is retained
following immobilization, and conformational switching within
the DNA monolayer is highly reversible and repeatable. Having
confirmed switching on-surface, we finally investigated surface
immobilization of a DNA triplex nanoswitch local to a
microelectrode array to successfully demonstrate spatially
localized, electronic-actuation of a DNA nanoswitch array.
We anticipate that the approach demonstrated here could
ultimately inform the design of hybrid systems able to perform
computation with both molecular and electronic inputs.”'

B MATERIALS AND METHODS

Buffers

Tris-EDTA (TE) buffer (1x), pH 8, was purchased from VWR
International and 99% pure NaCl purchased from Sigma-Aldrich was
added to it to make a 1 M salt solution in which the DNA triplexes
were assembled. Potassium phosphate (KP,) buffers of pH ranging
from 6 to 8.2 were used to study the pH responsiveness of the switch.
The KP; buffers were prepared by adding fixed volumes of potassium
phosphate monohydrate (K,HPO,) and potassium phosphate
dihydrate (KH,PO,) explained in section 1 of the Supporting
Information (SI).

Oligonucleotides

The DNA sequences of all oligonucleotides used in this study are
presented in section 2 of the SI. DNA Polypyrimidine (pPy) ssDNA
strands with a thiol-modified (Thiol Modifier C3 S—S) 3’- end and
cyanine S labeled 5'- end (CyS-pPy-SH), and “Linker” strands, which
are strands complementary to the bases near the 3’ end of the pPy
strands, were ordered from Integrated DNA Technologies (IDT).
Polypurine (pPu) strands with cyanine 3 labeled S’- end (Cy3-pPu)
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were ordered from Eurofins Genomics. All strands were purified by
IDT by high-performance liquid chromatography (HPLC), except the
linker strands which were purified by polyacrylamide gel electro-
phoresis (PAGE).

DNA switches were assembled by mixing a 100 yM 1:1:1 ratio of
CyS-pPy-SH, Cy3-pPu and Linker strands in the prepared TE/NaCl
buffer (~pH 8) at 16 °C, after annealing for S min at 90 °C and
cooling it to room temperature overnight. Further preparation differed
for each method and is described in the individual methods sections.

CD Measurements

Measurements were performed on a Chirascan (Applied Photo-
physics) in 0.2 mm cylindrical, quartz cells. Scans were performed
between 250 to 310 nm at a scan rate of 1 nm/second. An average of
three scans was used and a buffer blank was subtracted from the raw
data. DNA nanoswitches were assembled in 10 mM phosphate buffer
at a range of pH (pH 5.9, 7.2, 7.7 and 8.8) at a final concentration of
25 M.

Single-Molecular FRET by Confocal Volume Microscopy

The smFRET experiments were carried out using an EI-FLEX
smFRET spectrometer purchased from Exciting Instruments (theory
in SI, Section 4). Briefly, 70 uL droplets containing ~ 20 pM DNA
triplex in TE + 1 M NaCl were pipetted onto 30 mm #1 coverslips
(VWR) and donor and acceptor emission bursts were collected under
520 and 638 nm alternating laser excitation (ALEX). The excitation
powers were 0.35 mW and 0.17 mW, respectively and ALEX was
performed using a laser alternation period of 100 us. Here, the 520
nm laser was on for the first 45 s, followed by a 5 s window where
both lasers were off. The red laser was then switched on for 45 s,
followed by a second 5 ps window where both lasers were off. This
cycle was repeated for the duration of the measurement. Two
avalanche photodiodes collected the photon arrival times for 60 min,
with a burst rate of approximately one burst per second.
Stoichiometries and apparent FRET efficiencies were then quantified
using FRETBursts.*

The EI-FLEX spectrometer detects the donor and acceptor
emissions from single molecules as they diffuse through the confocal
volume, under alternating laser excitation (ALEX). E, the apparent
efficiency, is calculated as

___ DA
~ DD, + DA, (1)
And stoichiometry, S, a measure of dye presence is given by
DDy + DA
T DD, + DA+ A, @)

where D A, is the acceptor emission under donor excitation, DD,
is the donor emission under door excitation and A A, is the
acceptor emission under acceptor excitation (Figure S3). A low E with
a high S suggests donor-only molecules, whereas a low S suggests
acceptor-only molecules. Intermediate S results from doubly labeled
molecules.

Quartz Crystal Microbalance with Dissipation

QCM-D experiments were conducted using a Q-sense E4 system and
gold-coated sensors (QSX301, fundamental frequency S MHz), both
from Biolin Scientific. Sensors were cleaned prior to each experiment
using the procedure established previously."”” 500 nM of assembled
DNA switches were used for the experiments along with 1 mM MCH
(mercapto hexanol) also prepared in the same buffer. S00 nM CyS-
pPy-SH strands were used as controls. The thiolated DNA construct
was immobilized onto the sensor surface by flowing a DNA solution
in 1 M NaCl/1 X TE over the sensor surface for 15 min at a constant
flow rate of 75 pL/min using a peristaltic pump. Next, a freshly
prepared solution of 6-mercaptol-1-hexanol (MCH, 97% pure from
Sigma-Aldrich) in 1 M NaCl/1 X TE was delivered to the sensor
surface at a constant flow rate 75 ul/min except. This backfilling agent
was used to force the DNA switches to immobilize in an ugright
position and reduce nonspecific binding to the gold surface.”* The
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DNA construct was fully assembled prior to the experiment by
incubation in solution at room temperature.
The mass density of DNA switches immobilized on the sensor
surface, Am (in ng cm ™), was calculated via the Sauerbrey eq (eq 3).
A

n

Am
()
where C is a constant equal to 17.7 ng cm and n is the overtone
number. Typically, measurements are made for several overtones
(resonant frequencies) where the lowest overtone penetrates furthest
into solution. In this paper, data is presented for the ninth overtone
only.

-2 S—I

Electrode-Based Switching Experiments

Electrode-based switching experiments were carried out using quartz
glass disks patterned with platinum electrodes. Prior to each
experiment, the disks were cleaned by submerging in piranha solution
(sulfuric acid and hydrogen peroxide at a 3:1 ratio). Once clean, the
immobilization of the thiolated DNA strands onto the quartz glass
was carried out as follows (see SI Figures S5 and S6). The disks were
left for 16 h in (3-Mercaptopropyl) trimethoxysilane (MPTS) (4% v/
v in 2-propanol (IPA)) to form a thiolated silane layer on the quartz.
Following rinsing in IPA and drying under nitrogen, the thiolated
quartz was placed into an aqueous solution of 15 mM Copper(1I)
sulfate for 15 min and then rinsed in DI water and dried with
nitrogen.”* The DNA triplex was formed in solution prior to
immobilization to a final concentration of 2 #M by mixing equal parts
of the CyS-pPy-SH, Cy3-pPu and linker strands in the aforemen-
tioned TE/NaCl buffer. This solution was then incubated for 15 min
at 45 °C to allow for the complex to form. Two uL droplets of the
triplex solution were finally pipetted onto the functionalized quartz
surface within the ring-electrode structure and allowed to incubate for
90 min in a dark, humid environment.

Following DNA triplex functionalization, the quartz electrode disk
was mounted into a clamped PDMS microfluidic system (SI), which
allowed liquids to be exchanged across the sensor surface. Initial
confirmation of the fluorophore triplex switching was carried out
using SO mM potassium phosphate buffers at pH 6 and pH 8, the data
for which is shown in SI Figure S7.

Electrically driven switching was carried out by applying a constant
current using a Keithley 2400 DC source measurement unit. The
fluidic chamber was filled with S00 mM NaSO4 and either +30 yA or
—30 pA was applied between the surrounding electrode and the larger
counter electrode. Fluorescence was then measured using a scanning
confocal microscope exciting at 633 nm and measuring at 650 nm
with a 40 ps/Pixel exposure time. One frame of the image took about
1.5 s to complete.

B RESULTS AND DISCUSSION

Behavior of the Triplex Switch in Solution-Phase

Figure 1 illustrates the DNA nanoswitches used in this study.
In contrast to the unimolecular design employed by Idili et al,,
the triplexes used in our study were assembled from two
separate oligonucleotides, namely a polypurine strand (pPu)
and a polypyrimidine (pPy) strand which was modified at the
3’-end to permit immobilization on surfaces. The nanoswitch
was designed to adopt an ‘open’ conformation at slightly basic
pH due to deprotonation of cytosines in the triplex forming
domain of the nPy strand. (Figure 1a). At more acidic pH, the
nPy strand folded over and bound to the double-stranded
region through Hoogsteen interactions, forming a triplex,
‘closed’ state (Figure 1b).

Prior to immobilization of the nanoswitch, pH-mediated
switching of the DNA between open and closed states in
solution was confirmed using single molecule Forster
resonance energy transfer (smFRET) at room temperature
(20 °C). The two oligonucleotides, pPu and pPy, were labeled
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Figure 2. (a) Number of FRET bursts vs FRET efficiency (E) of doubly labeled DNA triplex nanoswitches at pH 7.6, calculated from raw smFRET
data using eqs 1 and 2, where the dominant population assumes a conformation in which the nanoswitch is closed and thus exhibited high FRET
efficiency. A Gaussian is fitted to the data for calculating the fraction of open and closed DNA switches. (b) Two conformational populations exist
at pH 7.8 corresponding to DNA nanoswitches with high FRET efficiency (closed state) and low FRET efficiency (open state). (c) At pH 8.1, the
dominant conformation of DNA nanoswitches is one in which the FRET efficiency is low, corresponding to the open nanoswitch state. (d) Graph
showing the decrease in population of closed switches with increasing pH, indicating the pK, as pH 7.83. The y-errors indicate the standard
deviations of a Gaussian fit to the open/closed populations and the x-errors denote the instrumental error of the calibrated pH-meter determined
through triplicate measures of three, pH standards (pH 4.01, 7.00 and 10.00). (e) CD spectra at 20 °C for the DNA nanoswitch in the open

conformation (pH 8.8) and closed conformation (pH 7.2).

with FRET pairs Cyanine3 (Cy3) and CyanineS (CyS),
respectively,” such that when folded into a triplex (closed
state), the dyes would be positioned close to one another
(about 1 nm),” resulting in high FRET efficiencies (E). This
can be seen in Figure 2a where at pH < 7.7, smFRET
measurements revealed a dominant population of DNA
nanoswitches that exhibited a FRET efficiency close to 1.0,
indicative of the DNA nanoswitch in the closed conformation.
In contrast, at high pH (pH > 8), the triplex domain becomes
unstable, leading to opening of the DNA nanoswitches and
separation of the fluorophores and a corresponding reduction
in FRET efficiency (~0.2), as shown in Figure 2d. At
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intermediate pH (Figure 2b), smFRET revealed the presence
of two, conformationally distinct populations, one associated
with the DNA nanoswitch in the closed state (with high FRET
efficiency) and one associated with the open state (low FRET
efficiency). The number of molecules in the closed
conformation was seen to be approximately equal to the
number of molecules in the open conformation when the
solution pH =~ 7.83 (Figure 2c), which we define as the
solution-phase dissociation pH, pK,°“.*® This differs from
previous solution-phase measurements of pH-dependent DNA
triplexes with 60% TAT content in literature, where pK,*°" =
7.5,°° presumably because the experiments in literature were

https://doi.org/10.1021/acsami.5c23628
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Figure 3. (a) QCM-D data showing changes in resonance frequency and energy dissipation during immobilization of the disulfide-modified DNA
nanoswitch on the gold-coated sensor surface. After the sensor is rinsed with TE buffer (A), the DNA nanoswitch is immobilized on the surface (B)
until reaching saturation (C). The sensor is rinsed again with TE before the sensor is exposed to MCH to block exposed areas of the sensor surface.
(b) The immobilized DNA nanoswitch is subsequently exposed to cycling of the solution pH by exposing to KP; buffers at pH 6 followed by pH 8,
before returning again to pH 6. The changes in dissipation observed at the different pH solutions indicate conformational switching between the
open state at pH 8 and the closed state at pH 6. Solid curves are exponential fits to the pH-induced opening and closing of the immobilized DNA
nanoswitch. Changes in dissipation for a single-stranded DNA control show the baseline shift in dissipation as a result of changes in buffer
composition. (c) Switching behavior of DNA triplexes cycling between closed states (low dissipation) at pH 6 and open states (high dissipation) at
pH 8 showing repeatability and reversibility for 6 KP; buffer cycles. (d) High repeatability demonstrated over 20 independent switching cycles. The
AD values represent the difference between the mean D values at pH 8 (high D) and pH 6 (low D).

conducted at 25 °C, which being a higher temperature, might
affect the switching dynamics, as shown by on-surface
experiments described in the next section. A FRET
stoichiometry (S) vs E plot is shown in the SI (Figure S3a)
to demonstrate that the data presented has been derived only
from doubly labeled DNA switches.

pH-mediated switching in solution was also verified by
circular dichroism (CD) spectroscopy. CD spectra of
unlabeled DNA nanoswitch as a function of pH are shown
in Figure 2e. At pH 8.8, the CD spectrum is characterized by
large positive CD absorbance band at 276 nm, a negative band
at 242 nm, and a small positive band at 221 nm. This pattern is
consistent with B-form duplex DNA and associated with the
double stranded region of the DNA nanoswitch.”” As the pH is
decreased, the 276 nm band reduces in magnitude and shifts to
higher wavelength such that at pH 7.2, the band has shifted to
279 nm. We also observed the emergence of a negative band at
213 nm which is consistent with the existence of triple-
stranded DNA at low pH values.”” CD spectroscopy thus not
only confirms pH mediated switching in solution, but also that
the conformational change between closed and open states is
associated with the pH-mediated assembly and disassembly of
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a DNA triplex. Graphs showing pH and temperature
dependence are shown in the SI (Figures S1 and S2).

Behavior of the Triplex Switch On-Surface

QCM-D data depicting the change of resonant frequency and
dissipation with respect to time are shown in Figure 3. A
change in QCM-D frequency is reflective of mass changes
occurring on the sensor. Specifically, a decrease in the resonant
frequency is indicative of an increase in mass, for example due
to physisorption of the disulfide-modified DNA nanoswitch to
the gold-coated QCM-D sensor surface, as seen in Figure 3a.
From the change in frequency between the injection of DNA
and saturation of the gold-coated sensor surface, the density of
DNA immobilized on the gold sensors was calculated using the
Sauerbrey equation (eq 3) and found to be of the order of 10'*
molecules/cm?. This is in good agreement with published
values for the density of a double-stranded DNA monolayer'”
but we note, the Sauerbrey equation assumes a uniform and
rigid molecular film. After assembly of the DNA monolayer,
the sensor was exposed to MCH to block exposed areas of the
sensor surface.
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Figure 4. (a) Experimental QCM-D data showing the change in dissipation for a range of pH solutions between pH 7.0 — 9.3. The largest change
in dissipation occurs between pH 7.9 to pH 8.0. Changes in dissipation for a single-stranded DNA control show the baseline shift in dissipation as a
result of changes in KP; buffer composition. (b) A sigmoidal fit to the mean of the change in dissipation for each plateau corresponding to each KP,
buffer step was used to identify the pH at which triplex dissociation occurs on-surface. Error bars correspond to the standard deviation of the mean
of the change in dissipation for each plateau. (c) Experimental QCM-D data showing the change in dissipation as a function pH at 15 and 25 °C.
(d) A sigmoidal fit of the mean dissipation values at pH 8 and 7.7 at different temperatures. The derivative of the pH 7.7 curve was used to measure
the melting temperature as 23 °C. Since pH 8 marks the transition pH for triplex formation at 16 °C, the dissipation values saturate sooner at pH 8

than pH 7.7 with rising temperature.

The DNA functionalized sensor was subsequently exposed
to repeated cycling of KP; buffers of pH 6 and pH 8, which in
solution was sufficient to induce conformational changes in the
DNA nanoswitch from fully closed to fully open states,
respectively. As shown in Figure 3b, upon changing from pH 6
to pH 8 an increase in dissipation that recovered upon
returning to pH 6 was observed. In QCM-D, dissipation is a
measure of the energy dissipated by the acoustic wave and is
sensitive to the viscoelasticity of a surface-bound molecular
layer, where an increase in dissipation is indicative of an
increase in viscoelasticity. Here, the immobilized DNA
switches form a more rigid, triplex conformation at pH 6
compared to the open state at pH 8 where the triplex-forming
domain becomes single-stranded and thus highly flexible,
dissipating more energy than when bound in a triplex. The
dissipation of a QCM-D sensor functionalized with single-
stranded DNA was also seen to shift when changing between
pH 6 and pH 8 buffers although the magnitude of the shift was
around 7 times smaller than observed for the DNA
nanoswitch. This baseline shift is the result of the bulk
properties of the buffer. Specifically, it has been shown that
frequency”® and dissipation™ baselines are affected by changes
in density and viscosity of the solution above the sensor, and it
is known that the buffer composition, such as salt
concentration, can affect both of these properties.
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The triplex folding and unfolding time scales were
determined by fitting exponential curves to the dissipation
curves (Figure 3b). Closing of the nanoswitch was found to be
best described by a second-order exponential process (with
time constants of t; = 11 + 2s and t, = 58 + Ss), calculated as
an average from five experiments. This agrees with
thermodynamic models of DNA triplex folding that assume
two rate-limiting steps: looping of the triplex-forming domain
to form the first triplets, followed by zipping of the triplex and
reshaping the loop region to form a stable structure.”’ In
contrast, opening of the nanoswitch was found to be a single
exponential process with an average time constant of 69 + 2s,
determined by the rate of dissociation of triplex-forming
domain following deprotonation of cytosine in the high pH
environment.

The repeatability of pH-induced DNA switching on surface
was also explored by cycling the KP; buffer between pH 6 and
pH 8 (Figure 3c). The mean and standard deviation of the
dissipation for each plateau corresponding to each KP; buffer
step plotted as a function of cycle number is shown in Figure
3d). The duplicate measurements agreed very closely, with the
difference in dissipation between open and closed states
differing by less than 2.5% across 20 cycles. The data confirms
that the nanoswitch can be driven repeatedly from open to
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Figure S. (a) Confocal microscope image demonstrating electronic actuation of a fluorescently labeled DNA nanoswitch immobilized local to a Pt
ring electrode (highlighted by the dotted lines and shown schematically in panel d)). A constant current of —30 yA applied between 0 <t < 12's
increases the pH at the electrode surface, switching the triplex to the open conformation (or ON state) (see panel d), before being reversed to drive
the anodic reaction between 15 < t < 27 s, to close the DNA nanoswitch. (b) Plot showing the number of ‘ON’ pixels within a single ring electrode
over time for a DNA nanoswitch. ‘ON’ pixels are defined as pixels with an intensity over 110 au. (c) Speed of switching was determined by plotting
the position of the ‘ON” and ‘OFF’ pixels relative to the edge of the ring electrode (represented by D in the inset) as a function of time. (d)
Schematic diagram showing immobilization of fluorescently labeled DNA nanoswitches local to an array of ring electrodes fabricated on a common
substrate. Here, each electrode can be biased independently to locally and reversibly switch the conformation of the surface-immobilized triplex
switches. (e) Confocal microscope images demonstrating spatial and reversible control of surface-bound DNA triplex switching using an array of
two individually addressable ring electrodes.

closed states without any significant deterioration for at least To evaluate the pH at which triplex dissociation occurs on-
20 cycles. surface, pK>"™, a sensor functionalized with DNA nano-
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switches was exposed to a series of Universal Buffer solutions’"
of pH ranging from 7.0 — 9.3. Here, pK,*"*" was defined as the
pH at which the observed shift in dissipation lies halfway
between the dissipation < pH 7 (where it is assumed that most
nanoswitches within the DNA monolayer are in the closed
state) and the dissipation at pH > 8.5 (where the DNA
nanoswitches are assumed to be completely open). pKURF
was found to be pH 8, as determined by measuring the
dissipation, D, for each plateau for each of the KP; buffers

(Figure 4a) and calculating the pH at which :—?_I was maximum
p.

(Figure 4b).*!

Finally, the thermal stability of the surface-immobilized
switch at different pH was investigated by sweeping the
temperature of the QCM-D sensor between 15 to 31 °C. The
KP; buffers were found to maintain their pH over this
temperature range which is below the melting point of the
duplex domain of the DNA nanoswitch (T, = 72 °C as
simulated by NUPACK (SI Figure S4)). At pH 7.2, the DNA
switch remained in the closed state over the temperature range,
indicated by the low dissipation (Figure 4c). In contrast, at pH
7.7, close to pK,*"™", the dissipation was seen to increase with
temperature, indicating melting of the triplex-domain and an
increase in the ratio of closed to open DNA nanoswitches
(Figure 4c). The mean and standard deviation of the
dissipation for each plateau corresponding to each temperature
step is shown in Figure 4d. From this, the melting point of the
triplex at pH 7.7 was found to be around 23 °C. This value
provides a working range for this design of a triplex switch for
applications in electronics and biosensing.

Electronic Actuation of a DNA Nanoswitch

Application of a potential difference between electrodes in an
aqueous solution can lead to electrolysis of the water leading to
the production of H+ and OH- ions and a change in solution
pH.*” This opens up the possibility of a hybrid electronic-DNA
technology in which the state of a pH-sensitive DNA construct
can be regulated controllably and reversibly by electronic
actuation. To explore this, we immobilized a DNA triplex
switch local to an electrode within a microfluidic electrolysis
cell. The conformation of the DNA triplex switch was
monitored by labeling with a fluorophore (Cy S) and quencher
(BHQ-2) on the $’ termini of the pPy and pPu, respectively. In
the open state, the fluorophore and quencher become
separated allowing fluorescence to be observed, while in the
closed state, the fluorescence is quenched, giving an ON/OFF
signal dependent on the state of the nanoswitch (see Figure
5d). The DNA nanoswitch was immobilized onto a glass
substrate containing individually addressable, microfabricated
ring electrodes. By sourcing a constant current between a ring
electrode and a Pt-wire counter electrode, the aqueous solution
local to the electrode surface can be reduced or oxidized,
according to the following half-reactions:

Anode: 2H,0 — O, + 4H" + 4e”
Cathode: 4H,0 + 4e” — 2H, + 40H"

As shown, these reactions either generate additional
hydrogen ions at the anode, or hydroxide ions at the cathode
leading to a change in pH which is initially localized at the
electrode surface. These hydrated ions can subsequently diffuse
away from the surface driven by the ion concentration
gradient, leading to a bulk change in pH.

Figure S5a shows the progression of fluorescence intensity
over time as a constant current of —30 uA is applied to drive
the cathodic reaction (between 0 < t < 12 s in Figure Sa)
before being reversed to drive the anodic reaction (between 15
<t <27 s in Figure Sa). Initially, we see a sharp increase in the
fluorescence signal close to the electrode surface. Here,
electrochemical production of OH™ ions results in an increase
in local pH that destabilizes DNA triplexes immobilized close
to the electrode surface, resulting in switching to the open state
and an increase in fluorescence intensity. As the electrolysis
reaction continues, OH™ ions diffuse radially away from the
electrode surface, resulting in the time dependent increase in
fluorescence signal away from the electrode edge (as seen
between 3 < t < 12 s in Figure Sa). The reverse is observed
when the ring electrode is subsequently biased in the opposite
direction to drive acidification of the solution local to the
electrode, resulting in switching of the immobilized DNA
triplex into the closed state (between 15 <t < 27 sin Figure
Sa). We note, bulk changes in solution pH by titration do not
result in the distinctive time-dependent, radial change in
fluorescence observed when the pH is regulated by electrolysis
and ion diffusion from a localized electrode (SI Figure S7).

The fluorescent signal immediately adjacent to the electrode
edge was found to reduce after repeated biasing of the
electrode, potentially due to damage to the DNA and/or
fluorophore by the extreme pH at the electrode surface.”
However, away from this region, we were able to repeatably
switch the DNA between open and closed states (4 cycles
shown in SI Figure S8). We note that some reduction in
fluorescence intensity was observed after each switching cycle.
This is likely due to fluorescence photobleaching or the effects
of local electrochemical byproducts such as reactive oxygen
species, rather than incomplete folding/unfolding of the triplex
which, as shown by QCM-D experiments, demonstrated highly
repeatable switching.

As shown in Figure 5b, switching of the DNA triplexes
immobilized local to the electrode edge between OFF state
(closed conformation) and ON state (open conformation) was
observed to occur in <2 s after application of current
(corresponding to the temporal resolution of the scanning
confocal microscopy measurements). Here, the ON state is
defined as those pixels in which the fluorescence intensity is
>110 au). Moreover, all pixels within the 350 pm radius ring
electrode are found to be in the ON state after only 15 s.
Similarly, upon reversing the current, we see rapid (12 s)
switching back to the closed state, corresponding to the case
when all pixels are OFF (fluorescence intensity <110 au).
These rates are significantly faster than equivalent solution-
based molecular switches where pH is changed by titration.”

To further examine the reaction kinetics, we analyzed the
speed at which switching progresses away from the electrode
edge, into the interior of the ring electrode. As shown in Figure
Sc, following biasing of the electrode, the switching of pixels to
the ON state and OFF state within the ring electrode is seen to
occur linearly with distance from the electrode edge. By fitting
these trends, we calculate that the speed at which switching
progresses from the electrode edge toward the center of the
ring electrode is 22.6 + 1.1 um/s and 28.1 + 2.1 um/s for
switching to the ON and OFF states, respectively (SI Figure
S$9). This compares well with the experimentally measured rate
at which electrochemically induced pH change extends from a
microelectrode edge driven by diffusion of H* ions® and
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suggests switching speed is likely limited by diffusion of H" and
OH ions in the aqueous electrolyte.

Finally, we explore the potential of exploiting the spatial
localization (limited by diffusion of H" and OH™ ions) of
electrochemically induced pH change to demonstrate address-
able switching of surface-bound DNA triplexes. As shown
schematically in Figure Sd, an array of ring electrodes with a
radius of 350 pm and separated by 500 ym was fabricated on a
glass substrate such that each electrode could be biased
independently. The nanoswitch was subsequently immobilized
on the substrate surface such that the DNA monolayer covered
the entire surface, including each electrode in the array. The
fluorescence image of Figure S5d shows selective and
independent electronic switching of DNA nanoswitches local
to two adjacent ring electrodes while in Figure Se the current is
switched between the two ring electrodes in sequence to
generate a 2-bit, binary sequence.

B CONCLUSIONS

We have demonstrated a DNA nanoswitch that is able to
switch dynamically between open and closed conformations
when immobilized on a surface. Conformational switching is
regulated by the association and dissociation of a pH-sensitive
DNA triplex-forming domain, as confirmed by titration in both
solution and on-surface. Switching of the triplex occurs at
around pH 8 when immobilized on a surface, similar that that
observed for the same nanoswitch in the solution-phase, and
was shown to be reversible and highly repeatable for 20 cycles
of switching. By changing the pH electrochemically, we finally
demonstrated electronic actuation of the surface-immobilized
DNA nanoswitch. Electronically actuated switching was found
to occur rapidly and switching between states was spatially
localized, limited by the diffusion of ions, enabling the
demonstration of electrically driven, independent and address-
able switching of a DNA nanoswitch array. Further work on
this system could include the development of high-density
arrays containing an entire family of pH-sensitive nano-
switches, each of which is designed to respond to a different
stimulus, in accordance with the work of Idili et al.” Moreover,
it would be interesting to explore alternative approaches to
electrochemical actuation that are more compatible with solid-
state architectures, such as solid-state proton conductors®* or
hydrated polymer matrices,® that do not demand an aqueous
electrolyte. The implication of this work is the potential to
integrate dynamic DNA machines with electronic systems,
potentially enabling complex information processing. For
example, information encoded within the loop between the
duplex and the triplex-forming domain could be revealed upon
opening of the switch to enable electronically actuated
searching of a key-based nucleic acid memory.
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