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Abstract
As a result of the exponentially growing amount of information being produced, new data storage solutions are required. 
DNA has attracted significant attention as a potential data storage medium thanks to several intrinsic properties, such as 
ultrahigh physical information density with up to 2 bits per nucleotide. Current DNA-based memories rely on sequencing 
strategies for data recovery. However, sequencing all DNA strands for data retrieval would be very time consuming and thus 
result in high levels of latency. Therefore, random access strategies are required to make DNA-based data storage a viable 
alternative. Here, we present our first steps towards the development of a compartmentalized electrochemical random access 
DNA memory (e-RADM) using cascade reactions controlled by DNA nanostructures immobilized on gold microelectrode 
arrays which will be triggered when a specific information retrieval query is put into the system. Electrodes containing the 
desired information can then be identified by Square Wave Voltammetry.

Introduction

Over the last decade, the amount of data generated glob-
ally has increased exponentially and is expected to reach 
1.75 ×  1014 GB by 2025. Current silicon-based storage tech-
nologies, such as magnetic tapes, are struggling to keep up 
[1]. Therefore, new approaches to data storage using mate-
rials which offer a higher data storage density than current 
technologies are required. Significant efforts have been put 
into the integration of biomolecules with electronic devices. 
These biohybrid systems promise higher performance in 
non-volatile memory applications albeit with much lower 
energy requirements [2]. Examples include protein-based 
memristors, where proteins are the central component of 
the conductivity switching mechanism driven by the volt-
age applied [3, 4]. At the same time, DNA emerged as a 
promising bioelectronic alternative for next generation 
data storage technology owing to its Shannon capacity of 
2 bits of information per nucleotide [5]. This would yield a 

theoretical density of 1.7 ×  1019 bytes/g, enough to store all 
data expected to be produced by 2025. In addition, unlike 
most silicon-based counter parts, DNA-based memories 
have an exceptionally long lifetime and don’t need to be 
regenerated frequently. Furthermore, stored information 
requires no power to be maintained [6]. Currently, most 
DNA data storage solutions exploit the actual sequence of 
the DNA to store information, i.e. data are encoded from 
binary to quaternary code, and then DNA strands are syn-
thesized accordingly using the four natural nucleotides A, 
T, C and G. Data can be then retrieved by sequencing tech-
nologies and decoded back to the original format [7]. How-
ever, the requirement to sequence fully all DNA strands for 
retrieving a specific subset of information would imply very 
high levels of latency and risk the integrity of the informa-
tion. Random access strategies have been developed to avoid 
this issue. Polymerase Chain Reaction (PCR) is currently the 
gold standard as specific primers can be used as the query 
for retrieving only the desired information. Organick et al. 
demonstrated the recovery of 200 MB of information from 
a theoretical 1 TB DNA memory using this approach [8]. 
However, as size of the DNA memory increases, the likeli-
hood of primer cross-reactivity increases which will lead to 
nonspecific retrieval.

Here, we present the first stages of an electrochemical ran-
dom access DNA memory (e-RADM), which utilizes DNA 
origami nanostructures and localized strand displacement 
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reactions (SDRs) for data manipulation. Short DNA hair-
pins containing toeholds complementary to the sequences of 
adjacent hairpins are attached to a DNA origami such that 
cascades of SDRs can occur. When a data retrieval query is 
submitted in the form of a short oligonucleotide, only those 
hairpins with toeholds complementary to the query oligo 
will open, triggering a cascade reaction. Once the cascade 
reaction completes, the loops of the hairpins are exposed, 
containing the information related to the query. The hairpins 
are labelled with Methylene Blue (MB), and when they are 
immobilized on a gold electrode, the completion of the cas-
cade reaction can be monitored by electrochemical means. 
Briefly, when in the hairpin is in the closed state, the MB 
is in close proximity to the surface thus enabling high rates 
of electron transfer from the surface to the MB. When the 
cascade completes, the end of opened hairpins is on average 
significantly further away from the electrode surface, thus 
reducing the ability of electrons from the surface to transfer 
to the MB. In this work, we use Square Wave Voltammetry 
(SWV) for the monitoring of the cascade reaction due to its 
proven higher sensitivity over other electrochemical meth-
ods such as Cyclic Voltammetry or Chronoamperometry, as 
non-faradaic currents are dismissed [9]. Therefore, the aim 
of this work is to develop a fully functional electrochemi-
cal device in which functionalized DNA origami structures 
are immobilized on a gold microelectrode array. We argue 

that an electrochemical data retrieval approach will help 
to integrate DNA-storage with existing electronic devices. 
Recent advances in electrochemical DNA synthesis and in 
situ sequencing further support this claim [10], opening the 
door of a fully integrated DNA memory without requiring 
external sequencing.

Here, we investigate first the opening of a single hairpin 
and a 2-hairpin cascade in solution, followed by the opening 
of hairpins immobilized on DNA nanostructures. We also 
demonstrate the electrochemical detection of hairpin open-
ing using SWV as a proof of concept of the system.

Materials and methods

Opening of 20 nM of G3/Cy5:A3*/Cy3 which were annealed 
at a 1:1 ratio on a thermocycler (95 °C for 5 min, followed by 
a decrease of 1 °C min to 20 °C) and G2:A2*+G3/Cy5:A3/
Cy3 (1:1) (annealed as above) was analysed in triplicates 
by adding 60 nM of F3 and F2, respectively. The buffer, 
referred as SDR buffer, used consisted of 20 mM Tris-HCl, 
200 mM NaCl, and 10 mM  MgCl2, at pH 8. Fluorescence 
was recorded every 5 s for 10 min (λex = 535 nm, λem = 680 
nm). Interaction of G2–G3 in the absence of F2 was per-
formed in a similar way, but changing the G2 concentration 
as described in Fig. 1e. Measurements were performed on 
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Fig. 1  a Schematic representation of the G3 hairpin and fuel F3. b 
Toehold-Mediated Strand Displacement (TMSD) reaction and Cy3–
Cy5 FRET mechanism. c G2-G3 cascade reaction triggered by F2 
TMSD reaction. d Hairpin opening kinetics of 20 nM G3 and 20 nM 

G2–G3 cascade triggered by 60  nM of F3 and F2, respectively. 
e) Analysis of 20 nM of G3 TMSD reaction triggered by G2 in the 
absence of F2 at different G2 concentrations and two loop lengths
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a black flat 96-well plate blocked with 5% (w/v) BSA for 
1h at RT.

DNA origami nanostructures were folded in a 1:10:100 
molar ratio of M13mp18 scaffold:staple/extended 
staple:hairpin, with a 1:20 ratio of scaffold:biotinylated 
extended staple. The annealing was performed in SDR buffer 
as described for hairpin preparation. For the purification, 
100 ng of Streptavidin-coated magnetic beads (New Eng-
land Biolabs) were used per 5 nmol of scaffold, incubated 
for 30 min at RT. After washing 3x, 12 pmol of unlocker 
sequence was then added to release the origami structures.

For AFM imaging, 25 ng of origami was adsorbed on a 
mica surface by ion exchange using a 10 mM  NiCl2 solution, 
and images were recorded using peak force tapping mode in 
fluid with Bruker FASTSCAN-D proves.

1 nM of purified origami was used for the opening kinet-
ics experiments of the immobilized hairpins. Fluorescence 
was recorded as described for free hairpins, with 2 nM final 
concentration of F3 or F2.

Gold microelectrode arrays were first cleaned with 
piranha solution (30%(v/v)  H2O2:H2SO4 at a 1:3 ratio) for 
5 mins. 1 µM of thiolated A3* probe in 1M  KH2PO4 was 
added by drop-casting and incubated overnight at 4 °C. 1 µM 
of 6-mercaptohexanol on the same buffer was then added for 
1 h at RT. 2 µM of G3 was annealed in SDR buffer contain-
ing 50 µM of Methylene Blue (MB). This was then added 
to the electrodes by drop-casting and incubated for 1 h at 
RT. The system was then mounted in a custom-made micro-
fluidic chamber and connected to a BioLogic potentiostat. 
For Cyclic Voltammetry measurements, 9 mM of Potas-
sium Ferro/ferricyanide sample in 0.1 M KCl was added. 
3 cycles at a 100 mV/s scan rate on an overpotential range 
from − 0.8 to 0.8 V vs external Ag/AgCl reference electrode 
were recorded. Square Wave Voltammetry analysis was per-
formed in SDR buffer. The scanning was performed over an 
overpotential range from − 0.1 to − 0.5 V vs external Ag/
AgCl reference electrode, applying a pulse height of 25 mV, 
pulse width of 50 mV, and step height of 10 mV.

Data presented in this paper were analysed with Graph-
Pad Prism (10.1.0). Diagrams were drawn using Corel-
DRAW (technical suite 2023).

Results

Kinetics of the toehold‑mediated strand 
displacement (TMSD) reaction and TMSD‑triggered 
cascade reaction

We evaluated the opening of two hairpins, referred to as 
Gate 2 (G2) and Gate 3 (G3). These hairpins were designed 
in NUPACK software [11], where secondary structures 
and cross-interactions were evaluated at 25 °C. G3 and G2 

structures are shown in Fig. 1a, c, respectively, and their 
full sequences can be found in the supplementary informa-
tion. G3 was labelled with Cyanine5 (Cy5) fluorochrome at 
the 5′-end, and paired with a Cyanine3 (Cy3)-labelled 20nts 
oligo complementary to its anchor tag region, referred as 
A3*. This allowed us to monitor the opening kinetics of the 
hairpin by Foster Resonance Energy Transfer (FRET). The 
opening of the hairpins is promoted by a TMSD reaction 
as indicated in Fig. 1b, in which a short, single-stranded 
overhang region (known as toehold) initiates the strand 
displacement. A short oligo, referred as fuel F3, binds to 
G3’s toehold and invades its stem region, displacing the S* 
sequence. For the cascade reaction, the unzipping of G3 is 
triggered by G2 when it has been previously opened by a 
short oligonucleotide, referred as fuel F2 (Fig. 1c). The F3 
sequence is contained within the loop of G2, which is only 
accessible when G2 has been fully opened.

The FRET signal of a 20 nM sample of G3 and G2+G3 
was studied upon adding F3 and F2, respectively, to open 
the loops. As shown in Fig. 1d, both G3 and G2+G3 FRET 
signals drifted only slowly over time when no fuel is added. 
However, when the fuel F3 is added to the G3 sample, the 
FRET signal is rapidly reduced over time, reaching a plateau 
within 30 seconds. The G2–G3 cascade reaction is signifi-
cantly slower, only reaching a plateau after 6 minutes. The 
data were fitted to an exponential decay equation allowing 
for a small linear drift, which is likely the result of DNA 
strands adsorbing to the microplate wells even after blocking 
them with BSA. The FRET signal is described as:

where Y0 starting intensity, YM maximum intensity, K hairpin 
opening rate and Y1 slope of small drift.

The decay rate was found to be approximately 7 times 
slower for the cascade when compared to the opening of a 
single hairpin (Fig 1d).

The opening of the G2–G3 cascade was further evaluated 
with different G2:G3 ratios and G2 loop length, to ensure 
the cascade is only triggered by the fuel F2. As can be seen 
in Fig. 1e G3 is gradually opened as G2 concentration is 
increased, as well as for a longer loop. However, at a 1:1 
G2:G3 ratio for the shorter loop, the FRET signal is almost 
identical to G3 alone, indicating suitable conditions for the 
cascade reaction.

Immobilization of hairpins to a flat DNA origami 
structure

Developing a localized cascade reaction is a crucial point 
for our RADM strategy. Hairpins have to be spatially sepa-
rated at an adequate distances such that communication for 
a TMSD reaction is possible.

Y = YM − (YM − Y0) ⋅ e
−K⋅X − Y1 ⋅ X,
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As a proof of concept for our immobilization method, 
three different hairpins, G2 and G3, as well as an additional 
hairpin G1, were immobilized on a flat DNA origami struc-
ture, spaced apart by 40 nm by introducing staples with an 
extended region complementary to the anchor tag sequence 
of each hairpin on those positions (Fig. 2e). Hairpins were 
introduced during the folding step of the origami structure 
at a 1:100 ratio of M13mp18 scaffold:hairpin, and origami 
structures were purified from free staples and hairpin using 
magnetic streptavidin-coated beads. Fig. 2b shows an AFM 
image of the DNA origami structures with immobilized hair-
pins which can be seen as bright spots on the DNA origami. 
Fig. 2c shows an individual DNA origami with the line pro-
file across the positions where the 3 hairpins are expected 
to be located, and 3 peaks spaced by approximately 40 nm 
can be seen clearly indicating successful immobilization. 
Finally, Fig. 2d shows the line profile of an origami structure 
functionalized just with G3 hairpin, demonstrating that the 
hairpins are binding specifically to their intended positions.

Preliminary opening kinetics of hairpins on origami 
structure

Following the successful immobilization of the hairpins on 
the origami, the opening of G3 and G2-G3 was investigated. 
The extended staple at the G3 position contained a Cy3 label 
and the FRET signal 1 nM G3-functionalized origami was 
measured over time. The signal drifted only negligibly over 

time, but decreased rapidly when 2 nM final concentration 
of fuel F3 was added, with an opening rate of one order of 
magnitude lower than free G3 (Fig. 3a).

The G2–G3 cascade with the hairpins immobilized 40 nm 
apart on the DNA origami. However, the FRET signal 
remained constant over time in both the absence and pres-
ence of F2, indicating that the hairpins were not interacting 
with each other (Fig. 3b). This was to be expected and is 
consistent with the fact that the length of the hairpin, even 
in the open state (~30 nm), is too short to bridge the distance 
of 40 nm. Future iterations will consider the effect of the 
separation of G2–G3 to determine the optimal distance for 
the cascade to be triggered.

We note that these results are preliminary and the system 
needs to be further optimized. While the AFM images show 
the successful immobilization of the hairpins, we cannot 
yet guarantee that all hairpins have been from solution, and 
further analysis is required.

Electrochemical monitoring of G3 hairpin opening

The opening of the G3 hairpin was studied by Square Wave 
Voltammetry on a gold microelectrode array (Fig.  4a). 
Thiolated A3* was immobilized on the gold electrode, 
followed by backfilling with 6-mercaptohexanol (6MCH). 
G3 was then added to the electrode in a solution contain-
ing 50 µM of Methylene Blue (MB) (Fig. 4b). MB binds to 
single-stranded DNA regions by electrostatic interactions, 

Fig. 2  a Schematic representation of the DNA origami structure and 
the location of hairpins G1, G2, G3. b Atomic force microscopy 
image of the DNA origami structure functionalized with hairpins 

G1–G3. c Line profile of the DNA origami with immobilised hairpins 
G1–G2–G3. d Line profile of DNA origami with immobilised hairpin 
G3
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and to the double-stranded regions via π–π stacking [12]. 
The presence of the molecular layer was confirmed via the 
peak-to-peak distance of the cyclic voltammogram of 9 mM 
of potassium ferro/ferricyanide (1:1), which increased from 
300 mV on the bare gold to 920 mV, proving the formation 
of a layer on top of the gold surface.

The principle of monitoring the opening of G3 electro-
chemically is based on the loss of methylene blue (MB) 

bound to the double-stranded regions of the closed hairpin 
upon opening of the hairpin. Electron transfer is therefore 
reduced. We can measure the reduction of MB by SWV 
applying an overpotential from − 0.1 to − 0.5 V. No signal 
was observed for 6MCH-modified electrodes with or without 
fuel F3, indicating nor MB or free hairpin is trapped in the 
molecular layer or adsorbed to the surface. Electrodes func-
tionalized with the G3 yielded a cathodic current of ~ 1 µA. 
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Fig. 3  a Hairpin opening kinetics of 1 nM of DNA origami functionalized with G3 with 2 nM final concentration of F3. b Hairpin opening 
kinetics of 1 nM of DNA origami functionalized with G2 + G3 with 2 nM final concentration of F2

Fig. 4  a Gold microelectrode array used for electrochemical analy-
sis. b Schematic representation of the molecular layer generated on 
the electrode surface. Methylene blue indicated by blue dots is either 
intercalated into the double strand or linked to the single stranded 

regions. c Cyclic Voltammetry of 9 mM of Potassium Ferro/ferricya-
nide (1:1) of bare and modified electrodes. d Square wave Voltam-
metry of modified electrodes either with just 1 µM 6MCH or 1 µM 
6MCH + 1 µM G3, before and after incubating with 3 µM of F3
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When fuel F3 was added, the cathodic current decreased to 
~ 0.5 µA. This promising, yet preliminary, results indicate 
the feasibility of measuring a cascade reaction by electro-
chemical means.

Discussion

We have shown some promising steps towards the develop-
ment of an e-RADM. Single hairpin opening kinetics has 
been observed on very short timescales, and a hairpin-based 
cascade reaction was demonstrated in solution. We have also 
shown the successful immobilization of 3 different hairpins 
onto DNA origami and have been able to monitor the open-
ing of such immobilized hairpins. Our preliminary results 
suggest that the opening of a single hairpin on the origami 
structure is slower compared to in solution. We speculate 
this could be the result of the reduced degrees of freedom of 
the hairpin immobilized on the origami structure. However, 
the difference in local concentration is also likely to play a 
role. This is difficult to normalize as we cannot determine 
the final hairpin concentration after the immobilization.

While no cascade reaction was observed on the origami 
structure, this was expected as the length of G2 when fully 
opened is smaller than 40 nm, the spacing with which the 
hairpins were positions. However, we note that further analy-
sis of the system is required.

In conclusion, our preliminary electrochemical studies 
helped to expand our knowledge on the hairpin immobili-
zation on the gold microelectrodes, as well as establish a 
procedure to analyse the opening of the hairpin by electro-
chemical means.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1557/ s43580- 024- 00784-6.
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