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ABSTRACT: DNA-based construction allows the creation of molecular devices that are useful in information storage and
processing. Here, we combine the programmability of DNA nanoswitches and stimuli-responsive conformational changes to
demonstrate information encoding and graphical readout using gel electrophoresis. We encoded information as 5-bit binary codes
for alphanumeric characters using a combination of DNA and RNA inputs that can be decoded using molecular stimuli such as a
ribonuclease. We also show that a similar strategy can be used for graphical visual readout of alphabets on an agarose gel, information
that is encoded by nucleic acids and decoded by a ribonuclease. Our method of information encoding and processing could be
combined with DNA actuation for molecular computation and diagnostics that require a nonarbitrary visual readout.

Nucleic acids are known for their ability to carry biological
information, predominantly dictated by their sequence

identities. With the development of nucleic acid nanostructures
and nucleic acid copolymers, DNA structures can also code for
information beyond just their sequences.1,2 These features have
made DNA useful in molecular computation, where the
molecule has been used to perform logic operations,3

mathematical calculations,4 and to store and process data.5

DNA is highly stable as a material, making it suitable for long-
term (archival) storage of information.6 This process typically
involves information encoding in DNA sequences and uses a
DNA sequencing readout to retrieve information.7 Recent works
have looked at random access of data stored in DNA where
individual files can be recovered without having to sequence the
entire library of molecules.8 Further, different encoding
methods9 for DNA computing have aided in enhancing the
density of data storage10 with low error in data processing,11 and
new synthesis techniques have reduced the costs involved in
DNA data storage.12 Some recent strategies for DNA-based
information encoding and data processing include the
incorporation of artificial nucleotides to achieve higher coding
efficiency,13 DNA-silver nanoparticle composites for write-once
read-many-times memory,14 DNA and DNA-mimicking brush
polymers as low-power-consuming memory devices,15 temper-

ature-controlled DNA hairpins for molecular memory16 and
one-dimensional DNA arrays for rewritable memory.17

We have previously used reconfigurable DNA nanoswitches
for short-term storage of information encoded as 5-bit
characters.18 In our prior work and work by many others, the
DNA devices are typically operated using other nucleic acids as
inputs. The programmability of DNA allows construction of
nanostructures that can reconfigure in response to different
environmental stimuli (pH19), physical stimuli (temperature20

or light21), and biological stimuli (nucleic acids,22 antibodies23

and antigens24). Thus, programming DNA nanostructures to
respond to multiple types of stimuli expands the routes with
which information can be encoded or decoded, and in some
cases with graphical readouts.25 In this context, here we present
DNA nanoswitch libraries that can respond to a ribonuclease to
provide a visual readout on an electrophoretic platform, either as
segmented displays or as binary codes. Such graphical readouts
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of molecular events could be useful in diagnostics and
computation.26,27 Further, we also demonstrate the use of
such nanoswitch libraries in information encryption using a
combination of RNA and DNA inputs, with the information
decoded by an end user using a ribonuclease.
The DNA nanoswitch28,29 we use in this work is constructed

from a commercially available single-strandedM13 viral genome
(7249 nucleotides) and short complementary backbone oligos
(Figure 1a and Figure S1). Two of the backbone oligonucleo-

tides are modified to contain single stranded extensions (called
latches) that can recognize specific nucleic acid inputs. On
recognizing the input DNA or RNA, the nanoswitch
reconfigures from a linear “open” state to a looped “locked”
state. The two states of the nanoswitch provide a digital on/off
signal when they become separated by differences in mobility
using an agarose gel readout (Figure 1b). This mobility
difference arises from structural reconfiguration of the nano-
switch from the linear to the looped state rather than differences
in molecular weight that gels are typically associated with. We
have previously used DNA inputs to loop nanoswitches and
encode information using binary codes (locked and unlocked
nanoswitches as 1s and 0s, respectively),18 and in a separate
work showed that nanoswitches can be looped by RNA and
unlooped using a ribonuclease.30 Here, we build on those works

to reconfigure specific sets of DNA nanoswitches in a library
using ribonuclease to encode, encrypt, and render specific
patterns such as alphanumeric characters or 5-bit binary codes.
To demonstrate the response of the nanoswitches to

ribonuclease H (RNase H), we created a DNA nanoswitch
that can bind to a specific RNA input sequence. On binding the
RNA input, the DNA nanoswitch is reconfigured from the linear
to the looped state, indicated by the appearance of the locked
band (Figure 1c, lanes 1 and 2). On the addition of RNase H, the
RNA input in the RNA-DNA hybrid of the input/latch duplex is
cleaved, thus unlooping the nanoswitch and leading to the
disappearance of the locked band (Figure 1c, lane 3). For
example, a prewritten code (a locked nanoswitch corresponding
to “1”) can be “erased” using RNase H to reconfigure it to an
open nanoswitch (“0”). Further, the specificity of RNase H to
only cleave the RNA in a DNA−RNA hybrid duplex provides an
“erase protection” feature. To demonstrate this, we locked the
nanoswitch using a DNA strand of the same sequence as the
RNA input so that this locked nanoswitch does not react to the
addition of RNase H, thus remaining in the locked conformation
(Figure 1c, lanes 4 and 5).
Next, we showed that the ribonuclease activity can be used on

specific nanoswitches in a library. To demonstrate this, we
designed five nanoswitches, each containing single stranded
latches separated by different distances on the scaffold strand
(600, 1200, 1800, 2400, and 3000 bp) (Figure 2a). We then
created a nanoswitch mixture containing the five nanoswitches.
Addition of specific input strands results in nanoswitches of
different loop sizes which in turn have specific migration
patterns on an agarose gel (Figure 2b). We chose these latch
placements based on our earlier multiplexed biosensing work,31

so that the reconfigured nanoswitches yield loop sizes that are
easily resolvable on a gel (Figure 2b, gel inset). It is to be noted
that the migration of nanoswitches is dependent on the different
loop sizes and not the molecular weight. We first confirmed that
RNase H can act on a specific nanoswitch in this mixture by
locking one nanoswitch with an RNA input and the other four
nanoswitches with DNA inputs (Figure 2c). We tested different
cases where we locked a nanoswitch of a different loop size using
an RNA input. On the addition of RNase H, only the specific
nanoswitch is unlocked, while all the other nanoswitches in the
mixture remain locked (Figure 2d and Figure S2).
We then used the gel-based readout of DNA nanoswitch

reconfiguration as a graphical readout strategy, similar to seven-
segmented displays where a series of bits display a particular
pattern (for example, a number or a letter). To create an
alphanumeric display, we created DNA nanoswitch libraries that
consisted of the 5-nanoswitch mixture incubated with specific
combinations of RNA or DNA inputs that are predetermined for
a specific character. Once all the inputs are added, the
nanoswitches in each library are reconfigured, resulting in 5
loops per lane (Figure 2e and Figure S3).We started with a set of
5 × 5 matrix displayed across five gel lanes where each looped
band provides a “pixel”. To read the encodedmessage, we added
RNase H to the library and incubated the nanoswitches for 1 h.
On the addition of RNase H, the enzyme cleaves only the RNA
inputs bound to the specific set of nanoswitches and unlooping
them, yielding a graphical display of the letters “rNA” on the gel
formed by the remaining nanoswitches locked by DNA inputs
(Figure 2e).
The DNA nanoswitches can also be used to encrypt

information as binary codes, with each looped state correspond-
ing to a “bit”. Specific DNA or RNA inputs can encode specific

Figure 1.DNA nanoswitch design and operation. (a) The open state of
the DNA nanoswitch is a linear structure with two single stranded DNA
latches. Addition of an input strand reconfigures the nanoswitch to the
looped locked state. Inset shows the components of the DNA
nanoswitch. (b) Gel-based readout of the open and locked states. (c)
Ribonuclease-triggered reconfiguration of the DNA nanoswitch from
the locked to the open state achieved through RNase H triggered
cleavage of an RNA input strand (lanes 2 and 3). The same nanoswitch
can be erase-protected by using a DNA input strand (lanes 4 and 5).

ACS Synthetic Biology pubs.acs.org/synthbio Letter

https://doi.org/10.1021/acssynbio.2c00649
ACS Synth. Biol. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00649/suppl_file/sb2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00649/suppl_file/sb2c00649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00649/suppl_file/sb2c00649_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00649?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00649?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00649?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00649?fig=fig1&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


combinations of bits and RNase H can be used to erase specific
bits, resulting in the readout of the encryptedmessage. Using the
nanoswitch mixture, we first encoded 5 bits using a combination
of DNA or RNA inputs. We used a library of input strands that,
when treated with RNase H, will yield a specific 5-bit code
corresponding to an alphabet according to the Baudot code
(Figure 3a and Table S1). Nanoswitches locked by DNA input
strands remain looped while those looped by RNA inputs are
unlocked. Using this strategy, we also demonstrate encryption of
a specific message using a set of 5-bit codes (Figure 3b). As an
example, we encrypted a 7-letter message that displays the
binary code “11111” for all the letters when read out on an
agarose gel (Figure 3c and Figure S4). The receiver of the
message can add RNase H to the tube, and the resulting gel
readout now displays binary codes that translate the encrypted
message “NEWYORK” (Figure 3d and Figure S4).
In this work, we demonstrate the use of DNA nanoswitch

libraries that can be reconfigured using specific nucleic acid
inputs, and further respond to a ribonuclease to yield graphical
readouts of alphanumeric characters. Our strategy is also useful
in encoding information using binary codes, allowing the
encryption of hidden messages that can be decrypted using

RNase H. In the current work, we’ve shown a segmented display
type graphical readout that includes a 5 × 5 matrix, and a 5-bit
binary code. The number of bits can be expanded by increasing
the number of nanoswitches in the mixture, with additional latch
placements corresponding to different loop sizes. The ∼7 kb
long scaffold is an advantage in this case, allowing the placement
of latches at different locations. Our typical design has the
latches separated by 600 bp, but more latch combinations can be
placed at shorter distances for multiplexing with a higher
number of nanoswitches within a library. We’ve demonstrated
up to 8 bits using nanoswitches in our prior work,18 and the
number is mainly limited by the resolution of the gel to
distinguish the different looped states. The readout efficiency
can also be expanded using high-throughput gel electrophoresis
systems32 and capillary gel electrophoresis.33 While we use a gel-
based readout here, reconfiguration of the nanoswitch can also
be monitored using FRET or fluorescence. However, our
present work using a gel-based readout is low cost, and uniquely
does not require any labeling and only requires typical gel stains.
The gel-based readout also has high sensitivity due to the
intercalation of thousands of dye molecules (DNA gel stains) in
the∼7 kbp nanoswitch.29 If combined with fluorescent readout,

Figure 2.Graphical readout using ribonuclease-triggered DNA nanoswitches. (a) Placement of latches separated by different distances. (b) Design of
nanoswitch library consisting of nanoswitches of different loop sizes with a unique readout signature on a gel. Gel shows bands corresponding to each
nanoswitch locked by RNA or DNA inputs. (c) Combination of DNA or RNA inputs with a nanoswitch library containing five nanoswitches. (d)
Nanoswitches within a library can be specifically reconfigured using RNase H, leading to erasing of a single pixel within a group. (e) A segmented
display pattern using DNA nanoswitch libraries, reading out “rNA” on treatment with RNaseH. Heatmap of signal intensity from gels for the displayed
information is shown on the right. Band intensities in the heat map are normalized to the highest intensity band in the gel.
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it is possible that such a system will allow macroscopic readouts
on plates34 or paper-based27 platforms similar to other reported
biomolecular computational studies. The work described here
uses nucleic acid inputs (DNA and RNA), and the system is
intended for short-term memory. Based on our other works that
use DNA nanoswitches for detecting proteins and antibodies,31

one can also expand this information processing using a larger
variety of biomolecules as inputs, and other stimuli such as
light35 to decrypt information. Such a molecular readout system
could also be useful in biosensing (for display of biomarker
presence) or in molecular computation (for readout of results)
where molecular events can lead to macroscopic outputs.
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Figure 3.Data encryption using DNA nanoswitches. (a) Encoding 5-bit binary codes for the English alphabet characters using ribonuclease-responsive
DNA nanoswitches and corresponding gel readout. (b) Encryption of the message “NEWYORK” using nanoswitches that can be translated by
treatment with RNase H and a gel based readout. (c) Gel readout of encrypted message. (d) Gel readout of RNase-treated sample that yields the
decrypted message.
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