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Abstract: The monitoring of molecular systems usually
requires sophisticated technologies to interpret nanoscale
events into electronic-decipherable signals. We demonstrate
a new method for obtaining read-outs of molecular states that
uses graphics processing units made from molecular circuits.
Because they are made from molecules, the units are able to
directly interact with molecular systems. We developed deoxy-
ribozyme-based graphics processing units able to monitor
nucleic acids and output alphanumerical read-outs via a fluo-
rescent display. Using this design we created a molecular 7-
segment display, a molecular calculator able to add and
multiply small numbers, and a molecular automaton able to
diagnose Ebola and Marburg virus sequences. These molec-
ular graphics processing units provide insight for the con-
struction of autonomous biosensing devices, and are essential
components for the development of molecular computing
platforms devoid of electronics.

Modern electronic computing systems have permeated
nearly every aspect of modern life, including the molecular
sciences, where our reliance on electronics ranges from simple
digital data storage to sophisticated laboratory equipment.
Even proponents of alternative molecular computing sys-
tems[1] are reliant on electronic devices to translate molecular
events into electronic-decipherable signals. Yet the vision for
molecular computing is devices that are devoid of electronics.
Here we explore the implications and current limitations of
an electronics-less landscape for autonomous molecular
output devices. We present a platform that provides graphics
processing and visual displays that operate analogously to

electronic displays, but are built from biomolecules. The
system employs deoxyribozyme-based molecular logic gates[2]

and circuitry,[1a–e] which uses oligonucleotides as inputs and
produces oligonucleotide outputs; the accumulation of output
is measured by fluorescent-resonance energy transfer
(FRET) tagging of the output molecule. We demonstrate
a molecular 7-segment display circuit, and a molecular
calculator able to add and multiply small numbers. The
output is a static alphanumeric fluorescent display with utility
for providing temporary read-outs of molecular states. To
demonstrate the usefulness of this display for autonomous
biosensors, we constructed a prototype diagnostic molecular
automaton able to identify signature sequences found in
Ebola and Marburg virus pathogen genomes that displays
viral identity in colored fluorescent text.

Our inspiration for the development of the first molecule-
based graphic processing units was the ubiquitous and simple
electronic display known as the 7-segment display (Fig-
ure 1A). This display is found in many electronic devices
including digital watches and elevator screens. The display
energizes output lines to form decimal digits using seven
different segments on a light-emitting diode (LED) display.
Four-bit binary coded decimal (BCD) values are used as
inputs, which are decoded for display by a BCD decoder
(Figure 1B). The BCD inputs are designated A, B, C, and D,
and outputs are labelled a, b, c, d, e, f, and g, where each letter
corresponds to a standardized segment designation for 7-
segment displays. To encode the system for deoxyribozyme-
based molecular logic (Figure 1C),[1c,2a,b] we designated four
input oligonucleotides to represent A, B, C and D. We then
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designed a circuit of deoxyribozyme-based logic gates (Fig-
ure 1D) to convert presence of the BCDs to activation of
output. Unlike electronic 7-segment displays, the automaton
was not designed to display the value zero in the absence of
inputs, but rather mimic a biological system that traditionally
would display no result in the absence of incoming signals.
Similar to our previous automata,[1c,e] sufficient fluorescent
accumulation allowed accurate visualization of output using
an electronic plate reader after 35 min, although some
individual numbers appeared as early as 10 min (Figure 1E).
We also observed that fluorescence could be visualized simply
by dispensing reagents in a clear-bottomed microtitre plate
and viewing using a standard UV-light box, albeit after an
overnight incubation. This simpler method of visualization is

a step closer to the goal of molecular computing devices that
do not require batteries or wires.

To demonstrate the utility of our display format for
molecular computing applications, we designed a prototype
molecular calculator able to add or multiply the numbers 1, 2,
and 3, and display the calculation result visually using
a fluorescent 7-segment display (Figure 2A). Six oligonucleo-
tide inputs were designated to represent the numerical
calculation inputs (first input: A1–A3, second input: X1–
X3), and a further two oligonucleotide inputs represented the
function performed: F + for addition and F � for multi-

Figure 1. Molecular BCD decoder and 7-segment display. A) The tradi-
tional 7-segment display (left panel) was designed to operate in a well-
plate format (right panel). B) Truth table of BCD decoder: addition of
binary coded oligonucleotide inputs (A–D) produces a fluorescent
decimal display output (O). C) Circuits are powered using deoxyribo-
zyme-based molecular logic gates:[1c, 2b] the YESA gate pictured is
activated by addition of oligonucleotide input A, allowing cleavage of
a FRET-labelled oligonucleotide substrate, producing product PT and
causing the accumulation of TAMRA (T) fluorescence; additional logic
gates are described in the Supporting Information, Figure S1. D) The
molecular circuit for the BCD decoder and display and experimental
details are described in the Supporting Information; the response of
the circuit to addition of inputs A and D (1001= 9) is shown: green
letters designate activating gate segments and red letters designate
inhibitor gate segments; wells producing fluorescence are highlighted
in pink. E) Experimental results: oligonucleotides A and D representing
the binary digit (1001) were added to every segment of the circuit and
output fluorescence was visualized using a standard fluorescent plate
reader (top panel) after 35 min, or color-photographed on a UV-light
box after overnight incubation (bottom panel); the decimal decoded
value of 9 was successfully displayed. Results for all decoded binary
values are shown in Figure S2.

Figure 2. Molecular calculator. A) Addition of decimal coded oligonu-
cleotide inputs (A1–A3, X1–X3), along with function-coded oligonu-
cleotide inputs (F + and F �) produces a fluorescent decimal display
output (O). B) The circuit for the molecular calculator and experimen-
tal details are outlined in the Supporting Information; the response of
the circuit to addition of inputs A1, F + , and X2 (1+ 2 = 3) is shown:
green letters designate activating gate segments and red letters
designate inhibitor gate segments; wells producing fluorescence are
highlighted in pink. C) Negatively regulated logic gates :A1:X1
(pictured) and :A1 (Figure S3) are constitutively active, able to cleave
substrate to make product in the absence of inputs; input addition
inhibits gate activity. D) Oligonucleotides A1, F + , and X2 representing
the calculation 1 + 2 were added to every segment of the circuit;
output fluorescence was visualized by fluorescent spectroscopy (left)
and color photography on a UV-light box (right) after 90 min incuba-
tion at room temperature; the calculation result of 3 was successfully
displayed; results for all calculations are shown in Figure S5A and B.
E) The presence of constitutively active negatively regulated gates
results in output production in the absence of input, producing
a characteristic fluorescent pattern to be interpreted as an error
symbol.
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plication. The circuit required for calculator operation (Fig-
ure 2B) used similar molecular logic gates as outlined for the
BCD decoder (Figure 1C), as well as two negatively regu-
lated gate types not previously reported for any deoxyribo-
zyme-based automata (Figure 2 C). These negatively regu-
lated gates generated fluorescence in the absence of any
input, giving a characteristic reaction to be interpreted as an
error signal by the user (Figure 2 D). During experimental
implementation we attempted to optimize the concentration
of reagents for faster reaction times via UV-light-box visual-
ization, increasing the logic gates by 10-fold, inputs by 5-fold,
and substrates by 3-fold. As previously observed for our full
adder automaton, simply increasing concentrations did not
straightforwardly improve reaction times, confirming our
earlier observation that a current limitation of the technology
is defined by the total concentration of an increasing number
of gates.[1c,e] To circumvent this we carefully titrated individual
gate concentrations, and introduced a quenching oligonucleo-
tide. The quenching oligonucleotide binds to product and
provides a chemical threshold of product accumulation for
gates to surpass before signal can be observed (see Supporting
Information, Figure S4). The resultant conditions allowed
clear observation of displays within 90 min of input addition
(Figure 2E), representing a 16-fold improvement in speed
compared with the unoptimized BCD decoders above. While
the reported reaction times are exceptionally slow compared
with split-second dynamic electronic displays, it should be
noted that these static displays do not readily dissipate.
Results remain available for viewing at least 24 hours after
input addition without the requirement for ongoing electrical
feeds.

A single-use static read-out that appears in 15–90 min has
utility in the development of autonomous biosensors, and in
particular diagnostic devices. Indeed, a system that identifies
nucleic acid identity using a text display, without further
processing of results, is unique. To demonstrate, we encoded
a molecular automaton able to distinguish between two 15-
nucleotide (nt) signature sequences found in the filovirus
pathogens Ebola and Marbug virus genomes (Figure 3A). For
this circuit we implemented a two-color 5 � 3 dot-matrix
readout using both TAMRA (pink) and fluorescein (green)
fluorescence colors,[1c,e] demonstrating ability to produce
displays using multiple colors and layouts (Figure 3B and
C). Additionally, the use of 15 wells in a dot-matrix display
increases the robustness of the assay, since 15 individualized
reactions are required to give a correct answer before
diagnosis can be achieved. Sequences were identified using
custom-designed software to scan viral genomes for 15-nt
regions suitable for incorporation into logic gates.[3] The codes
identified demonstrated the power of logic gates to include
and exclude by design: a 15-nt code found in all filoviruses (F)
identified presence of Ebola if a second 15-nt code found only
in Marburg virus (M) was not present, via an F:M (F
ANDNOT M) gate (Figure 3B). The resultant prototype
filovirus diagnostic automaton successfully displayed a pink
“E” for Ebola and a green “M” for Marburg virus upon
addition of respective 15-nt input codes (Figure 3D). A
second automaton able to discriminate between signature
sequences of West Nile, St Louis encephalitis and Yellow

Fever virus was similarly constructed (Figure S6).[4] The
incorporation of viral pathogen sequences demonstrates the
modularity of our logic gate design. The system is very
convenient, since the fluorescent reactions occur autono-
mously after input addition. It is also inherently scalable as
additional text can be added by simply increasing the number
of wells. A two-color 15-well output system can analyse DNA
mixtures to produce 230 = 1073 741824 different patterns,
providing more capability than current diagnostic possibil-
ities. By restricting the number of patterns to meaningful text,
we provide a capacity for autonomous diagnostic readout
without the requirement to decipher complicated patterns of
dots. Importantly, this ability to perform computation, of
virtually any complexity, within each well provides a funda-
mental advance beyond traditional diagnostics. We provide
potential to interrogate the presence, absence, or thresholding
of multiple markers, and combine these inputs into clinically
relevant outputs, without the need for extrinsic devices,
computers, or software.

Our experiments demonstrate the first non-electronic
based graphics processing units and visual displays able to
interact directly with molecules and nanoscale systems. Our
first-in-class molecular 7-segment display, molecular calcula-
tor and autonomous molecular diagnostic, present a new path
forward in the development of “intelligent” biosensors. The

Figure 3. Diagnostic filovirus automaton. A) A diagnostic molecular
circuit was designed to produce 5 � 3 dot-matrix text displays showing
the letters E and M for Ebola and Marbug viruses, respectively, upon
addition Filovirus (F) and Marburg virus (M) signature sequences.
B) Two-color logic gates using both TAMRA (pink) and fluorescein
(green) fluorescence colors were used,[1c,e] with a YESM gate (top)
producing fluorescein (green) fluorescence, and an F:M gate
(bottom) producing TAMRA (pink) fluorescence. C) The circuit for the
filovirus automaton and experimental conditions are shown in the
Supporting Information; the response of the circuit to the addition of
15-nt code M is shown: green letters designate activating gate seg-
ments and red letters designate inhibitor gate segments; wells
producing fluorescence are highlighted in green. D) A green M (for
Marburg virus; top) was successfully displayed upon addition of 15-nt
signature sequences M to every well of the automaton; similarly a pink
E (for Ebola virus; bottom) was displayed upon addition of F;
fluorescence plate reader results (not shown) indicated E and M
appearance after 30 and 100 min of input addition respectively. Color
photograph (shown) from UV-light-box visualization was taken after
overnight incubation at room temperature.
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systems provide potential to analyse and condense complex
sets of molecular information for efficient information trans-
fer and dissemination. The simple reaction requirements, and
novel conversion of molecular information into a visual form,
confer significant benefits to the assayist, particularly as the
complexity of the information increases. While currently
restricted to static displays, we are developing a reset function
to enable dynamic data read-out. In the short-term the
displays are necessarily photographed and converted to
electronic digital forms for long-term storage. However,
ultimately they provide a read-out potential for molecular
data storage devices. For instance, in the reported DNA-
encoding of Shakespeare�s sonnets,[5] read-out occurred via
sophisticated high-throughput sequencing technology after
15.6 days. Development of molecular-based graphics process-
ing units for this technology could potentially reduce read-out
time to less than two hours in low-resource settings. In
addition, 7-segment or dot-matrix style displays are relevant
in molecular cryptographic applications:[6] rather than pro-
viding pre-set images for subsequent deciphering, our system
displays sets of text or images dependent on input mixtures
provided. Our graphics processing units and visual displays
thus provide another component to the molecular toolkit now
available, including molecular logic gates,[1c,f,h, 2b,c] automata,[1-

b–e,i–n] storage,[5] and cryptography,[6] allowing the engineering
of systems on the nano-scale that are analogous to, but devoid
of, electronic components.
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