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Abstract— The research on DNA-based circuits has grown
exponentially during the past few years. Having said that, the
technology needed for the implementation of such circuits in
living cells has been upgraded immensely as well. DNA ex-
hibits the properties of programmable structure, self-assembly
and adequate robust stability, making it an important and
interesting building block to construct molecular machines.
In the attempt to provide an alternative to the traditional
semiconductor-based devices, extensive research has been done
to construct molecular level devices with minimal components
performing efficiently in living cells. In this article, we present a
comprehensive survey of advancements and applications of such
devices in molecular computing and nanotechnology. We cover
the overview of programming languages, design and develop-
ment of computational devices like logic gates and controllers,
including the former approaches that originally influenced this
present development. We also discuss nanorobots, such as DNA
walkers and tweezers with the general objective to provide a
comprehensive survey of the most state of the art approaches
in the DNA based computing devices.

Index Terms— DNA-based devices, logic gates, controllers,
nanorobots, DNA origami, programming languages.

I. INTRODUCTION

Nucleic acid-based devices have shown their potential of
achieving many significant tasks over the past few decades.
By now these devices have seen a widespread set of ap-
plications, e.g. from disease diagnosis and therapeutic drug
release to performing mathematical functions. These devices
involve also the areas of molecular computing, information
processing, targeted drug delivery, nanorobots [1]–[3] and
other medical applications such as a simple molecular-
scale DNA computer that theoretically is capable of cancer
diagnosis and releasing an anti-cancer drug [4].

These molecular devices can perform logical operations,
such as cascading, signal amplification and restoration, feed-
back and so on. It also includes components like logic
gates, controllers, sensors, actuators, memory switches, delay
timers and etc [5], while can perform individually or in
combination as a complete circuit, in order to accomplish
certain existing or new cell functions. Even after working
out the way how these different pieces can work together,
it still takes lot of trial and error in the process. Though
nucleic acid based modules involve DNA, RNA, ions, small
molecules or proteins as their ”hardware” material - here in
this article, our particular focus lies in DNA-based devices.

The known and editable structure of DNA, with the pro-
grammable designing feature, provides a flexible material for
a wide range of applications [6]. The core advantage of DNA

Robotics and AI Group, Department of Computer Science, Electrical and
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computing is that it also caters excellent information storage
and parallel computing capacity, aiding to its potential of
packing large amount of circuitry onto a microchip than
ultimate capacity of silicon [7], while the easy availability
and the non-toxic material are making DNA an excellent and
cheap resource for related applications.

Designing semiconductor-based computational devices at
a molecular level has been an aspiration, considering the
exponential growth of computing power and the finite po-
tential of traditional silicon chips. The burgeoning number
of applications require an increased speed and reduced
dormancy, which is where silicon is reaching its performance
limits [8]. This fact drives the research to find efficient ways
of moving from silicon to carbon [9]. Also, the small size of
the nucleic acid molecules provides a distinct advantage over
the conventional semiconductor devices. Strong durability of
these molecules is not so desirable as much because, their
use in a biological system is only for hours to days, unlike
semiconductor devices.

Despite all the above mentioned advantages, there exist
some limitations of DNA computing, since most of the
operations are one-time executed, are solving a particular
problem and are performing the desired computations only
once. Although DNA can comparatively store enormous
amount of data in a compact form than the current storage
options, it does require large amount of DNA to solve large
scale problems. DNA synthesis and sequencing is required
for computations, limiting the practical number of nucleotide
bases to few hundreds (typically < 200). This affects the
capacity of the DNA-based devices to handle larger math-
ematical problems. Also, DNA strand synthesis is prone to
errors, such as mismatching pairs, even in the simple mixing
action. This may not affect the solving of small problems
but certainly cause the error to increase exponentially, while
solving big problems that include thousands of calculations
[7]. Another limitation is that the in silico design and
simulations are visible and can be altered quickly to obtain
the desired output. However, the final output is not directly
visible every time with in vitro or in vivo simulations.

The bases of forming DNA computing devices consists
of DNAzymes (deoxyribozymes) [10], [11], enzymes, de-
oxyoligonucleotides and toehold exchange which is, toehold
mediated strand displacement (TMSD) [12] and polymerase-
based strand displacement (PSD) [13]. From an application
point of you and for the specific use case of the encapsulation
of molecular robots (or nanorobots), a vesicle or a gel is
used. For example, the ‘Amoeba robot’ uses a liposome
cover, while the ‘slime mold robot’ uses a gel cover [14].
These robots are expected to be useful in intelligent drug
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Fig. 1: Understanding the analogy between computational
and chemical processes, (a) A molecular substrate on re-
acting with reagent, under various environmental conditions,
generates a product that is observable due to change in its
physical form or colour. (b) The similar process can be
viewed as a combination of chemical or physical inputs that
generate output. (c) Here, classification of different systems
according to chemical or physical parameters is shown.
For example, biological entities (e.g.: DNA strands) can be
reagents and substrate that react under certain conditions to
produce the chemical output, which can be observed through
fluorescence. Adapted from [16].

delivery, artificial internal organs, contaminated soil cleaners,
brain–machine interfaces, and eventually an artificial brain to
name a few. Among many, another example can be bacteria
based microrobot by [15] that uses microorganisms like
Salmonella typhimurium. This approach has been verified in
vitro and in vivo towards the ability to have a tumor targeting
ability. This strategy, where bacteria can perform micro-level
sensor and actuator, can be seen as an impressive way to
deliver microstructures to target and treat tumors.

In this article, we review the state of the art of DNA-
based devices, such as logic gates and controllers, along with
their advantages, limitations and implementations in vitro
and/or in vivo. We also discuss nanorobots like DNA walkers,
tweezers; then nanostructures, such as DNA origami and its
practical use in targeted drug delivery.

II. PROGRAMMING LANGUAGES

Even before exploring the computing ability of DNA
molecules through the famous ‘travelling salesman problem’
- the Hamiltonian path problem - by Leonard Adleman
[17], DNA-processing enzymes were compared to Turing
machines [18]. Adleman however, demonstrated the capabil-
ity that such computational problems can be experimentally
solved using DNA. Since then, DNA molecules have been
used to address and implement diverse mathematical prob-
lems. However, these problems tend to be computationally

upscale due to the large number of their potential solutions.
This is where the parallel computing capacity of DNA-based
approaches become convenient. Some examples of alike
problems include a NP-complete three-satisfiability (3-SAT)
problem for a 20 variables instance [19] and construction
of DNA logic circuits and Boolean neural networks that
altogether manifests autonomous brain-like behaviours [20].
These examples show some impressive engineering approach
to build circuits at a molecular level.

DNA Strand displacement (DSD) reactions can be used as
a computational mechanism to design and develop a number
of systems, such as logic circuits, controllers, delay timer
circuits etc. [21], [22] discuss how the DSD domain (a
particular finite sequence of nucleotides) based reactions can
be used as a programming language for very large-scale inte-
gration (VLSI). Some of the examples of programming lan-
guages are gro [23], cello (https://www.cidarlab.org/cello)
and Visual DSD [24], [25]. gro explores the multi-celled
behaviour of E. coli. like bacterial microcolonies in a
two-dimensional environment, while it also simulates few
thousand bacterial cells growth using a parallel computing
approach. Cello can be used to design computational DNA
circuits that encodes the electronic logic circuits. The re-
sulting complete DNA sequence can be executed as a circuit
inside living cells, such as bacteria or viruses. Primarily, their
database uses NOR and NOT gates to represent any logic
function. Visual DSD is a domain-specific programming
language based on the DNA strand displacement mechanism.
It uses a web-based graphical interface to realize the com-
putational circuit, in order to construct the reaction network
by using the provided DNA species, while this approach
benefits in analysing the reaction network circuit without
manual construction.

III. MOLECULAR DEVICES

A. Logic gates

Logic gates compose a vital part of the DNA computing.
Nucleic acid molecules can be designed and integrated into
Boolean operations in order to develop logic gates [16],
[26], [27]. They benefit in molecular computing like, intelli-
gent diagnostics and multi-parameter intracellular sensing.
Semiconductor based logic devices have wires to carry
electrical input and output signals. There have been reports of
molecular devices being addressed this way where, switches
have been shown to act as bits in molecular electronics that
use charge transport characteristics through molecules [28].
However, mostly molecular logic gates have chemical inputs
and output signals that could be seen as a fluorescent light, as
elaborated in Fig. 1. For example, [29], presents operations of
six logic gates, which are able to produce fluorescent outputs
reciprocal to their operations.

The research in DNA computing is pursuing to contribute
solutions by means of nucleic acid based logic gates, as
they have observed to be key components of autonomous
therapeutic molecular-scale devices. Although this approach
has yet to reach its full potential, DNA-based devices can
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still adequately perform or mimic digital logic circuits [30]–
[32]. The in vivo logic gates have shown to be especially
useful for therapeutic applications, as reported in [4]. DNA
nanosystems can be designed to interact with cell surface
markers; as with antibodies and aptamers is shown in [33].
In [34], the design of a set of modular logic gates is
shown that uses single stranded DNA (ssDNA) as inputs and
outputs. They also demonstrate their wiring into a 3-level
circuit exhibiting a XOR function. Another approach by [35]
shows a system integrating 128 deoxyribozyme-based logic
gates, operating independently in parallel, called as MAYA-II.
Following a modular design approach, [36] uses the catalytic
properties of DNAzymes (deoxyribozyme), to design AND,
NOT and XOR logic gates and circuits. The logic gates
based on deoxyribozyme has been very efficient because the
resulting systems operate independently in parallel and also
demonstrate cascading of a signal between two gates.

Two or more switches can be wired in series or parallel
to produce an AND or OR logic, respectively. This idea
is realized for the molecular implementation using TMSD
reactions by [37]. Furthermore, one of the primary problems
with logic gates is their physical arrangement in an array
that can perform more complicated operations and in this
case, it would require a systematic wiring of basic logic
switches in order to obtain a functional complexity, while in
this direction there have been only few prominent examples
reported, such as [34], [38], [39].

DNA logic circuits exhibit various drawbacks, such as
the slow computation speed to compute even a simple
function, that can be often expanded in hours. Furthermore,
a high complexity in terms of the number of DNA strands
is required. To deal with these drawbacks of DNA logic
circuits, [40] uses only ssDNA that significantly reduces
the leakage reactions and signal restoration steps. Another
approach by [41] has managed to obtain an increase in speed
by using PSD rather than TMSD on double-stranded DNA.

B. Biochemical controllers

In order to implement a biomolecular controller, [43] used
the chemical reaction networks (CRNs) as a programming
language. They show an implementation of the approximate
majority CRN to demonstrate that CRNs can be applied
to real molecular systems as a programming language. In
general, the use of a subtractor in a feedback control circuit
could be tricky as the DNA concentrations are always
positive. To address this issue, [44] proposed a methodology
where a signal, x can be represented as the difference in
concentration of two chemical species, x+ and x− such
that, x = x+ − x−. This methodology enabled designing
of abstract chemical reactions to implement a number of
nonlinear system theoretic operators. Following this, [45] de-
signed nonlinear feedback controllers, realizing an ultrasen-
sitive switch-like input-output response [46], using idealized
abstract chemical reactions and implemented via DSD re-
actions. The closed-loop response of the designed nonlinear
quasi-sliding mode (QSM) controller [47] was observed to
outperform the traditional linear (proportional–integral) PI

Fig. 2: Schematic of a molecular robot system: a system
capsulated by liposome and an interior filled with DNA
gel that provides a DNA reaction field. External stimulus
containing an encoded command, is received by the receptor-
type sensor and translated into a reference signal r(t) for the
feedback control circuit inside the robot through a certain
concentration of single stranded DNA (ssDNA). Here, r(t)
is a state variable, up(t) is a control signal and yp(t) is aplant
(actuator) output, all defined by the ssDNA concentrations.
Adapted from [42].

controller in terms of both performance and robustness [48].
Further, performance of signalling-cycle (SC) controller [49]
was compared to PI controller in closed-loop with a nonlinear
second-order chemical process. The SC controller design
uses lesser chemical reactions and was shown to perform
better than PI controller. Other research directions have
also implemented a number of nonlinear system theoretic
operators, such as polynomial functions, rational functions,
Hill-type nonlinearities [50]. In [51], the authors discussed
robustness of the DNA nonlinear circuit, based on DSD,
against unintended reactions.

Nanorobots require sensors, actuators and embedded con-
trol circuits to be fully functional [52]. In this case, the
sensors detect the environment, the actuators allow the
nanorobots to move through that environment and eventually
a control circuit that can convert sensor information to motor
activity (see Fig. 2). A practical DNA system addressing the
regulation problem for molecular robotics is discussed in
[42]. This implementation is performed by using practical
DNA circuits in order to regulate the concentration of a
target DNA strand to a desired level. An On-Off controller is
proposed with an amplifier in a suitable place in the circuit
that uses a recycling mechanism. The signal, for this DNA
based circuit, is the DNA concentration. It uses liposome-
filled with DNA gel as a plant system capsule, receptor
type sensor that senses an external stimulus DNA, a DNA
amplifier to amplify the DNA concentration to a certain
desired level, depending on the initial concentration of the
substrate (S), fuel for the amplifier ssDNA (F), and finally
a DNA comparator that uses DNA hybridization to compare
concentration of two strands.

Actuators can be seen as the basic active DNA nanos-
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tructures and it can allow to activate functions. A DNA
circuit that switches between the inactive and active states
of molecular robotic actuators has been developed by [53].
This approach used an amoeba like robot “AAA” (Artificial
Automatons Amoeba) that has been proposed as a prototype
for a molecular robot. Activation and deactivation of the
circuit (ON and OFF) takes place through DSD reactions.
The ‘initiator’ strand is a trigger to output the ‘releaser’
strand with a time difference, which is achieved based on
the DSD timer circuits [54]. In [14], interesting approaches
are shown to create intelligent molecular controllers by
using amoeba and slime mold or hybrid robots. The authors
have also summarized the requirements for the molecular
controllers and the existing frameworks that have been used
in order to construct molecular robots. This approach helps
to understand how the sensors and actuators might work in
the multi-organism system on a multi-cellular level.

Autonomous hybridization and DSD reactions to achieve
efficient signal amplifications are given by [55], where the
authors have developed a nonlinear I/O controller by using
synthetic CRNs and an allosteric cooperativity strategy. In
[56], the authors theoretically analysed the finite-time regu-
lation property of DNA feedback regulator.

IV. NANOROBOTS

The molecular nanomachines or nanorobots are self-
assembled using sequence-specific interactions that bind
complementary oligonucleotides together to perform
machine-like functions [57], [58]. Their activation can take
place through a particular signalling molecule or by a change
in their environment, while these robots execute several
consecutive functions after being triggered by external
chemical inputs (fuels) and then eventually lead to dynamic
two and three-dimensional structural changes and to the
formation of chemical by-products (waste products). Such
devices prove useful in building sensors, transporters, for
targeted drug delivery or programmable chemical synthesis
[59], [60].

The dynamic control of DNA structures enables it to
mimic machinery functionalities like, tweezers [62], walkers
[63], gears [64], and more [65], [66]. DNA walkers, as
shown in Fig. 3(a), could be used to carry out computations
and precisely transport nanoparticles of biomaterial. One of
the ways to develop the walker is to encode information
in walker fragments and in the tracks as well. In this
way the walker can perform a motion, while carrying out
computations simultaneously [67], [68]. The development
of DNA walkers as in [63], [69], is representing a major
subclass, that walk along self-assembled tracks has been
inspired by the biomolecular machines that can carry cargoes
within living cells. They can also perform DNA-templated
synthesis and increase velocity of motion, making their
potential use in nanorobotics. These machines are proven to
move autonomously (without any external changes) using the
energy as a fuel from a DNA or RNA catalysis [70], [71].
Another interesting DNA machine to be noted is a DNA
tweezer. A tweezer structure is formed by hybridization of

(1)

(2)

(3)

(a) (b)

Fig. 3: DNA walker and tweezer. (a) Autonomous DNA
walker: (1) The walker W is initially attached to track with
two feet and T are the footholds in an inert hairpin structure.
(2) The left foot of W is detached from the track after
hybridization of F. (3) Then walker takes one step to the
right after hybridization of W with T. Adapted from [61]. (b)
DNA tweezer: By hybridization of oligonucleotide strands
A, B and C a tweezer structure is formed. In order to close
the tweezer, open ends of strands B and C (shown in figure
above) can hybridize with a closing strand F (shown in
figure below). Similarly, another hybridization can open the
tweezers. Adapted from [62].

oligonucleotide strands. The opening or closing of tweezer
takes place by means of hybridization as shown in Fig. 3(b).
Such machine are constructed in the form of a pair of
tweezers as it is described in [62]. This approach uses three
DNA strands along with added auxiliary strands that serve
as a fuel, as well as a material for machine construction,
eventually producing a waste DNA product at the end of
each cycle. This three-stranded structure played a ‘trick’ of
speeding up the strand displacement process.

Nucleic acid structures provide a range of functionalities
and even though applications of DNA nanostructures are
still in its infancy, they have a strong potential to provide
solutions for targeted drug delivery. However, they require
some assistance to enter cells and overcome some biological
barriers in the human body [72]. DNA can be programmed
to self-assemble into various cage-like architectures, known
as DNA polyhedra. Applications of DNA polyhedra mainly
depend on two key features [73]. Firstly, they can encapsulate
biomolecules like drugs that need to be conveyed. Secondly,
the DNA can be modified on the surface with different
tag sites. Therefore, using them to develop systems that
can function in vivo to detect disease markers and control
the cargo release to selectively kill cancer cells, can be
significantly beneficial in DNA computing.

With this perspective, [74] showed a DNA tetrahedra that
offers programmed configuration switching in response to
external stimuli, which is used to construct a half-adder
operation and logic gates. They also detect intracellular ATP
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in living cells by using these logic gates. DNA tetrahedral
nanostructures have been observed to enter live cells eas-
ily and release conveyed drugs [75], [76]. Different DNA
structures such as, i-motif [77], anti-ATP aptamer (AAA)
[78], T-rich mercury-specific oligonucleotide (MSO) [79],
and hairpin structures, can be adapted to DNA tetrahedra
in order to build logic gates.

DNA origami refers to two or three dimensional complex
arrangement of DNA molecules, folded to create arbitrary
structures, that can be used to arrange nanomaterials with
high precision [1], [80]. Though started as an art form, it is
now a profound approach with applications in drug delivery
[81]. A successful example of targeted drug delivery where,
the structure assembly is performed in vitro for in vivo
regulation is given in [82]. In [83], the authors presented
multiple robot species performing logic computations and
have shown an active nanorobot in the bloodstream of live
cockroaches.

V. CONCLUSION AND OUTLOOK

It can be summarized that molecular machines lie at
the heart of every significant biological process, even if
it is natural or synthetic. Along with the state of the art
technology and by exploiting the structural and dynamic
properties of biological materials, researchers are constantly
striving to improve the synthetic nanomachines. Thus, there
is a growing interest in building artificial structures to
design and control molecular-level processes in the hope
that it will impact various aspects of practical applications
in biomedicine and many other relevant fields. Currently,
the cutting edge technology and interdisciplinary research
community, has helped in speeding up the learning curve
much faster. This article, epitomizes some of the key aspects
of DNA-based devices, their implementations, limitations
and solutions. Though in the state of infancy, we have gained
compelling understanding towards the underlying biology
and it will keep growing exponentially.
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