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Abstract
Dynamic DNA nanotechnology belongs to a larger umbrella of DNA nanotechnology that primarily uses DNA as a nano-
scopic material to build mobile structures and cascaded reaction networks powered by DNA oligonucleotides. A widely used 
mechanism to construct a dynamic DNA system is toehold-mediated strand displacement reactions (TMSDRs). TMSDRs are 
easy to engineer because of the known base-pairing rules that follow the Watson–Crick model of DNA, sequence-dependent 
binding rates, and energies of DNAs, whose secondary structure is predictable. Due to these attributes, TMSDRs have been 
used to develop enzyme-free isothermal reaction networks with remarkable applications in diagnostics, therapeutics and 
DNA computing. In this review, we briefly introduce the working principle of TMSDRs, in silico design considerations, 
and diverse input and output signals that can be processed through TMSDRs. We then summarize recent applications where 
TMSDRs are successfully employed in detecting clinically relevant targets such as single nucleotide polymorphisms and 
variants, microRNAs and whole cells and to develop programmable drug delivery vehicles and regulation therapies includ-
ing transcriptional and protein regulations. We also discuss TMSDRs driven biomedical applications of DNA hydrogels 
and DNA computing. Finally, we discuss the challenges in each of these applications and the prospects of TMSDRs in 
biomedical engineering.

Highlights
• Dynamic DNA nanotechnology can provide a viable solution to healthcare needs.
• Programmability and adaptability make dynamic DNA systems an excellent substrate for designing smart materials.
• This review discusses the most recent biomedical applications of toehold-mediated DNA strand displacement reactions.
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Introduction

Deoxyribonucleic acid (DNA) is commonly known as a 
genetic material that contains the necessary biological 
information for the development and growth of an organism. 
DNA was considered a read-only component until Seeman 
replicated the Holliday junction using short DNA strands 
called DNA oligonucleotides [1]. Using the complementary 
base pairing of DNA oligonucleotides, a thermodynami-
cally stable immobile structure with nanoscale features was 
formed. This pioneering work where DNA was used as a 
nanoscopic material to assemble an artificial structure has 
led to the inception of an interdisciplinary emerging research 
area called DNA nanotechnology.

Among the major subtypes of DNA nanotechnology, 
static DNA technology uses DNA as a nanoscopic biomate-
rial to construct self-assembled 2- and 3-dimensional nano-
structures such as DNA origami, nanotubes, lattices, nano-
pores, and cages [2–5]. On the other hand, dynamic DNA 
nanotechnology involves interaction between complemen-
tary DNA oligonucleotides to build active nanostructures 
and dynamic biochemical reaction networks. For example, 
DNA walkers, motors, and oscillators use various environ-
mental and molecular stimuli to reconfigure due to changes 

in the thermodynamics and kinetics of DNA oligonucleo-
tides [6–8].

The highly specific and predictable nature of comple-
mentary DNA oligonucleotides allow modular components 
to be rationally designed and integrated into more complex 
systems. The kinetics of DNA hybridization and dissociation 
can be accurately predicted, enabling in silico analysis [9, 
10]. This makes DNA systems more predictive, modular, 
and programmable than genetic or other molecular platforms 
[11–13]. These attributes have been used to build extended 
nanostructures and programable cascades of binding and 
unbinding reactions that can perform operations similar 
to digital and analog electronic circuits. The complemen-
tary DNA sequences interact with each other through non-
covalent and supramolecular interactions and reconfigure 
spontaneously in an aqueous solution [14], which enable 
realization of complex molecular interactions capable of 
performing computing functions.

There are different ways to bring dynamicity to a DNA 
system such as environmental stimuli, which involve 
changes in pH [15], temperature [16], and light [17]. 
However, this review focuses primarily on dynamic DNA 
systems that are driven by strand displacement reactions 
and use DNA oligonucleotides as fuel, which was first 
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proposed by Simmel and Yurke [18]. Strand displacement 
reaction is a molecular process that brings motion in DNA 
systems, where a single-stranded (ss) DNA dissociates 
from a pre-hybridized strand to bind with another ssDNA 
oligonucleotide with a higher binding affinity. There are 
different mechanisms via which a strand displacement 
reaction can take place. This includes concentration dis-
equilibria and concentration imbalances in a reaction that 
are driven by entropy differences [19, 20], catalytic reac-
tion systems such as hybridization chain reaction (HCR) 
[21], and catalytic hairpin assembly [22]. Among all these 
methods, toehold-mediated strand displacement is one of 
the widely used mechanisms for bringing motion in DNA 
systems.

This review focuses on dynamic DNA systems driven 
by toehold-mediated strand displacement reactions (TMS-
DRs). In this paper, we introduce the working principle 
of TMSDRs, design strategies, computational tools, and 
diverse input and output signals that are employed by 
TMSDRs. We then discuss the recent versatile applica-
tions of TMSDRs in biosensing and therapeutics includ-
ing those that use responsive DNA hydrogels and DNA 
computing. The biosensing section is divided into various 
subclasses based on the biological component that is being 
detected such as single nucleotide polymorphisms (SNPs), 
single nucleotide variants (SNVs), microRNA (miRNA) 
and whole cells. We then discuss in situ and DNA hydro-
gel based detection mechanisms. The therapeutics sec-
tion is divided into subsections describing targeted drug 
delivery carriers and regulation therapies including DNA 
hydrogel based applications. We also discuss use of DNA 
computing to implement multi-input and output systems 

with practical applications. Finally, we discuss challenges 
involving TMSDRs and the potential future applications of 
dynamic DNA nanotechnology in biomedical engineering.

Toehold‑mediated strand displacement 
reactions

Programmability, ease of modeling and conversion of 
diverse chemical and physical signals into ssDNA make 
TMSDRs an excellent substrate for designing and synthe-
sizing arbitrary reaction networks and logic circuits with 
practical applications. In this section, we discuss some of 
these aspects of TMSDRs including the working principle.

Working principle of TMSDRs

TMSDRs are fueled by DNA oligonucleotides and the 
strand displacement process is driven by thermodynamic 
and kinetic changes. Strand displacement initiates from 
ssDNA overhang  region, called toehold. An invading 
strand can displace the partially complementary strand 
through branch migration without enzymatic assistance. 
This process is called toehold-mediated strand displace-
ment reaction [7]. Referring to Fig. 1a, in a forward reac-
tion, the complex ST has an exposed toehold domain (α*); 
when the U strand, which is fully complementary to the T 
strand, is present in the solution, it interacts with complex 
ST through the toehold domain (α) and displaces the shorter 
S strand. The coexistence of UT and S is thermodynami-
cally more favorable than the coexistence of ST and U [23]. 
This is a forward-driven reaction as the complex UT is fully 

Fig. 1  Schematic representation of toehold-mediated strand displacement reaction. DNA is drawn as directional lines where the sequence infor-
mation is omitted, and the arrow indicates 5' to 3' direction of the backbone. The sequence is divided into different color domains that have 
specific functions, while * indicates a complementary domain. a A forward reaction takes place only in the forward direction such reactants get 
converted into products. The ssDNA oligonucleotide U initiates the displacement of the strand S from the ST complex (also known as a duplex) 
by binding with the complementary  toehold domain (α*). In the subsequent steps, the strand S is displaced through branch migration, forming 
complex UT and free strand S [9]. b In a reversible reaction, the product can also be converted into a reactant simultaneously. When the complex 
UT has an exposed toehold domain γ*, the strand S can interact with it via complementary domain γ, leading to a reversible reaction where the 
complexes ST and UT can co-existence [6]
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complementary and has no exposed toehold where strand 
S can bind. However, in a reversible reaction, the complex 
UT has an exposed toehold domain γ*, as shown in Fig. 1b, 
which is single-stranded compared to the earlier case where 
the UT complex was fully complementary (see Fig. 1a). In 
this case, the S strand with the exposed toehold domain γ 
interacts with the UT complex through the complementary 
domain γ* and might displace the U strand to bind to the 
T strand reversibly to form ST complex. As both strands U 
and S are partially complementary to the T strand, there is 
a competitive interaction of both the strands with the strand 
T, and the coexistence of complexes UT and ST depends 
on the sequence composition of domain γ with respect to 
domain α [9].

Design considerations for TMSDRs

For designing TMSDRs, the sequence of DNA oligonucleo-
tide is generally divided into domains that simplify the task 
of sequence designing and provide an easier understanding 
of interactions between the complementary strands. Refer-
ring to Fig. 1b, domains γ and α are toehold domains that 
facilitate the strand displacement process, while domain β 
is a branch-migration domain that provides thermodynamic 
stability to the duplex complexes UT and ST.

Designing the toehold domain is one of the most impor-
tant aspects of TMSDRs as it plays an important role in ini-
tiating and regulating the kinetics of the strand displacement 
process. Second-order reaction rate constants  for TMS-
DRs are on the order of 10–106  M−1  s−1 for toeholds of 1–8 
bases, respectively [9]. Referring to Fig. 1b, the incoming 
invading strand U might bind at the toehold domain and 
displace the incumbent strand S through branch migration. 
For a quicker branch migration, the binding of the invading 
strand S with the complementary toehold domain should 
be thermodynamically favorable, which depends on the 
sequence composition of the toehold domain. For example, 
a toehold domain with more Gs and Cs has higher binding 
strength than with more As and Ts. This is due to the reduc-
tion in free energy (ΔG°) for the sequence composed of Gs 
and Cs, which increases the thermodynamic stability of the 
duplex complex [10].

Computational and mathematical tools 
for analyzing TMSDRs

One immediate challenge in building TMSDRs based com-
plex systems that use many DNA oligonucleotides is unde-
sired crosstalk, meaning spurious hybridization between 
DNA strands [7]. Such undesired interactions can hinder 
the strand displacement process and the formation of cor-
rect complexes. One way to minimize this is by automating 
sequence design which can help to maximize the formation 

of desired complexes at the equilibrium. For that, based 
on the nearest-neighbor model, several computer-aided 
software packages have been developed to predict the ther-
modynamic parameters of DNA oligonucleotides, such as 
caDNAno [24], Cando [25], oxDNA [26], and MagicDNA 
[27]. Among these tools, Nucleic Acid Package (NUPACK) 
is preferred as it helps to identify the most probable crosstalk 
between DNA oligonucleotides and tune the reaction kinet-
ics by analyzing the free energy of DNA complexes [28, 29].

Note that simple equilibrium analysis may not be accu-
rate for reversible cascaded reactions where the output of 
one reaction serves as an input to another reaction. For that, 
using the law of mass action kinetics, ordinary differential 
equation based dynamic models can be built to understand 
the dynamics of cascaded TMSDRs [23]. These models 
require reaction rate constants for all interactions corre-
sponding to individual TMSDRs, which can be calculated 
using the rate constant model proposed by Zhang et al. [9] 
and other similar models [30]. These tools generally enable 
the design-build-test cycle for TMSDRs and provide a start-
ing basis for further optimization and building more com-
plex systems.

TMSDRs with different input and output 
signals

TMSDRs are an excellent substrate for developing practi-
cal applications (Fig. 2a) that can respond to chemical and 
physical input signals (Fig. 2b). These input signals can 
be processed and transduced to produce different types of 
output signals in response to the input through TMSDRs 
(Fig. 2b) [31]. We now discuss recent developments where 
TMSDRs have been used to respond to and produce diverse 
input and output signals.

Processing chemical and physical input signals

One of the most used methods to process different types 
of inputs is via DNA aptamers that are designed to bind to 
various non-nucleic acid molecules such as small molecules, 
peptides, proteins, viruses, and cells with high affinity and 
specificity [32–34]. These DNA aptamers can be a part of 
TMSDRs such that any change in the input signal such as 
the concentration of ATP molecule, drives TMSDRs through 
its DNA aptamer that can bind to ATP or a complementary 
strand [35]. Building upon this, a more complex operation is 
achieved by Zhang et al. where a hairpin based DNA circuit 
is kinetically regulated via ATP and other molecules (see 
Fig. 3a) [36].

TMSDRs can also respond to physical signals such as 
pH, light, temperature and electrical signals through chemi-
cal modifications in DNA oligonucleotides. For example, 
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pH-responsive DNA logic circuits have been developed 
to regulate a DNA microgel [40] and reconfigurable DNA 
triplex structures [41]. Similarly, voltage-inducible oxida-
tion based DNA nanoswitchs and nanodevices have been 
developed that employ TMSDRs to respond to electrical 
signals [42]. Additionally, temperature dependency on 
thermodynamic properties of DNA can be used to create 
conformational changes in DNA structure such as a fluoro-
phore-tagged hairpin loop that melts at high temperatures 
(see Fig. 3b) [37]. Similarly, light can also act as a stimulus 
to trigger TMSDR using a photocleavable modified DNA 
linker that is sensitive to UV light [43].

Producing diverse output signals

In recent times, diverse output signals have been used to 
record the activity of TMSDRs. Some of these methods are 

fluorescence quenching, fFRET, electrochemical, colorimet-
ric, gel-electrophoresis, and atomic force microscopy (AFM) 
as shown in Fig. 2b. Fluorescence quenching is one of the 
most common strategies employed in TMSDRs to record the 
dynamicity. In this approach, the physical spacing between 
the fluorophore and quencher molecules determines the fluo-
rescence intensity in the output signal. On the other hand, 
in FRET, the physical spacing between acceptor and donor 
fluorophore molecules attached to the same or different 
DNA oligonucleotides determines the output fluorescence 
intensity. These approaches are widely used in detection 
mechanisms that use TMSDRs [44–49].

Additionally, a biochemical interaction such as between 
complementary DNA strands can be processed into a meas-
urable electrical signal using a solid electrode surface that 
employs a redox reaction [50–52] while colorimetric readout 
strategies mainly use measurable color change upon reaction 

Fig. 2  a TMSDRs have been used to develop highly sensitive biosensors to detect clinically relevant targets, programmable drug delivery carri-
ers for targeted therapeutics, regulation strategies to control the activity of clinically relevant molecules, responsive soft biomaterials like smart 
DNA hydrogels and DNA computing based applications. b Processing different input and output signals through TMSDRs [31]. Various chemi-
cal and physical signals such as adenosine triphosphate (ATP), pH, light, temperature, and electric signals can be converted to ssDNA while this 
information can be processed and produced in the form of diverse output signals such as change in fluorescence using fluorescence quenching 
mechanism and fluorescence resonance energy transfer (FRET), colorimetric method, gel-electrophoresis and atomic force microscopy (AFM)
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such as when gold nanoparticles (AuNPs) agglomerate (see 
Fig. 3c) [38] or using the peroxidase oxidation method, 
which provides a distinct colorimetric signal [53]. Finally, 
gel-electrophoresis along with fluorescence output signals 
have also been used for determining the presence of the HIV 
gene (see Fig. 3d) [39], and an atomic force microscopy 
(AFM) to study the conformational change in the structure 
of a DNA origami triggered by TMSDRs [54].

Biomedical applications 
of toehold‑mediated strand displacement 
reactions

TMSDRs have been vastly explored in biomedical engineer-
ing due to their biocompatibility, modularity, tuneability, 
and enzyme-free functioning. This includes applications 

in biosensing such as detecting SNPs, SNVs, miRNA, and 
whole cells, and applications in therapeutics such as tar-
geted drug delivery and regulation therapies. TMSDRs have 
also shown significant potential to develop responsive DNA 
hydrogels and to perform molecular computations. In the 
following section, we discuss each of these applications in 
detail.

Applications of TMSDRs in biosensing

An important goal of biological science and biomedical 
engineering is the detection of disease markers, bacteria, 
pathogens, and virus microorganisms to improve disease 
diagnosis and clinical care. Because of this, TMSDRs based 
detection mechanism is one of the most researched appli-
cations. Typically, in a biosensor, a bioreceptor binds to a 
target (input) molecule with high affinity via biochemical 

Fig. 3  Examples of diverse input and output signals used by TMSDRs. a ATP as a signaling input. Here, a TMSDRs is initiated by ATP to 
produce a fluorescence signal through a ssDNA output. Reprinted with permission from Ref. [36], used under Creative Commons CC BY 4.0 
license. b Temperature as a signaling input. Here, an increase in temperature above the melting point (Tm) opens the hairpin loop structure and 
releases a ssDNA output that can be used downstream in further cascaded reactions. Reprinted with permission from Ref. [37], used under Crea-
tive Commons CC BY license. c Colorimetric based output signal. Here, only in the presence of an input signal, a reporter-output complex can 
form that allows gold nanoparticles (AuNPs) to agglomerate, resulting in a detectable color change compared to dispersed AuNPs. Reprinted 
with permission from Ref. [38], used under Creative Commons CC BY 3.0 license. d Gel-electrophoresis based output signal. Here, the binding 
of HIV gene with a substrate probe (SP) results in an SP + HIV complex  that has a higher molecular weight than SP alone. With the help of a 
fuel strand (FS), signal amplification can lead to higher fluorescence intensity. Reprinted with permission from Ref. [39], Copyright 2019, Royal 
Society of chemistry
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interactions. This is followed by a signal transducer that 
converts the biochemical interaction into a measurable sig-
nal via biophysical processes. In the final stage, the readout 
mechanism reads the measurable signal that quantitatively 
reflects the abundance of the target.

As mentioned earlier, a diverse range of target signals can 
be transduced via TMSDRs that has resulted in the devel-
opment of several solution and surface based assays that 
exploit the programable nature of the TMSDRs. For exam-
ple, in conventional methods, amplification of the detected 
signal is achieved by polymerase chain reaction (PCR) [55] 
and by isothermal methods such as rolling circle amplifica-
tion (RCA) [56], and loop-mediated isothermal amplifica-
tion (LAMP) [57] methods. However, these methods require 
probe labeling, heavily rely on enzyme manipulation and 
are time-consuming. TMSDRs based enzyme-free, one-pot 
reaction amplification system offers a simple yet sensitive 
way to detect up to the attomolar concentration and has been 
used to detect SNPs, miRNA, DNA, and whole cells.

Detection of single nucleotide polymorphisms and variants

SNPs and SNVs are essential biomarkers for diagnosing rare 
genetic diseases, which often involve point mutation in the 
genome. In the case of SNPs, the change is found in at least 
1% of the population and serves as an essential biomarker 
in disease related genes and population based drug studies. 
On the other hand, in the case of SNVs, a single nucleotide 
change occurs without any frequency limitation and can 
be used to study gene variations related to disease diagno-
sis [58]. These mutations can be detected using rationally 
designed DNA nanostructures that employ TMSDRs, where 
a single base mutation in the DNA sequence may change the 
hybridization efficiency and thermodynamics of the reaction. 
For example, Ke et al. have demonstrated that RNA induced 
structural variations in DNA origami can be used for SNP 
genotyping [59]. Following this, Zhang et al. have devel-
oped a highly specific, labeling-free SNP detection system 
by combining TMSDRs and DNA origami [60]. Similarly, 
Dingzhong et al. have demonstrated the detection of SNPs 
using a hairpin based capture probe that is immobilized onto 
a gold electrode [61]. In the presence of the target strand, the 
hairpin loop unfolds via strand displacement reaction and 
hybridizes with a reporter probe.

In recent times, several TMSDRs based SNP detection 
methods have been proposed since small variations in the 
toehold sequence can significantly alter the dynamics of 
TMSDRs. In most studies, TMSDRs are used for signal 
amplification by recycling and disassociating the target 
strand. For instance, Gao et al. have proposed a locked 
nucleic acid (LNA) based switch where a capture DNA 
probe with an LNA base is used to detect SNP [62]. This 
capture probe binds to a residual probe on an electrode, 

and upon binding with the target strand, the capture probe 
displaces itself from the residual probe, turning the sen-
sor OFF from the ON condition. Similarly, Wu et al. have 
developed an X-shaped LNA probe for SNV discrimina-
tion as shown in Fig. 4a [63]. The mutated target strand 
binds with the toehold domain of the X-probe and under-
goes branch migration, and displaces the quencher strand, 
resulting in an enhanced fluorophore signal. In both these 
systems, the use of LNA has improved the system’s stabil-
ity by increasing the melting temperature by 10 ºC. How-
ever, higher sensitivity was achieved in the latter case as 
each strand of the LNA probe can bind to multiple mutated 
strands. In an alternative approach,  peptide nucleic acid-
DNA hybrid probes have been used to increase the probe 
stability and affinity towards the target SNP [64].

TMSDRs have also been used for signal decoding instead 
of amplification [68]. For example, Choi et al. have devel-
oped an encoding system comprising gold nanoparticles 
(AuNPs) immobilized with invader strands and a decoding 
system that decodes the invader strands using TMSDRs [69]. 
In this work, AuNPs encode the incoming target strands into 
invaders, which are diffused into DNA hydrogel micropar-
ticles. In the decoding step, the invader strands displace the 
quencher strands and emit a specific fluorescent signal. One 
important advantage of this method is that multiple invader 
strands can be immobilized on the surface, leading to a 
multiplex SNP detection system. Other studies combined 
the TMSDRs with other amplification methods to develop 
highly sensitive SNP detection systems. For example, Hu 
et al. have discriminated single base variations by employing 
cooperativity with TMSDRs [70] while Gu et al. have used 
HCR with TMSDRs for SNP genotyping with a detection 
limit of 20 aM [71].

With the increased use of TMSDRs for detecting SNPs 
and SNVs, new design considerations and strategies have 
also been reported [72, 73]. For example, Zhang et al. have 
studied the effects of mismatch location on TMSDRs kinet-
ics using the oxDNA molecular dynamics simulation tool 
[74]. Their study concludes that mismatches near the toehold 
or the branch migration may lead to an improved specificity 
and discrimination of SNPs via TMSDRs.

Detection of MicroRNAs

MicroRNAs (miRNAs) are essential in regulating gene 
expressions in different immunological pathways. Quan-
tifying the up-regulated miRNAs can play a significant 
role in early disease detection such as cancers [75], cardio-
vascular diseases [76], and neurological conditions [77]. 
Typically, miRNAs are detected by blotting techniques and 
quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR). Over the last decade, isothermal ampli-
fication methods such as HCR, hairpin assembly [78], and 
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rolling circle amplification [79] have been used for detect-
ing miRNA. However, point-of-care and nanocomposite 
miRNA detection systems that employ TMSDRs have 
recently gained much attention as these systems mostly 
use linear DNA probes, which are comparatively easier to 
develop than traditional methods. For example, Lee et al. 
have developed a paper based colorimetric miRNA bio-
sensor where the target miRNA initiates TMSDRs that 
amplify the DNA enzyme (DNAzyme) probes [80]. The 
free DNAzyme probes are adsorbed onto graphene oxide 
based paper, creating a color change perceptible to the 
naked eye. Similarly, Yang et al. have used the paper spray 
mass spectroscopy method for miRNA detection in blood 
where photocleavable compounds are functionalized onto 

AuNPs, which are released through TMSDRs in the pres-
ence of the target miRNA [81]. On exposure to light, pho-
tocleavable compounds are cleaved and quantified using 
spectroscopy with a detection limit of 9.72 fM.

TMSDRs have also been employed to determine the tar-
get miRNA using a personal glucometer [82]. Here, glucoa-
mylase-encapsulated liposomes are functionalized onto mag-
netic beads, which are coupled with cascaded amplification 
reactions to produce glucose signals in response to the target 
miRNA. Similarly, Wang et al. have developed a portable 
glucometer based biosensor to detect miRNA using mag-
netic beads, which are immobilized with DNA probes [83].

Many authors have used DNA probes modified with 
nanoparticles to develop nanocomposite miRNA detection 

Fig. 4  Applications of TMSDRs in biosensing. a Use of TMSDRs for SNVs detection. Here, an X-shaped DNA probe with a quencher and 
fluorophore molecules disassociates when the complementary target strand binds with the DNA probe [63]. Further addition of two ssDNA 
probes, AP1 and AP2, releases the fluorescence tagged strand and the target strand to undergo multiple cycles of TMSDRs to amplify the fluo-
rescence signal. Reprinted with permission from Ref. [63], copyright 2017, Elsevier B.V. b Use of TMSDRs for miRNA detection. Here, the 
target miRNA binds to the toehold and causes the displacement of the DNA walker probes, which further hybridize with a ferrocene-tagged 
signal probes [65]. The latter is released from the system using endonuclease, resulting in a detectable fluctuation in the oxidation current of 
the ferrocene. Reprinted with permission from Ref. [65], copyright 2020, American Chemical Society. c Use of TMSDRs for whole cell detec-
tion. Here, a hydrogel is functionalized with a DNA aptamer that can attach to specific cells during a dynamic flow [66]. The attached cells are 
programmed to be released at certain physiological conditions using strand displacement for further assay. Reprinted with permission from Ref. 
[66], copyright 2015, American Chemical Society. d Use of TMSDRs for real-time in situ detection. Here, a modular exchange network can 
detect dynamic changes in the target protein using a cascaded TMSDRs [23]. Reprinted with permission from Ref. [23], copyright 2020, Oxford 
University Press. e Use of TMSDRs driven DNA hydrogel for biosensing. Here, DNA oligonucleotide with aptamer-toehold sequence assists in 
specific binding to the cancer cells [67]. Two hairpin loops bind to the toehold and undergo a chain reaction to form hydrogel around the cell. 
Reprinted with permission from Ref. [67], copyright 2017, American Chemical Society
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systems. For example, Lu et al. have used AuNPs as a sub-
strate to immobilize a large number of DNA walkers and 
signal probes where the target miRNA triggers TMSDRs 
to facilitate the cleavage of the signal probes, resulting in 
the detection of the signal probes as shown in Fig. 4b [65]. 
Quantum dots-based miRNA detection systems have been 
developed by several authors [84–86]. Different geometric 
shapes have also been used to increase structural stability 
and avoid enzymatic degradation [87, 88]. In addition, the 
exosomal miRNA [89] and small RNAs [90] have also been 
detected using TMSDRs. Even though many authors have 
used various techniques to increase the stability and speci-
ficity of TMSDRs based miRNA detection systems, the sig-
nal may be distorted in human samples due to interference 
from other biomolecules. Further design improvements are 
required for more viable use of these systems in clinical 
settings.

Detection of whole cell

Transmembrane receptors on the cell surface can be an 
important indicator of specific cell populations. However, 
isolating cells in a viable condition from a huge heteroge-
neous population can be challenging. To address this, many 
authors have used the specificity of DNA aptamers and the 
programmability of TMSDRs to develop cell detection and 
separation assays. For example, Gaddes et al. have devel-
oped aptamer functionalized hydrogels for cell attachment 
as shown in Fig. 4c [66]. In this mechanism, polyvalent 
aptamers are synthesized using DNA toehold backbones 
that can bind to multiple cells via respective aptamers. To 
release the captured cells, the toehold backbone is disas-
sembled by hybridizing with a complementary sequence. 
Although this method is non-invasive, the activity of the 
cells is reduced compared to that of the natural cells. To 
increase accuracy and sensitivity, Chang et al. have used 
multiple DNA aptamers integrated with TMSDRs to per-
form AND logic gate operation to detect multiple surface 
markers present on the tumor cells [91]. Similarly, Guo et al. 
have used tumor specific DNA aptamers functionalized on 
a zinc based microchip to retrieve the captured cells via a 
complementary toehold [92].

To increase the specificity, another type of whole cell 
biosensors have used antibodies instead of DNA aptamers 
as a bioreceptor. For example, Li et al. have used antibody 
crosslinked DNA probes coated with immuno-magnetic 
beads to develop a highly specific whole cell biosensor 
[93]. Here, antibody crosslinked DNA probes bind to the 
over-expressed antigens of the cancer cells, and immuno-
magnetic beads help in the magnetic separation of the cells 
with high specificity.

TMSDRs driven whole cell detection and separation 
methods can replace the invasive biopsy technique as these 

methods often do not require any chemical modifications on 
the cell surface and are highly specific due to the utilization 
of aptamers and antibodies based DNA hybrids. However, 
maintaining cell activity and viability after the cell release 
could be challenging, and further advancements are needed 
for effective cell separation.

Real‑time in situ detection mechanisms

A real-time in situ detection mechanism, which can be easily 
adapted to detect clinically relevant molecules modularly, 
can be used to develop multi-layered, multi-input biosensors 
with complex network connectivity. For example, Agrawal 
et al. have developed an exchange network to detect biologi-
cally relevant proteins such as human α-thrombin [23] —a 
serine protease that controls the activation of the coagulation 
cascade [94]. The exchange network uses DNA aptamers 
as bioreceptors to detect specific proteins and a cascade of 
TMSDRs to produce a programmable DNA oligonucleotide 
output (see Fig. 4d). Using this strategy, four orthogonal 
biosensors are constructed that can detect the rise and fall 
in protein concertation in real-time. Building on this, as 
described earlier, Zhang et al. engineered a hairpin based 
ligand binding sequence that employs DNA aptamer where 
binding of the ligand with the aptamer causes a confor-
mational change in the hairpin stem to produce a detect-
able change in the fluorescence signal (Fig. 3a) [36]. This 
strategy might provide the necessary flexibility in design-
ing sensitive modular detection mechanisms. Such in situ 
mechanisms can play an essential role in pharmacokinetics 
to understand the interaction of a drug with other biomol-
ecules in real-time.

A critical challenge in developing real-time in situ detec-
tion mechanisms is the limited reaction lifetime due to 
the limited concentration of fuel strands. To address this, 
Deng et al. have used ATP-fueled TMSDRs to fabricate a 
programmable network where toehold length is altered to 
reset the reaction network using restriction endonuclease 
[95]. Similarly, Liu et al. have developed an advanced dis-
sipative network by combining multiple fuels such as deoxy-
ribonucleotide triphosphates and ATP [96].

Toehold‑triggered DNA hydrogels for biosensing

Hydrogels are entangled hydrophilic polymer network struc-
tures that can swell and retain water in the swollen state [97]. 
DNA hydrogels are composed of DNA oligonucleotides that 
polymerize when complementary strands are hybridized to 
form networks. Similarly, TMSDRs can be used to direct the 
formation of DNA hydrogels via strand displacement that 
can trigger polymerization. In one of the earliest works, to 
create thermoresponsive DNA hydrogels, complementary 
base-pairing of DNA oligonucleotides is used along with 
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N-dimethylacrylamide and N-acryloyloxysuccinimide as 
copolymers [98]. Since then, many DNA hydrogels have 
been synthesized using different isothermal amplification 
methods like DNA-walker [99], RCA [100], and hairpin 
based amplification methods [101].

DNA-responsive hydrogels driven by TMSDRs offer 
many advantages as a biosensor. They can function in aque-
ous media and mimic cellular response by size expansion, 
even when the target is at a low concentration. For example, 
Song et al. have developed a liquid non-invasive biopsy tech-
nique for live cell analysis by employing the sol–gel phase 
transition of a hydrogel to detect the circulating tumor cells 
as shown in Fig. 4e [67]. This method achieved high speci-
ficity using a DNA aptamer trigger that binds to epithelial 
cell adhesion molecule (EpCAM) on the cell surface. In the 
presence of the target EpCAM, TMSDRs induce hydrogel 
encapsulation of the viable cells for further testing. Another 
group of researchers has developed a hydrogel microneedle 
patch that can detect miRNA in the dermal interstitial fluid 
[102]. Here, the target miRNA acts as an input trigger to 
break the crosslinks of the hydrogel using strand displace-
ment and produce an amplified fluorescence signal.

TMSDRs triggered DNA hydrogels have also been uti-
lized to enhance fluorescence signal. For example, Liu et al. 
have used a biotinylated DNA hairpin probe as a fluores-
cence amplifier [103]. In the presence of the target catalyst 
and streptavidin, the DNA probes aggregate with streptavi-
din using TMSDRs to form a submicron hydrogel, resulting 
in enhanced fluorescence. Such mechanisms could be used 
to develop highly sensitive biosensors to detect clinically 
relevant targets relatively easily.

Employing other techniques to enhance sensitivity 
and stability of TMSDRs based biosensors

Detecting the lowest amount of relevant disease biomark-
ers could be key in early diagnosis. This led to an effort to 
develop detection mechanisms that employ different ampli-
fication methods to enhance the detection limits. Some 
of the methods include HCR, catalytic hairpin assembly 
(CHA), entropy-driven catalysis (EDC), and DNA walkers. 
For example, Zhang et al. have developed a highly sensitive 
TMSDRs based aptasensor that employs HCR and DNA 
aptamer to detect a highly toxic mycotoxin with a detection 
limit of 0.01 pg  mL−1 [104]. CHA is also a commonly used 
amplifying mechanism to develop ultrasensitive biosensors 
[105]. For example, Khajouei et al. have fabricated a col-
orimetric biosensor that undergoes CHA and this led to the 
formation of DNA hydrogel via TMSDRs in the presence of 
the initiator strands [106].

Combinational methods have also been used to 
increase the stability and sensitivity of the biosensors. 
For instance, Xing et al. have developed a highly sensitive 

dual amplification method that combines EDC and HCR to 
detect nucleic acids and small molecules accurately [107]. 
An ultrasensitive biosensor that uses DNA walkers has been 
developed to detect DNA in human serum with a detection 
limit of 36 fM [108]. DNAzymes are also used with TMS-
DRs to improve the reaction stability and affinity towards 
the target. Using this, Zhao et al. have developed an elec-
trochemical biosensor to detect lead with a detection limit 
of 0.32 pM [51]. Alternatively, Song et al., used multiplex 
blocker displacement amplification to sense SNVs, with 
variant allele frequency below 1%, which can go as low as 
0.019% in human cell lines [109]. Other traditional ampli-
fication methods like PCR [110], LAMP [111], and RCA 
[112], have also been used along with TMSDRs to enhance 
the sensitivity of the biosensors. Further details of the strat-
egies mentioned above for signal amplification have been 
reviewed extensively elsewhere [113, 114].

Applications of TMSDRs in therapeutics

TMSDRs can be designed to perform logical operations and 
signal transduction by converting the target signal into a 
DNA output signal, which can then be used to exhibit kinetic 
control over the drug release. We now discuss such mecha-
nisms that employ TMSDRs for targeted drug delivery and 
regulation therapies.

Targeted drug delivery

Targeted therapy is one of the most significant applications 
in biomedical engineering. Detection mechanisms can be 
coupled to drug delivery carriers to form a range of appli-
cations termed theranostics, where the output signal from a 
detection mechanism can induce the targeted drug release. 
Such a mechanism can reduce drug toxicity by increas-
ing the specificity and minimizing mistarget bindings. For 
example, Zhang et al. have developed a programmable DNA 
nanomachine that uses extracellular and intracellular inputs 
to control photodynamic therapy precisely through trans-
membrane TMSDRs as shown in Fig. 5a [115]. Similarly, 
Mirzaiebadizi et al. have developed DNA nanorobots that 
are immobilized in the pores of mesoporous silica nano-
particle drug carriers [116] and the targeted drug release is 
programmed when the two target strands interact with the 
nanorobots via an AND gate operation.

Additionally, DNA nanostructure can be coupled with 
TMSDRs to develop drug carriers, which are capable of 
sensing and responding. For example, Chandrasekaran et al. 
have developed a DNA tetrahedron structure that has the 
potential to carry the relevant drug in the internal cavity and 
can be disassembled through TMSDRs in a targeted manner 
[117] (see Fig. 5b). In general, one of the major challenges in 
targeted drug delivery is designing drug-binding short DNA 
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sequences. Many studies shed light on drug-binding DNA 
domains such as repeats of GC sequence that bind to a par-
ticular group of anti-cancer antibiotic drugs [120]. Hence, 
intricate sequence designing is necessary for functionalizing 
dynamic DNA systems for therapeutics.

Regulating clinically relevant molecules

TMSDRs have also been applied to regulate gene transcrip-
tion and protein translocation synthetically, using DNA oligo-
nucleotides as a therapeutic material. For example, Ke et al. 
have developed an RNA–DNA hybrid nanostructure to regu-
late NF-κB transcription factor [54]—an essential regulator 
in several autoimmune disorders like rheumatoid arthritis, 
systemic lupus erythematosus, and vasculitis [121]. In this 

mechanism, on recognizing complementary sequences, the 
hybrid nanostructure is reassembled using TMSDRs to form a 
functional structure. Subsequently, NF-κB decoys are released 
upon binding of RNA-RNA and DNA-DNA sequences (see 
Fig. 5c). These decoys can bind to the DNA-binding domain 
of the NF-κB protein complex and block the translocation of 
NF-κB into the nucleus, thereby blocking the gene transcrip-
tion and reducing hyper-immune reactions. Similarly, Zhang 
et al. have used DNA tetrahedron and TMSDRs to regulate 
the activity of apyrimidinic endonuclease 1 enzyme, which is 
involved in DNA repair pathways [122]. An allosteric enzyme 
regulation is achieved by transitioning the target strand of the 
tetrahedron from the external side to the internal side of the 
DNA tetrahedron using TMSDRs.

Fig. 5  Applications of TMSDRs in targeted drug delivery and regulation therapies. a Use of TMSDRs driven DNA nanomachine for transmem-
brane drug delivery. Here, DNA strands on the nanoparticles bind to input 1, a transmembrane receptor, which is over-expressed in the cancer 
cells, leading to endocytosis of the DNA nanomachine [115]. Hybridization of the toehold with intracellular miRNA, which is input 2, leads to 
the activation of phototherapy inside the cell. Reprinted with permission from Ref. [115], copyright 2021, American Chemical Society. b Use 
of TMSDRs driven DNA nanostructures for targeted drug delivery. Here, interaction with the target strand disassembles the DNA tetrahedron, 
which can be used for controlled drug release [117]. Reprinted with permission from Ref. [117], used under Creative Commons CC BY-NC 3.0 
license. c Use of TMSDRs for regulating gene transcription. Here, complementary ssDNA and ssRNA reassociate on mutual interaction with 
another hybrid and release NF-kB decoys that block NF-kB proteins, thereby inhibiting gene expression [54]. Reprinted with permission from 
Ref. [54], used under Crown copyright. d Use of TMSDRs for regulating protein activity. Here, a regulatory circuit inhibits excess thrombin 
using a threshold controller network, which is designed to release inhibitor strands through TMSDRs that suppress thrombin activity when it 
is above a threshold [118]. Reprinted with permission from Ref. [118], copyright 2012, American Chemical Society. e Use of TMSDRs driven 
DNA hydrogel for targeted drug release. Here, AuNPs are functionalized with thiol groups to bind with DNA strands, which is designed to 
hybridize with other initiator strands and polymerize to form a DNA network hydrogel [119]. The target ligand binds to the toehold switch and 
disassembles the DNA shell in a controlled manner to release the drug. Reprinted with permission from Ref. [119], copyright 2019, American 
Chemical Society
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Relying more on TMSDRs based logic circuits, Han et al. 
have developed a regulatory circuit that uses DNA aptam-
ers to manipulate the activity of the human α-thrombin as 
shown in Fig. 5d [118]. Excess amounts of thrombin can lead 
to life-threatening conditions such as a variety of functional 
disorders [94]. This regulatory circuit can suppress throm-
bin activity dynamically using specific DNA aptamers in an 
enzyme-free environment. Such approaches might be useful 
in developing targeted controlled therapies for diseases with 
dysfunctional pathways.

Toehold‑triggered DNA hydrogels for therapeutics

Self-assembled DNA boxes and cages have been used as drug 
carriers in many studies. However, designing these structures is 
a complex process, and they have poor stability and control over 
drug encapsulation and targeted delivery, respectively. In con-
trast, DNA hydrogels have a high drug-loading capacity and are 
made stable using crosslinking of DNA. Moreover, TMSDRs 
can be used in DNA hydrogels to enhance the control over drug 
release. For example, Bi et al. have developed nanohydrogels 
with high loading capacity and precise control over drug release 
using a DNA four-way junction (DNA-4WJ) probe [123]. In 
the presence of target miRNA, the DNA-4WJ probe under-
goes a cascaded reaction and crosslinks into a nanohydrogel, 
which can be further functionalized with drug-loading sides 
and aptamers for specific drug release. Similarly, Xiao et al. 
have developed a DNA hydrogel where DNA probes are immo-
bilized onto AuNPs that serve as a scaffold for hydrogel polym-
erization triggered by specific DNA aptamers (Fig. 5e) [119]. 
Highly targeted drug delivery in tumor cells is achieved using 
cell surface receptors and a toehold switch where dynamic drug 
release is accomplished by varying the toehold length to pro-
vide a release time range from 5 to 60 min.

For more practical applications of DNA hydrogels, fur-
ther work is needed to control their mechanical, physical, and 
kinetic properties and swelling capacity. For example, the 
mechanical properties and stability of DNA hydrogels can be 
modified using hydrophilic polymers and cross-linkers [124], 
while the kinetics of polymerization can be controlled via 
toehold that regulates the crosslinking ability of DNA hydro-
gel as studied by Jonášová et al. [125]. Their study showed 
that increasing the toehold length increases the crosslinking 
rate. By exploiting these features, Cangialosi et al. have used 
specific DNA toeholds to trigger a 100-fold expansion of a 
DNA hydrogel [126]. These synthetic systems can produce 
controlled shape-changing effects in the presence of specific 
DNA sequences. Such systems can be used as logical circuits 
for therapeutics using the regulated phase switching of hydro-
gels for drug delivery.

TMSDRs driven DNA computing for biomedical 
applications

Programmability and tunability make TMSDRs an excellent 
tool for performing complex mathematical, biological and 
computational operations. These operations have been used 
to develop advanced biosensing and targeted drug delivery 
systems. We have already described some of these applica-
tions in the previous sections. Here, we discuss additional 
applications that specifically use DNA computing to process 
multiple inputs and outputs simultaneously.

Brown et al. have developed a TMSDRs based multi-
layer diagnostic logic circuit that can detect 4 dengue 
serotypes (Fig. 6a) [127]. In this mechanism, the output 
sequence is released by cleavage of chimeric sequences 
by DNAzymes, which are triggered by TMSDRs. On the 
other hand, Lopez et al. have used TMSDRs to translate 
the outcome of a machine learning (ML) based multi-gene 
classifier into molecular interactions that can differentiate 
viral and bacterial infections [128]. This approach presents 
an opportunity for cost-effective gene expression analysis. 
Similarly, Zhang et al. have implemented a TMSDRs based 
classifier to phenotype healthy and cancerous cells from 
patient serum samples [129]. The classifier is first trained in 
silico by feeding the up and down regulated miRNA profiles 
from publicly available omics data. This information is then 
translated into TMSDRs that operate the classifier at the 
molecular level with an accuracy of 86.4%. Further applica-
tions have been developed where three-way DNA junctions 
are used to sense small molecules like ATP [130]. Simi-
larly, Chang et al. have fabricated a point-of-care device 
that uses a BRET system for a bioluminescent readout on 
a smartphone [131]. The device can sense three differ-
ent miRNAs using an AND gate operation implemented 
through TMSDRs.

TMSDRs based DNA computing is also used for tar-
geted drug delivery. For example, You et al. have realized 
a Boolean operation to detect multiple cancer cell-surface 
markers, and in response, a photoinduced therapy is trig-
gered as shown in Fig. 6b [132]. Using the specificity of the 
DNA aptamer, false positives by the surface markers of the 
neighboring cells are avoided and the release of photoin-
duced therapy is triggered by a photosensitizer that produces 
reactive oxygen species. Similarly, Wu et al. have developed 
a logical circuit with a 3-bit binary code that can diagnose 
live cancer cells and eliminate them using phototherapy 
[135]. This mechanism achieved a targeted and reliable 
operation using a novel error correction method function 
that uses redundant modules. These modules trace the logic 
gate results and target only cancer cells for phototherapy 
while avoiding normal cells. On the other hand, Morihiro 
et al. have developed a three-input logic gate that releases 
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small molecules in response to miRNA inputs using the 
Staudinger reduction method [136].

TMSDRs based DNA computing has also been used to 
implement programmable networks with exciting applica-
tions. For example, Poje et al. have developed a graphi-
cal processing unit that translates the molecular informa-
tion into a 7-segment display that uses fluorescent and 
can perform mathematical operations to diagnose Ebola 
virus sequences as shown in Fig. 6c [133]. On the other 
hand, Grosso et al. have developed dissipative TMSDRs 
where temporal control over reaction dynamics can be 
achieved through a shift in the free energy landscape of 
the reaction as shown in Fig. 6d [134]. This approach 
can be used for a transient fluorescent recording of DNA 
assemblies and temporal control over cascaded TMSDRs. 
Other exciting applications have also been reported such 
as storage devices [137], and neural networks [138]. For 
instance, weak and reversible interaction of the non-com-
plementary DNA and RNA strands can be used for infor-
mation storage and processing based on the concentration 
of these short-lived complexes [139]. However, with more 
complex operations, the system's modularity and efficient 
computing time need to be maintained [140, 141].

Conclusion

Dynamic DNA nanotechnology is a relatively new field 
with different applications emerging in biomedical engi-
neering due to its unique properties, such as enzyme-free 
isothermal amplification, tunable reaction kinetics and 
biocompatibility. As discussed in this review, TMSDRs 
have been widely used to develop programmable biosen-
sors and targeted drug delivery carriers. TMSDRs driven 
smart hydrogels and DNA computing have also gained 
significant attention for biomedical applications. These 
approaches can be used in the applications of responsive 
biomaterial, for regulated assembly of nanostructures, 
and dissipative DNA networks for drug release. More 
focused research intend to make TMSDRs based diag-
nostic and therapeutic systems more robust, specific, and 
sensitive.

Among all these emerging applications, the dynamic 
regulation of biological pathways needs to be studied 
more. Specifically, a system for regulating hypersensi-
tive immune response using an all-DNA system can 
be a breakthrough in treating immunological diseases. 
Although transcription regulatory systems like synthetic 

Fig. 6  Applications of TMSDRs based DNA computing. a DNA computing for biosensing. Here, a multi-input cascaded network can detect 4 
serotypes of dengue. When Dengue A and DEN- k (k = 1,2,3,4) are present, the chimeric substrate is cleaved by the DNAzyme, producing an 
activator strand for cascaded signaling. Reprinted with permission from Ref [127], copyright 2014, Wiley–VCH. b DNA computing for targeted 
drug delivery. Here, multiple cancer cell surface markers are tagged with DNA aptamers, enabling TMSDRs to determine cellular viability 
and build a targeted photodynamic therapeutic device. The AND operation is activated by the first input aptamer, which displaces the incum-
bent strand and begins the cascaded layer reaction by exposing the second toehold. Reprinted with permission from Ref [132], copyright 2015, 
American Chemical Society. c-d DNA computing for programmable networks; c Here, the digital display works inside a well-plate and the logi-
cal circuit uses DNAzyme to function. The Boolean gate is operated in such a way that in the presence of an input strand, the FRET is cleaved by 
DNAzyme, releasing the FRET labelled DNA strand. Reprinted with permission from Ref [133], copyright 2014, Wiley–VCH; d Here, the fuel 
strand hybridizes with the target strand, and the resulting complex forms a waste product of lower energy. The consumption of the fuel strand 
causes the release of the target strand, which spontaneously hybridizes with the high-energy output strand. Reprinted with permission from Ref. 
[134] under creative common By-NC 4.0 license
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riboregulators are widely used for regulating gene expres-
sion, such approaches have limited practical use due to the 
slow kinetics and instability of the RNA strands compared 
to DNA systems [142]. Real-time regulatory systems mim-
icking immunological disease pathways for theranostics 
applications are highly desirable in biomedicine.

Significant challenges need to be addressed in using 
TMSDRs to implement accurate and reliable systems with 
clinical use. First, a complex system requires many DNA oli-
gonucleotides and any error in the sequence can hinder the 
desired operation [143]. For example, the chemical synthesis 
of synthetic DNA oligonucleotides such as using phosphora-
midite chemistry, generally has 98–99% coupling efficiency 
and the remaining side products contain several types of 
errors such as insertions, base substitutions and deletions 
[144]. A change in a single nucleotide can alter the binding 
energy and kinetics of TMSDRs [145]. This may lead to 
crosstalk, signal leaks and incorrect complex formations due 
to undesired interactions between DNA strands. However, 
different purification methods can help in reducing the side 
products [146]. Second, TMSDRs generally employ short 
DNA strands, which are typically of ~ 20–50 base pairs, and 
are highly susceptible to degradation by cellular nucleases 
like exonucleases or endonucleases. Because of that, TMS-
DRs are highly unstable in blood serum and other serum-
supplemented cell cultures and this limits their use in in vitro 
and in vivo gene based reaction platforms. [147, 148]. How-
ever, new mechanisms have been developed such as specific 
design considerations [148] and chemically modified DNA 
strands [149] to improve the functionality of TMSDRs in 
intracellular environments. Third, unlike biological path-
ways, which are fueled by ATP, enzymes, and other bio-
logical catalysts, TMSDRs are fueled by DNA strands. The 
reaction reaches an equilibrium once the initial amount of 
fuel strands is consumed. Therefore, the absence of power-
ful cellular machinery in TMSDRs causes the depletion of 
energy resources and that limits the total output yield and 
reaction run time. However, as mentioned in the previous 
section, new approaches have been developed to address 
this limitation [95, 96]. Finally, in silico designing tools for 
TMSDRs have limited predictability as loop sequence and 
tertiary interaction are often not accounted while predicting 
the free energy and cross interactions of DNA oligonucleo-
tides [150].

To conclude, TMSDRs have given many exciting appli-
cations in biomedical engineering. Many new applications 
such as the polymerization of soft materials, whole cell bio-
sensing, polyvalent ligands and targeted drug delivery, are 
emerging that are pushing the field of nanotechnology ahead. 
Dynamic DNA nanotechnology could provide a promising 
toolkit for diagnosis and therapy of diseases.
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