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Preface 

 

The double helix structure of deoxyribonucleic acid (DNA) was discovered in 1953 

by James D. Watson and Francis H. C. Crick [1]. Thirty years later, Nadrian C. 

Seeman proposed the concept of utilizing the highly specific Watson-Crick base-

pairing to construct self-assembled DNA nanostructures [2]. Since then, the vital 

role of DNA in the development of novel materials has been explored by many 

prominent researchers throughout the following decades. In 2006, Paul W. K. 

Rothemund pioneered DNA origami technique [3], which ushered in a new era of 

DNA nanotechnology. Up to date, DNA nanotechnology has enabled precise  

construction of nanomaterials with various patterns and different components in a 

highly programmable manner, which can be further used in many applications such 

as nanophotonics and theranostics. This topical collection addresses the recent 

advances in the field of DNA nanotechnology, focusing on the two essential issues 

of structure design and functionality.  

Zhou and colleagues discussed dynamic DNA assembly systems from the 

perspective of free energy change in the reaction process, including passive assembly–

disassembly systems, autonomous assembly systems, sophisticated artificial meta-

bolism and time-clocking oscillation systems (1 Towards Active Self-Assembly 

Through DNA Nanotechnology). H. Liu and colleagues summarized the progress in 

the field of DNA hydrogels, including the gelation mechanisms, various synthetic 

strategies and applications of DNA hydrogels (2 Tailoring DNA Self-assembly to 

Build Hydrogels).  

DNA nanotechnology has dramatically contributed to nanoscale materials of 

various components, such as biomolecules, polymers and nanoparticles. The 

contribution by Y. Wu and colleagues summarized recent advances in nanomaterials 

synthesis of polymers and inorganic nanomaterials using DNA nanostructures as 

scaffolds, and discussed the current challenges and future outlook (3 DNA-

Programmed Chemical Synthesis of Polymers and Inorganic Nanomaterials).  

H. Xing and co-workers reviewed the research progress of synthetic DNA–protein 

conjugates over the past decades, by summarizing DNA–protein conjugation 

chemistries and the applications (4 Engineering Functional DNA–Protein 

Conjugates for Biosensing, Biomedical, and Nanoassembly Applications). J. Fu and 

vii



colleagues discussed the recent progress in the field of DNA scaffold-directed 

assembly of multienzyme reactions, including proximity assembly, confinement, 

biomimetic substrate channeling and regulation circuits, as well as bioconjugation 

techniques of hybrid DNA–protein structures (5 DNA-Scaffolded Proximity 

Assembly and Confinement of Multienzyme Reactions). The contribution by Y. 

Tian and O. Gang covered the progress in the development of the self-assembly of 

nanoparticles using DNA shapes, and discussed a broad range of applications of 

these architectures (6 Directional Assembly of Nanoparticles by DNA Shapes: 

Towards Designed Architectures and Functionality). The contribution by Y. Bao 

and L. Tian categorized oligonucleotide–polymer conjugates by the structures of the 

polymer blocks, and discuss the synthesis, purification, and applications for each 

category (7 Oligonucleotide–Polymer Conjugates: From Molecular Basics to 

Practical Application).  

DNA-based nanoplatforms have shown great promise in numerous biological or 

biomedical applications. The contribution by J. Duan, X. Wang and M. E. Kizer 

discussed the structural characteristics, biological prevalence, and function of both 

DNA and RNA structural motifs found in natural biological systems, and high-

lighted the biotechnological and therapeutic applications of these structural motifs, 

including catalytic nucleic acids, non-coding RNA, aptamers, G-quadruplexes,  

i-motifs, and Holliday junctions (8 Biotechnological and Therapeutic Applications 

of Natural Nucleic Acid Structural Motifs). Y. Zhao and colleagues analyzed the 

progress of DNA-driven nanoparticle assemblies for biosensing and bioimaging, 

focusing on the discussion of the tunable configurations and tailorable optical 

properties of these spatial structures (9 DNA-Driven Nanoparticle Assemblies for 

Biosensing and Bioimaging). The contribution by G. Ke and colleagues introduced 

the features of aptamer-functionalized DNA nanostructures, and discussed the 

recent progress, challenges and future directions in biological applications of these 

nanostructures (10 Aptamer-Functionalized DNA Nanostructures for Biological 

Applications). F. Wang and colleagues introduced various autonomous enzyme-free 

DNA circuits, explained their underlying molecular reaction mechanisms, and 

discussed their biosensing applications in terms of sensing performance, challenges 

and outlook (11 High-performance biosensing based on autonomous enzyme-free 

DNA circuits). F. Li and Y. Liu offer a systematic survey of current emerging 

strategies using DNA strand displacement to detect single-nucleotide variants 

(SNVs), with an emphasis on the molecular mechanisms and their applicability to in 

vitro diagnostics (12 DNA Strand Displacement Reaction: A Powerful Tool for 

Discriminating Single Nucleotide Variants). 

We are greatly indebted to all contributing authors, reviewers, and editorial staff 

of this topical collection for their effort and support. Contributions in this topical 

collection include the pioneering works published decades ago, as well as state-of-

the-art reports published over the recent three years, covering from molecular basics 

to practical applications. We hope this comprehensive collection can present the 

readers both a historical overview and cutting-edge advancements in the booming 

field of DNA Nanotechnology. 
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Abstract
Self-assembly, which  is ubiquitous in living systems, also stimulates countless syn-
thetic molecular self-assembling systems. Most synthetic self-assemblies are real-
ized by passive processes, going from high-energy states to thermodynamic equi-
librium. Conversely, living systems work out of equilibrium, meaning they are 
energy-consuming, dissipative and active. In recently years, chemists have made 
extensive efforts to design artificial active self-assembly systems, which will be 
pivotal to emulating and understanding life. Among various strategies, emerging 
approaches based on DNA nanotechnology have attracted a lot of attention. Struc-
tural- as well as dynamic-DNA-nanotechnology offer diverse tools with which to 
design building blocks and to shape their assembly behaviors. To achieve active 
self-assembly, a synergy of diverse DNA techniques is essential, including struc-
tural design, controllable assembly–disassembly, autonomous assembly, molecular 
circuits, biochemical oscillators, and so on. In this review, we introduce progress 
towards, or related to, active assembly via DNA nanotechnology. Dynamic DNA 
assembly systems ranging from passive assembly–disassembly systems, to autono-
mous assembly systems to sophisticated artificial metabolism and time-clocking 
oscillation systems will be discussed. We catalogue these systems from the perspec-
tive of free energy change with the reaction process. We end the review with a brief 
outlook and discussion.

Keywords DNA nanotechnology · DNA origami · Self-assembly · Out-of-
equilibrium assembly · Active assembly
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1 Introduction

Fascinated by the mystery of life, scientists are currently busy looking for extra-
terrestrial life and trying to create artificial life in the laboratory [1, 2]. One of the 
most amazing aspects of life is that all living things are formed by self-assem-
bly, which is a fundamental biological design process through which an organ-
ized structure seems to be constructed from a disordered collection of smaller 
parts. Self-assembly can be classified into two types. One is passive and obeys 
an equilibrium thermodynamic: the system starts from a relatively higher free 
energy state and reaches a thermodynamic equilibrium state by minimizing free 
energy. Most artificial self-assembly systems follow this framework. The other 
type works out of equilibrium, meaning it is energy-consuming and dissipative; 
in other words, active. Life adopts the latter strategy to organize numerous mol-
ecules into the filaments, membranes and organelles that make up cells and carry 
out myriad complex biochemical reactions [3–5]. By continually consuming 
energy in endless assembly and disassembly cycles, life continually responds and 
adapts to the environment via complex biochemical reaction networks. To realize 
active self-assembly working like living systems could be seen as the Holy Grail 
in this field, since it is extremely important for understanding and emulating life. 
Although a formidable challenge, extensive efforts have been made towards this 
goal in recent years [6–11].

Among various strategies for designing self-assembly systems, DNA nano-
technology is particularly impressive. DNA molecules, as sequenced polymers 
and nanoscale materials, could be programmed to form nanoscale motifs as build-
ing blocks for self-assembly simply by exploiting Watson–Crick base pairs. Since 
Seeman proposed this concept in the 1980s [12], the field has seen dramatic pro-
gress in recent decades. Self-assembled DNA architectures, like DNA tiles [13], 
DNA origami [14], DNA bricks [15], wireframe structures [16] and even crys-
tals [17, 18], have been prepared readily and successfully by manipulating the 
hybridization of DNA strands. One the other hand, dynamic DNA nanotechnol-
ogy offers a toolbox for designing reconfigurable structures, controlling kinet-
ics of assembly, building DNA-based chemical reaction networks [19–21], etc. 
All these achievements indicate that DNA nanotechnology could be a promising 
approach towards the goal of life-like self-assembly, or, at least, to mimic some 
aspects of living systems. Thanks to its high programmability and simplicity, 
active DNA assembly has been introduced recently in a few exciting successful 
demonstrations [9–11]. We believe this offers great encouragement to the fields 
of both DNA nanotechnology and self-assembly. Therefore, we decided to write 
this review to introduce what DNA nanotechnology has achieved so far towards 
this goal.

In this review, we would like to talk about active self-assembly systems using 
DNA nanotechnology. To achieve this goal, a synergy of diverse DNA tech-
niques is essential, including structural design, controllable assembly–disassem-
bly, autonomous assembly, molecular circuits, biochemical oscillators, and so on. 
Here, we focus mainly on dynamic DNA self-assembly. From the perspective of 
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energy change with the reaction process, such systems can be divided into three 
major types (Fig. 1). We start from the most fundamental passive assembly–dis-
assembly systems, which were realized by switching between two equilibrium 
states (Fig.  1a), and subsequently introduce autonomous assembly systems that 
rely on triggers to initiate the system and, therefore, direct the system from a high 
energy state to an equilibrium state (Fig. 1b). Finally, we discuss several success-
ful demonstrations of active assembly systems developed very recently, mainly 
including an assembly system with a cascade of transformations [9], a time-
clocking oscillation system [10] (Fig. 1c) and a mesoscale artificial metabolism 
system [11]. We end the review with a brief discussion and outlook. It should be 
noted that the term of ‘active assembly’ has been used for various connotations 
under different circumstances. In a broad sense, it can be used for self-assembly 
systems that can respond to external stimuli, more like ‘dynamic’. Here, we use 
the term in  its narrowest sense, meaning that self-assembly is energy-consuming 
and dissipative, like the self-assembly in living organisms.

2  Passive Assembly–Disassembly of DNA

Switchable assembly–disassembly is the simplest dynamic DNA assembly system, 
as well as the most fundamental component for constructing complicated active 
assembly systems. In this section, we introduce DNA-based passive assembly–disas-
sembly systems. The energy change of a passive assembly–disassembly system is 
normally as  follows: in the initial state, the system remains at equilibrium; upon 
some external energy input or environmental change, the equilibrium is disturbed 
and the system reaches a new equilibrium state under the new circumstance; by 

Fig. 1  Three models of dynamic self-assembly and their Gibbs free energy change during the process. a 
Passive assembly–disassembly. b Trigger-initiated autonomous assembly. c Energy-dissipative oscillating 
assembly

3Reprinted from the journal   
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retrieving the input or switching back the environment, the system goes back to its 
initial equilibrium state (Fig. 1a).

One critical factor for determining the thermodynamic equilibrium state of a 
system is temperature. Walther et al. [22] reported the thermally controlled assem-
bly–disassembly of a DNA origami filament system. The building block is a cuboid 
made of DNA origami that is pre-assembled via a thermal annealing process. 
Such DNA origami cuboids could further assemble into micrometer filaments via 
the hybridization of connecting DNA strands (blue ends in Fig. 2) at the sides of 
cuboids. The ligation based on DNA hybridization could be denatured at a relatively 
higher temperature, which induces disassembly of the filaments. Therefore, this 
assembly and disassembly process could be controlled by tuning the temperature. 
The temperature window could be tuned by adjusting the affinities of the DNA con-
nectors. It should be noted that this temperature dependent assembly–disassembly 
process does not destroy the DNA origami building blocks due to the high thermal 
stability of DNA origami (melting temperature normally higher than 50 °C). Dietz 
et  al. [23] introduced a non-base-pairing, shape-complementary strategy for engi-
neering the interface of DNA origami. This provides a robust means of higher-order 
assembly as well as allowing dynamic control. The interface affinity is affected by 
both temperature and cation concentrations, thus both factors could be used to con-
trol the dynamic assembly–disassembly of high-order DNA origami assemblies.

DNA can also sense other environmental factors for designing assembly–disas-
sembly system, for example, pH. To this end, a pH-sensitive connection between 
DNA building blocks is necessary. A DNA duplex based on Watson–Crick base-
pairing can interact with a single-stranded DNA through pH-sensitive parallel 
Hoogsteen base-pairing to form a triplex. This duplex–triplex transition is highly 

Fig. 2  Temperature controlled assembly–disassembly of DNA origami filaments  Reproduced with per-
mission from Ref. [22]. Copyright © 2016, American Chemical Society

4 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:33 

pH-dependent and could be regulated to sense different pH by tuning the ratio of 
C–G·C to T–A·T. Employing this strategy, Wang et  al. [24] reported the pH-con-
trolled, stepwise assembly–disassembly system of DNA origami (Fig. 3). The DNA 
triplex connection between DNA structures could be programmed to form and break 
at certain pH values, enabling stepwise assembly and disassembly of up to nine 
DNA origami pieces. Similarly, other responsive DNA motifs, e.g., pH-sensitive 
i-motif [25],  K+ responsive G-quadruplex [26], cation-dependent DNAzyme [27], 
etc., have also been used as the bridge between DNA nanostructures for constructing 
assembly–disassembly systems.

This pH manipulation can also work in an indirect manner. Franco et  al. [28] 
introduced a system that employ the duplex–triplex transition as a pH sensor that can 

Fig. 3  pH-controlled stepwise assembly–disassembly of DNA origami nanostructures. a The reversible 
stepwise assembly–disassembly of DNA origami at different pH values. b Linkers that work at different 
pH based on duplex–triplex transition  Reproduced with permission from Ref. [24]. Copyright © 2019, 
the Royal Chemical Society

Fig. 4  Reversible self-assembly of DNA nanotubes through intermediate DNA regulator strands. Left 
side pH sensing device that can release and sequester regulator strands. Right part Regulator intervened 
assembly–disassembly of DNA tiles Reproduced with permission from Ref. [28]. Copyright © 2017, 
American Chemical Society
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release or sequester regulator DNA strands (Fig. 4). Here, these authors employed 
DNA double crossover tile assembly as the model. This DNA double crossover tile 
assembly, which was developed by Rothemund et al. [29], has been used widely for 
investigating dynamic self-assembly. The regulator DNA strands can activate or 
deactivate tile-based DNA nanotube assembly by interacting with the sticky ends 
through toehold-mediated strand-displacement reactions. At high pH, the pH sensor 
sequesters the regulator strands and enables the assembly of DNA tiles into microm-
eter nanotubes. At low pH, the pH sensor releases the regulator strands. The regula-
tor strands disrupt the connection among DNA tiles via strand-displacement and the 
nanotubes then disassemble into small tiles. This idea of bridging an upstream regu-
latory unit and downstream DNA assembly through intermediate DNA strands gives 
more possibility and flexibility to the design of complex DNA assembly. A similar 
strategy is also employed for achieving active self-assembly system, which we will 
introduce below in the section on  “Active DNA Self-Assembly System”.

DNA nanostructures could be placed on lipid membranes by conjugated cho-
lesterol moieties. The lipid membranes confine the DNA structures to the surfaces 
while also providing fluidity. The thermodynamic behavior of DNA nanostructures 
on fluid soft lipid bilayers will differ from those in solution. The assembly–disas-
sembly process of DNA can be performed on artificial lipid membranes as well as 
on cell surfaces. These dynamic processes could be directly monitored with various 
tools, such as high-speed atomic force microscopy (AFM). Endo et al. [30] reported 
a light-controlled DNA origami assembly–disassembly system on supported lipid 
bilayers (Fig. 5a). They used pseudo-complementary photo-responsive DNA modi-
fied by azobenzene molecules as the linkers of two DNA origami units. Under vis-
ible light, the trans-form azobenzene moieties help maintain DNA hybridization and 
thus bring two DNA origami units together to form dimers. With UV light irradia-
tion, the trans-azobenzene moieties switch to the cis-form and thus dissociate the 

Fig. 5  Dynamic DNA assembly on artificial and cell membranes. a Photo-controlled DNA origami asso-
ciation–disassociation on supported lipid bilayer. b DNA nanoprisms assembly–disassembly on the sur-
face of cell-mimicking giant vesicles. c Dynamic DNA association for controlling the cell membrane 
receptor dimerization and cell behaviors a Reproduced with permission from Ref. [30]. Copyright © 
2014, American Chemical Society; b reproduced with permission from Ref. [31]. Copyright © 2017, 
American Chemical Society; c reproduced with permission from ref [32]. Copyright © 2018, John Wiley 
and Sons
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DNA origami dimers. The supported lipid bilayer offers a platform to visualize the 
process by high-speed AFM. Tan et al. [31] reported the assembly–disassembly of 
DNA nanoprisms driven by strand-displacement reactions on cell-mimicking giant 
vesicles, and visualized the process by fluorescence microscopy (Fig.  5b). DNA 
strands can also be attached to specific cell membrane receptors. Thereby, assembly 
and disassembly could be used for inducing cell membrane receptor dimerization or 
clustering, thus regulating downstream signalling to control cell behaviors (Fig. 5c) 
[32].

3  Trigger‑Initiated Autonomous DNA Self‑Assembly

Active assembly is always autonomous although autonomous assembly is not neces-
sarily active. To some extent, designing autonomous assembly could be regarded as 
a preliminary to achieving active assembly. In the previous section, we focused on 
the switch between the assembled state and the disassembled state, which requires 
alternative external interference to change thermodynamic equilibrium states. In this 
section, we pay attention to the process of assembling individual units into higher-
order assemblies, and how to make this process proceed autonomously. In principle, 
the autonomous assembly system starts from a meta-stable non-equilibrium state. 
Upon a trigger that disturbs this meta-stable state, the system reaches its equilibrium 
state in an autonomous manner. Once the process is initiated by a trigger, no further 
external intervention is needed (Fig. 1b).

3.1  Hybridization Chain Reaction‑Based self‑Assembly

One classical demonstration of autonomous DNA assembly is the hybridization 
chain reaction (HCR) that was first developed by Dirks and Pierce (Fig.  6) [33]. 
HCR is based on the toehold-mediated strand invasion of stable hairpin structures 
with long stem duplexes. The HCR system consists of two types of DNA hair-
pins, H1 and H2, with single-stranded toehold extensions at the 5′ and 3′ ends of 
the hairpins, respectively (Fig. 6a). Ingeniously, the loop region of H1 contains the 
complement of H2 toehold, while the H2 loop is complementary to H1 toehold, 
and the double-strand stems of H1 and H2 are identical. Due to the long double-
strand stem region, the two hairpins coexist metastably. When a trigger molecule 
with the appropriate sequence is added (complementary to the toehold and adjacent 
stem sequence), one of the hairpins is opened by toehold-mediated strand displace-
ment, allowing the loop sequence to become freely accessible. This loop sequence 
can now be attached to the toehold of another hairpin, triggering a chain reaction 
in which multiple H1 and H2 molecules bind to each other to form long double-
stranded polymers.

The initiator of HCR could be encoded as other signals as long as they can 
interact with strands to open the H1 hairpin. For example, encoding an ATP 
aptamer to the toehold could initiate the HCR with ATP molecules. The HCR 
is particular useful for biological imaging since it could work as a molecular 
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amplifier in diverse settings. With three generations of development, Pierce et al. 
[34] presented in  situ HCR as a powerful tool for multiplexed and quantitative 
bioimaging with high sensitivity and low background (Fig.  6b). Tan et  al. [35] 
developed aptamer-tethered DNA nanotrains with fluorescence as carriers;  drug 
fluorescence quenching, real-time signaling of behaviors of drugs and nanotrains 
at target cells can be performed.

A variant of HCR uses four-way branch migration for the construction of 
hybridization polymerization systems (Fig.  7) [36]. In this case, the reaction 
between H1 and H2 is initiated by the introduction of the DNA duplex with three 
toeholds. The overhangs a* and x of the complex hybrid with the complementary 
overhangs a and x* of the hairpin H1 to produce a movable Holliday junction 
(state 1 in Fig. 7). By four-way branch migration, this structure transforms into 
state 2, and the hairpin H1 unfolds to expose the toehold domain, c. The toe-
holds c and y are available for hairpin loop H2 to bind to, creating another Hol-
liday junction intermediate (state 3). The configuration relaxes to that of state 4, 
with two new domains, x and a*, being used for loop H1 binding. The sequence 
of the hybridization is repeated cyclically, resulting in a long-nicked duplex 
strand. Incorporating this autonomous polymerization into DNA-cross-linked 

Fig. 6  The hybridization chain reaction (HCR). a Principle of HCR. b In-situ HCR for multiplexed 
imaging of mRNA in zebrafish embryos a Reproduced with permission from Ref. [33]. Copyright © 
2004, National Academy of Sciences; b reproduced with permission from Ref. [34]. Copyright © 2010, 
Springer Nature
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polyacrylamide hydrogels, Schulman et al. [37] realized up to 100-fold volumet-
ric hydrogel swelling by successively extending DNA cross-links by autonomous 
polymerizations.

The principle of HCR could be applied for more complicated autonomous DNA 
assembly. Fan et al. [38] adapted the concept of HCR in high-order DNA assembly 
systems (Fig.  8). They designed DNA hairpin tiles (DHTs) that could be opened 
by initiator strands. Unlike single-stranded hairpin strands, DHTs can be encoded 
with structural information and therefore endow the system with much more design-
ability and hierarchical complexity. The DHT motif is a double-crossover structure, 
in which two double helices are arranged in parallel and ligated by a pair of crosso-
ver junctions. Fan and colleagues first showed the DHTs could be polymerized into 
long filaments of low dispersity in a chain-growth way. They then programmed this 
chain-growth copolymerization to form two-dimensional nanoplatelets. To this end, 
they changed the distance of two crossover junctions between two associated DHT 
monomers. In the one-dimensional polymerization, the distance of two intermo-
lecular crossover junctions is about 2.5 helical turns, whereas it was increased to 
3 helical turns in 2D chain-growth assembly. This subtle adjustment changed the 
angle of the two associated DHT monomers. Specifically, the DHT monomers bind 
to opposite sides  of the chain-growth strands. Combining this altered chain-growth 
copolymerization with DNA overhang associations, the DHTs can assemble into 
2D nanoplatelets. Nie et al. [39] showed that two HCRs could be synchronized for 
assembling nanoladders. With one HCR plus one T‐junction cohesion, they also 
prepared closed nanorings.

3.2  DNA Catalytic Self‑Assembly

Another widely explored way of directing meta-stable non-equilibrium systems 
to equilibrium is catalysis. The first DNA catalytic system was developed by 
Zhang et al. [40]. As illustrated in Fig. 9a, substrate complex S and fuel strand F 
react to form waste product W and release oligomers SB and OB as signals and/

Fig. 7  Autonomous polymerization powered by four-way junction branch migration. a Principle of 
polymerization. b Swelling of DNA-cross-linked polyacrylamide hydrogels by the autonomous polym-
erizations a Reproduced with permission from Ref. [36]. Copyright © 2007, Springer Nature; b repro-
duced with permission from Ref. [37]. Copyright © 2017, American Association for the Advancement 
of Science
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or outputs. The reaction is driven by entropy due to the increase in the number of 
components from two to three. With addition of the catalyst C, SB can be released 
from intermediate I2 and the hidden toehold becomes exposed. This toehold 
provides an attachment site for F, which then drives the reaction to completion by 
toehold-initiated strand invasion. The concept of DNA catalysis has been further 
adapted to a system termed ‘chain hybridization assembly (CHA)’ (Fig.  9b) 
[41, 42]. Like HCR, CHA starts from two pre-formed hairpin strands that have 
complementary strands. The hybridization of these two hairpins is initiated by a 
short strand to open the first hairpin and therefore disclose the toehold. Different 
from HCR, CHA stops after  hybridization of the two hairpins and releases the 
initiator strand. Therefore, the initiator strand here functions only as a catalyst.

An entropy-driven DNA catalysis system could be utilized to initiate autono-
mous DNA tile self-assembly as upstream molecular circuits (Fig. 10) [43]. Here, 
the DNA double crossover precursor tiles are deactivated by replacing one of 
the long single-stranded regions with two strands that cover the sticky ends and 
protect the tiles from hierarchical assembly. These two protecting strands could 
be displaced by deprotector strands via strand-displacement reactions, while 
the deprotector strands are stored in the DNA catalysis circuits. Upon addition 
of DNA catalyst, the upstream control circuit is turned on, and starts to release 
deprotector strands successively (Fig.  10a), thereby the double crossover tiles 
are activated and assembled into micrometer filaments autonomously (Fig. 10b). 
There are many challenges in coupling a DNA catalytic circuit with downstream 
self-assembly. One such challenge is leakage of the DNA catalytic circuit, mean-
ing a   small number of deprotector strands could leak from the substrates. To 
solve this, DNA sink complexes could be introduced as a competitive threshold 
for the deprotectors (Fig. 10c).

Fig. 9  DNA catalysis system. a The first entropy-driven DNA catalysis system that can output two single 
strands as outputs or downstream signals. b The catalytic hairpin assembly that directs the hybridiza-
tion of two hairpin strands a Reproduced with permission from Ref. [40]. Copyright © 2007, American 
Association for the Advancement of Science; b reproduced with permission from Ref. [41]. Copyright © 
2008, Springer Nature and Ref. [42] Copyright © 2011, Oxford University Press
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The modularity of integrating upstream DNA circuit and downstream self-
assembly offers the possibility of designing versatile autonomous self-assembly. 
Ricci et al. [44] developed a pH-dependent circuit for controlling self-assembly of  
the same DNA double crossover tiles (Fig. 11). These latter authors re-engineered 
the three-strand substrate to be responsive to pH by introducing a triplex based on 
Hoogsteen interactions. The substrate was only accessible to the DNA catalyst at 
basic pH. Therefore, the generation of deprotector strands could be turned on and 
off by pH. Ultimately, downstream tile assembly is controlled successfully by the 
upstream pH-dependent circuit.

CHA may provide an alternative means of catalyzing autonomous assembly. 
Yang et al. [45] made pioneering efforts in this regard. Unlike DNA catalytic cir-
cuits, the CHA does not export a single strand as output. Instead, it simply recom-
bines two individual hairpin strands into one hybridized duplex. Therefore, the 

Fig. 10  DNA catalytic circuit controlling autonomous DNA tile self-assembly. a The entropy-driven 
DNA catalysis system that produces the deprotector strands. b Atomic force microscopy (AFM) results 
from the integrated reaction network. DNA nanotubes can assemble in the presence of catalyst. c The 
sink complex acts as a competition threshold for the deprotector to prevent the release of a small amount 
of deprotector, which will result in DNA nanotube assembly  Reproduced with permission from Ref. 
[43]. Copyright © 2013, Springer Nature

Fig. 11  pH-controlled assembly of DNA tiles. The upstream circuit (1) is a pH-dependent DNA catalytic 
module, and the downstream self-assembly reaction (2) the self-assembly of DNA double crossover tiles  
Reproduced with permission from Ref. [44]. Copyright © 2014, American Chemical Society
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hairpin strands could be employed directly as linkers of DNA building blocks, 
and CHA could then be used to control assembly. Yang et  al. [45] integrated 
the CHA reactions with DNA tiles and explored them as a means of assembling 
nanostructures dynamically (Fig.  12). They used DNA tiles (double crossover 
tiles as well as DNA origami) as artificial “carriages”, hairpin structures modified 
on DNA tiles as “couplers”, and initiators as “wrenches” to initiate the CHA to 
actively self-assemble train-shaped DNA nanostructures of controlled length.

3.3  Seed‑Guided Self‑Assembly

The HCR and DNA catalysis provide tools for solving the problem of how to initiate 
self-assembly. Another import aspect of controlling self-assembly is to determine 
when and where to initiate self-assembly. Winfree et al. [46] demonstrated the con-
cept of using pre-assembly DNA origami to efficiently seed and nucleate the growth 
of DNA tiles (Fig. 13). They used a rectangular DNA origami, which can present 
up to 32 DNA tile adapters at one side. The tile adapters could recruit desired DNA 
tiles using sequence-specific sticky ends. Under certain circumstances, DNA double 
crossover tiles assemble only when the seeds are present, and the growth of DNA 
tiles started from the tile adapters of DNA origami seeds.

Schulman et  al. [47] further developed the seed-directed self-assembly system, 
designing nanotube origami as the seed to nucleate the assembly of DNA tiles 
(Fig.  14). Under a thermal annealing process, DNA origami seeds and tiles first 
formed. DNA tiles would then grow from the nucleated seeds following an iso-
thermal self-assembly pathway (Fig. 14a). In their subsequent work, Schulman and 
colleagues demonstrated that this growth process could be terminated by rigid or 
flexible caps that block the growth interfaces (Fig. 14b); based on this, they demon-
strated that DNA nanotubes can grow to connect pairs of molecular landmarks with 
micrometer separation distances and relative orientations [48]. With DNA origami 
seeds as molecular landmarks, DNA tile nanotubes grow and then join end to end to 
form stable connections. This process relies simply on diffusion of the free ends and 
does not need external guidance.

Fig. 12  Chain hybridization assembly (CHA)-driven DNA self-assembly. a Self-assembly process of the 
DNA tile trimer. b AFM image of the three-tile assembly product. c Kinetic evaluation of the formation 
of trimer tiles by AFM at different reaction times (0, 0.5, 1, 2, and 3 h). Bars b 50 and 100 nm, c 100 nm  
Reproduced with permission from Ref. [45]. Copyright © 2019, John Wiley and Sons
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It should be noted that nucleation and growth would happen even without the ori-
gami seeds. However, nucleation from tiles would be much slower since it requires 
overcoming a significant energy barrier. From this viewpoint, the seeds not only pro-
vide spatiotemporal starting points for self-assembly but also play a role as initiators 
to lower energy barrier and guide the system to equilibrium.

Fig. 13  Molecular design and self-assembly scheme. a The DNA origami seed consists of 32 tile adapter 
strands (pink and green) that bind at specific locations. b Each DNA tile consists of four strands that 
self-assemble into a molecule with a double-stranded core and four single-stranded 5-nt sticky ends. c 
Each DNA double tile, structurally equivalent to two fused tiles, consists of six strands that display four 
active sticky ends; two helix arms end either with a hairpin or with an inactive (inert) sticky end whose 
sequence matches no other sticky end Reproduced with permission from Ref. [46]. Copyright © 2009, 
National Academy of Sciences

Fig. 14  Seed-mediated growth of DNA nanotubes. a Illustration of nucleation-growth process. b Ter-
mination of nanotube growth. c Connection of molecular landmarks by seed-mediated DNA nanotube 
growth. Bar 5 µm  a, b Reproduced with permission from Ref. [47]. Copyright © 2017, American Chem-
ical Society; c reproduced with permission from Ref. [48]. Copyright © 2017, Springer Nature
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4  Active DNA Self‑Assembly System

The above-mentioned systems all follow the equilibrium thermodynamic frame-
work. In this section we talk about active self-assembly systems with much more 
complexity. To date, there have been only a few successful demonstrations, most 
of which were published very recently. Here, we introduce three kinds of system: 
(1) a self-assembled nanoarray with a cascade of transformations for information-
relay systems; (2) a biochemical oscillator controlled dynamic assembly system; and 
(3) an artificial metabolism system. Each has its own characteristics and could be 
seen as an out-of-equilibrium active assembly from some aspects. Each can also be 
regarded as a demonstration of active assembly at different scales, from nanoscale to 
micrometer and mesoscale.

4.1  Self‑Assembled Information‑Relay System

The ability to faithfully deliver information in a cascaded and controlled fashion 
has worked wonders for civilization and biology. Researchers are eager to control 
the flow of information within a network at nanometer-to-micrometer scale. Song 
et al. [9] used a DNA “antijunction” as a basic unit to construct limited-size nanoar-
rays that transmit information from one side to the other in the form of structural 
transformation (Fig.  15). In a typical diamond-shaped unit, its four adjacent ele-
ments share a joint, so that all cells are connected to each other by a four-armed 
connection, which is a branched DNA motif that can be opened and closed like 
scissors. In principle, when one antijunction unit changes conformation, the scissor 
joints communicate this motion to the adjacent units, which then also undergo the 
same conformational change. This change can be passed to the neighbors’ neighbors 
and so on, until the entire array adopts the new conformation. Thus, Song and col-
leagues demonstrated the dynamic reconfiguration of DNA relay arrays. By adding 
and removing trigger strands, they can switch pre-assembled nanoarrays between 
different conformations and monitor the process in real time. In addition, they also 
showed that the conversion path was highly programmable. First, the starting point 
of transformation depends on where the trigger strands invade and lock the joints. 
Second, continuous transformation can be stopped and resumed by removing and 
replacing or locking and unlocking internal units. Finally, the transformation path-
way can be controlled by designing odd-shaped nanoarrays with tight corners and 
adding trigger strands in a stepwise manner.

From the viewpoint of energy change, this self-assembled array is quite interest-
ing. If we focus only on the start and the end states, it seems to be a trigger-initiated 
system. However, if we look into the landscape change during the relay process, it 
is very different. The system undergoes an energy oscillating process from the start 
state to the end state (Fig. 15e) given the alternate generation and disappearance of 
high-energy antijunction motifs (orange box in the figures).
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4.2  Biochemical Oscillator Controlled Dynamic Assembly System

The cytoskeleton consists of three major unbalanced supramolecular assemblies that 
continuously polymerize and depolymerize: microtubules [49], actin filaments [50] 
and intermediate filaments [51]. The microtubules—the largest of these structures—
are mechanically stiff, highly dynamic, and alternate between stable growth and 
rapid depolymerization. The active assembly of microtubules represents advanced 
spatiotemporal control. In living organisms, high spatiotemporal ordering is real-
ized by regulatory networks that are prototypes of chemical fuels, energy-dissipating 
self-assembly with dynamic and adaptive properties.

One of the most important elements of  the regulatory network is called the bio-
chemical oscillator, which controls the timing of cellular processes and provide cir-
cadian rhythms. Such chemical oscillation could be produced in non-living systems. 
The BZ reaction is the first example of a chemical oscillator that exhibits imbal-
ances, such as bistability, as well as macroscopic oscillations and synchronization 
[52, 53]. When appropriate negative feedback is introduced, the well-stirred setup 
becomes susceptible to stimulation (that is, an input above a certain threshold will 
cause the output to peak before returning to the initial steady state) or to become 
oscillating. However, the susceptibility of the chemical oscillator makes it extremely 
difficult to make it compatible with other systems.

Fig. 15  Molecular information-relay arrays assembled by DNA. a A dynamic DNA antijunction that can 
switch between two stable conformations, through an unstable open conformation. Diagrams for a DNA 
antijunction: stable conformations red and green, and unstable conformation orange. b Transformation 
of an antijunction unit can be induced by addition of a trigger strand. The information is passed from the 
converted unit to its closest neighbors, causing them to undergo subsequent transformation. c Informa-
tion relay in DNA “domino” nanoarrays. The molecular DNA nanoarray transforms in a step-by-step 
relay process, initiated by the hybridization of a trigger strand to a single unit. d Control of initiation of 
transformation via selection addition o green triggers. e Free energy landscape during the domino-like 
cascade transformations Reproduced with permission from Ref. [9]. Copyright © 2017, American Asso-
ciation for the Advancement of Science
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In organisms, long-duration time control is heavily dependent on gene expression. 
Instead of building pure chemical oscillators, Kim and Winfree [54] built an in vitro 
transcriptional oscillator by employing biological enzymes (Fig. 16a). They devised 
a ‘two-switch negative-feedback oscillator’. The biological oscillator is composed 
of nucleic acid strands (RNA and DNA) and enzymes (T7 RNA polymerase and 
RNase H). As depicted in Fig. 16, there are two switches (SW21 and SW12) in the 
oscillator as RNA ‘genelets’, each of which could produce single-stranded RNAs 
(rI2 and rA1) transcribed by T7 RNA polymerase. The activation and inhibition of 
these genelets could be regulated by DNA reaction networks involving the produced 
RNAs (Fig. 16b). In short, the produced RNAs can remove DNA strands from the 
promoter region by forming RNA–DNA hybrids. As a result, with the production 
and increasing concentration of RNAs, the generation of RNAs is inhibited. At the 
same time, the RNase H in the system continuously digests the RNAs and releases 
the DNA strands of the promoter, inducing re-activation of the genelets. The syn-
ergy of two such genelets enables the ‘two-switch negative-feedback oscillator,’ 
which exhibits sustained RNA concentration oscillations. This biochemical oscilla-
tor is programmable and compatible with the self-assembled DNA system. Simmel 
et al. [55] investigated and compared the effect on the oscillators of different strat-
egies of load tweezer-like DNA nanomachines (Fig. 16c). One optimized strategy 
involved an extra transcription circuit as an insulator genelet. The insulators make 
the system more robust by isolating the oscillators and the loads, amplifying signals 
from the oscillators and thus allowing relatively high loads.

Integrating the structural DNA nanotechnology, the dynamic DNA nanotechnol-
ogy as well as the biochemical oscillator, Franco et al. [10] demonstrated the active 
oscillating self-assembly of DNA tubular structures, a preliminary analogue to the 
dynamic growing and shrinking of microtubules (Fig.  17). They chose the DNA 
double crossover tile self-assembly we introduced earlier in this review. DNA tiles 
with sticky ends can self-assemble isothermally into nanotube filaments with diam-
eters ranging from 7 to 20 nm. In their system, they added short segments to the 
sticky ends as toeholds, which could mediate the RNA invaders to break the inter-
tile connections by strand-displacement reactions. The generation of RNA invaders 
is controlled by the biochemical oscillator and the insulator. In addition to playing 
the role of toehold, the intrusion of a single sticky end region weakens the interac-
tion between the tiles, causing the nanostructures to collapse. Tiles bound to the 
RNA invader become ‘inactive’. Meanwhile, the RNase H sustainedly digests the 
RNA invader and converts the inactive tiles to become active. The active tiles re-
assemble into nanotubes autonomously. Therefore, the concentration oscillating 
of RNA invaders actually controls the active assembly and disassembly of nano-
tubes by the interplay of digestion and generation. They observed the time clocking 
growth and shrinking of  filaments over a time scale of hours.

Integrating these elements to make them work synergistically is not easy. One of 
the challenges is to match the kinetics of different elements. The oscillating period 
should match the rate of tile assembly, which is relatively slow. Since enzyme activ-
ities are hard to control, the oscillator can be modulated only by tuning the con-
centrations of oligonucleotides and enzymes. In addition, the oscillator operates in 
a closed system, so the system faces reduced enzymatic activity, accumulation of 
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incompletely degraded RNA, and consumption of NTPs. With all these challenges 
in mind, Franco et al. [10] achieved a system in which nanotube assembly can be 
controlled by the oscillator to exhibit one or two large-amplitude oscillations.

4.3  Artificial Metabolism System

The above-mentioned dynamic DNA assembly systems work at the molecular or 
supramolecular level, and rely on the careful design of building blocks and their 
precise interactions. Conversely, Luo et  al. [11] created a DNA-based dissipative 
assembly system that works at the mesoscale. Instead of using DNA for the assem-
bly of DNA motifs or nanostructures, they employed DNA as source material for the 
generation of a hydrogel. By manipulation of the sequential generation and degrada-
tion of the DNA hydrogel with a built-in spatiotemporal feedback, they realized an 
artificial metabolism system. To realize this concept, they engineered a mechanism 
termed DASH (DNA-based Assembly and Synthesis of Hierarchical materials) that 
mimics how nature uses metabolism to build structural hierarchy materials through 
biochemical synthesis and dissipative assembly processes (Fig. 18).

The anabolic generation pathway of DASH (Fig. 18a) consists of two processes: 
biochemical synthesis of DNA with the help of an enzyme-based rolling circle 
amplification (RCA) reaction and the assembly of DNA into pre-defined patterns 
by gelation in a microfluidic device. With this pathway, the continuously generated 
DNA molecules flow into the microfluidic chamber and form programmed patterns 
with DNA gelation (Fig. 18b–d) in a dissipative manner. The catabolic degeneration 
process happens simultaneously along with the anabolic pathway. This is achieved 
by the enzymatic DNA-hydrolyzing reactions. These two pathways are executed 
synchronously without any external manipulation. In a three-inlet microfluidic 
device, the growth and decay of DASH patterns could be controlled by a spatiotem-
poral feedback mechanism (Fig. 18e). With this artificial metabolism system, Luo 
et al. [11] further realized emergent locomotion and racing behaviors (Fig. 18f).

5  Discussion and Perspective

Biological cells typically reconfigure their shapes using dynamic signals and regulatory 
networks that direct the self-assembly process in time and space by sensing, processing, 
and transmitting information from the environment through molecular components. 
Bio-inspired out-of-equilibrium systems will set the scene for the next generation of 
molecular materials with active, adaptive, autonomous, emergent and intelligent behav-
ior. Indeed, life provides the best demonstrations of complex and functional out-of-
equilibrium systems: cells keep track of time, communicate, move, adapt, evolve and 
replicate continuously. Stirred by the understanding of biological principles, artificial 
out-of-equilibrium systems are emerging in many fields of soft matter science.

Through the route of DNA nanotechnology, much compelling effort has been made 
towards life-mimicking active assembly. The dynamic control of DNA assembly has 
been realized by different means with spatial and temporal programmability. However, 
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compared with what happens in living organisms, the development of artificial out-of-
equilibrium active systems are still at a very early stage.

The most important and obvious gap is complexity. In addition, the response time of 
current DNA dynamic systems is significantly slower than the inherent fluctuation time 
of dynamic biological events, indicating that the response speed of the dynamic DNA 
structure has large room for improvement. Moreover, the ability to achieve gradual and 
continuous control over a wide range of states remains a huge challenge. The simplicity 
and programmability of DNA nanotechnology give us a feasible means to emulate and, 
in turn, better understand life. While combining these techniques with other materials, 
and applying design guidelines from DNA systems to other systems may bring more 
opportunities to achieve bigger successes.

Living organisms decay towards a thermodynamic equilibrium state only when they 
die. In contrast, the sustainability of artificial out-of-equilibrium systems is still far 
from satisfactory. There are many thorny issues to be solved to make artificial systems 
more sustainable. In living systems, energy and precursor materials are supplied con-
tinuously at regulated rates, and molecular wastes are recycled or cleaned effectively. In 
contrast, in an artificial system, energy and precursor materials are normally added at 
the beginning of the reaction and are consumed irreversibly while wastes accumulate. 
A possible direction may be to perform artificial systems in vivo. Establishing the inter-
faces between cellular signals and artificial active assembly may solve some of these 
problems. On the other hand, the coupling of these two systems may provide the means 
of applying external regulation to life.

To date, the most successful demonstrations have been based on biological enzymes 
and the use of ATP as fuel. ATP is the molecular unit of currency for energy transfer in 
life, driving numerous biological motors in a cell by the universal chemical reactions of 
converting ATP to ADP or AMP. A human-made molecule that can play similar roles, 
and a set of molecular machines driven by such molecules would be extremely exciting.
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Abstract
DNA hydrogels are crosslinked polymeric networks in which DNA is used as the 
backbone or the crosslinker. These hydrogels are novel biofunctional materials that 
possess the biological character of DNA and the framed structure of hydrogels. 
Compared with other kinds of hydrogels, DNA hydrogels exhibit not only high 
mechanical strength and controllable morphologies but also good recognition abil-
ity, designable responsiveness, and programmability. The DNA used in this type of 
hydrogel acts as a building block for self-assembly or as a responsive element due 
to its sequence recognition ability and switchable structural transitions, respectively. 
In this review, we describe recent developments in the field of DNA hydrogels and 
discuss the role played by DNA in these hydrogels. Various synthetic strategies for 
and a range of applications of DNA hydrogels are detailed.
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1 Introduction

Hydrogels are a class of soft materials with high water contents and three-
dimensional (3D) crosslinked networks [1]. The chemical characteristics of 
the polymeric chains in hydrogels can be tailored to make them biocompatible 
and responsive to specific stimuli (e.g., heat, light, or certain molecules). Due 
to their unique structural and mechanical properties, hydrogels are probably the 
most widely used artificial materials in biomedical applications [2] such as bio-
sensing [3], drug delivery [4], and tissue engineering [5]. Traditionally, artificial 
hydrogels are constructed by crosslinking hydrophilic synthetic polymers to form 
networks. Though the rapid growth of polymer chemistry has enabled the func-
tionalization of hydrogels to suit specific requirements, it remains challenging to 
customize the structural anisotropy of hydrogels, configure their chains, and pro-
gram their polymerization [5].

Linear DNA strands, which are famous for their ability to store genetic infor-
mation [6], can be used as biopolymers in hydrogels, given that DNA hybridi-
zation—which obeys strict base-pairing rules—is inherently a sequence-specific 
self-assembly process. In 1982, Seeman suggested an unusual idea: that artificial 
DNA nanostructures could be created from branched DNA building blocks [7]. In 
such an approach, synthetic single-stranded DNAs with designed sequences rec-
ognize complementary strands and form predictable structures [8, 9]. New tech-
niques such as DNA origami and spherical DNA have driven the rapid growth of 
this field in recent years [10, 11]. Similarly, programmable hybridization can lead 
to the random crosslinking of DNA strands in three dimensions to form hydro-
gels. Compared with synthetic polymer-based hydrogels, DNA hydrogels have a 
number of advantages, such as specific molecular recognition, multifunctional-
ity, and excellent biocompatibility [12]. Other notable features of DNA hydrogels 
that can be achieved through the artful design of DNA sequences include respon-
siveness to multiple stimuli and tunable mechanical properties [13].

The idea of controlling sol–gel transitions using DNA can be traced back 
to 1987, when DNA duplexes were covalently interconnected using chemi-
cal crosslinkers for the first time [14]. Almost 10  years later, a different strat-
egy involving the crosslinking of synthetic polymers through DNA hybridization 
emerged, which opened the door to hybrid DNA hydrogel synthesis [15]. How-
ever, DNA hydrogels did not attract much attention before the early 2000s, largely 
because nanotechnology was still in its infancy. This situation changed with the 
emergence of pure DNA hydrogels, as first reported by the groups of Luo and Liu 
[16–18]. Their creative work illustrated the infinite variety of DNA interactions 
that were possible (in contrast to the interactions of synthetic polymers), facilitat-
ing the synthesis of smart hydrogels. This research field has grown rapidly over 
the past decade [12]. Both pure and hybrid DNA hydrogels are now cutting-edge 
materials for next-generation biomedical and intelligent applications.

In this review, we focus on recent progress in the field of DNA hydrogels fab-
ricated by base–base recognition mechanisms. DNA hydrogels that are formed 
by physical interwinding are not included in this review, but they are reviewed 
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elsewhere [12]. We consider different design principles and construction strat-
egies, starting with conventional DNA hybridization strategies in which stable 
hydrogels are directly formed through sequence-specific hybridization. We then 
describe enzyme-assisted hybridization strategies and show that nonduplex DNA 
conformations such as i-motifs and G-quadruplexes can also form networks. 
Finally, we discuss emerging approaches in order to highlight the future direc-
tions for research in this field.

2  Conventional DNA Hybridization Strategies

2.1  Unbranched DNA Strands for Crosslinking Synthetic Polymers

By modifying single-stranded DNA (ssDNA) on synthetic linear polymer chains, 
it is possible to crosslink polymers to form 3D networks. DNA overhangs on the 
polymer act as side chains that can be used to connect polymers. Most hybrid DNA 
hydrogels are fabricated in this manner.

In 1996, Nagahara and Matsuda were the first to utilize this idea to construct a 
DNA–polyacrylamide hybrid hydrogel [15]. They designed two kinds of acrydite-
modified single-stranded DNAs that were separately incorporated into polyacryla-
mide chains to obtain oligoT-polyacrylamide and oligoA-polyacrylamide. Next, they 
constructed two types of DNA–polyacrylamide hybrid hydrogels: one was formed 
by using polyA ssDNA to crosslink the oligoT-polyacrylamide (type I, Fig. 1a); the 
other was formed through the intermolecular crosslinking of oligoT-polyacrylamide 
and oligoA-polyacrylamide (type II, Fig. 1b).

To further exploit the advantages of DNA, Lin et  al. demonstrated a DNA-
crosslinked polyacrylamide hydrogel in which the DNA crosslinker strand incorpo-
rated a “toehold” region. Using DNA strand-displacement reactions, the crosslinks 
could then be eliminated through the addition of a removal strand, faciliating a 

Fig. 1  DNA hydrogels formed by the hybrization of two types of single-stranded DNAs. a Schematic of 
DNA hydrogel formation through the addition of extra ssDNA to crosslink two different ssDNA-modi-
fied polymer chains. b Schematic of DNA hydrogel formation through the complementary hybridization 
of ssDNA on polymer chains. Reproduced with permission from [15]
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gel-sol transition [19]. Then Lin et  al. created a DNA-crosslinked hydrogel with 
reversible stiffness that utilized a DNA crosslinker which was designed to respond to 
a specific DNA “fuel” strand [20]. Moreover, Simmel and coworkers constructed a 
DNA-switchable gel that could be used for quantum dot delivery (Fig. 2a). The par-
ticles were released by adding DNA “release” strands that induced hydrogel delink-
ing. The delinked gel could then be relinked by adding the crosslinking strand [21].

A series of hydrogels based on the hybridization of different types of single-
stranded DNAs have been constructed and used for sensing and bioassays—for 
instance, in the detection of miRNAs used for clinical diagnostics. Yuan and Chai 
proposed a SERS platform for target miRNA detection. In the mechanism for that 
platform, the target miRNA induces the release of DNA via DNA displacement 
reactions, and the released DNA induces the dissociation of the 3D hydrogel net-
work. This causes a Raman reporter (TB) to leak out, triggering a strong Raman 
signal [22]. Based on a similar principle involving a DNA hybrid hydrogel, Ding 
and coworkers manufactured an electrochemical biosensing platform for miR-21 
detection (Fig. 2b) [23]. Li and colleagues developed a portable glucometer readout 
system for the detection of multiple endogenous miRNAs (Fig. 2c) [24].

Aside from schemes in which the signal is activated by the dissociation of the hydro-
gel, there are also schemes in which hydrogel formation induces signal enhancement 
or modification. Tang and colleagues designed a biosensor based on a DNA–poly-
acrylamide hybrid hydrogel in which  Hg2+ activated a  Mg2+-specific DNAzyme that 

Fig. 2  Applications of DNA/RNA-responsive hydrogels. a Schematic of a DNA-switchable gel used 
for nanoparticle delivery. b Schematic of an electrochemical DNA hydrogel biosensor employed for the 
detection of miR-21. c Schematic of a DNA hydrogel used as a sensing platform for target miRNA detec-
tion. d Schematic of a DNA hydrogel that changes size upon hairpin monomer incorporation. Repro-
duced with permission from [21, 23, 24, 30]
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produced a single-stranded DNA, which in turn initiated a hybridization chain reaction 
(HCR) between two hairpin-modified polymer chains that induced DNA–polyacryla-
mide hybrid hydrogel formation on an electrode, activating the signal [25]. Using the 
same principle (i.e., the initiation of a HCR between two hairpin-modified polymer 
chains induces the formation of a DNA hybrid hydrogel), Jie and colleagues devel-
oped a versatile DNA-hydrogel-amplified fluorescence platform for the detection of a 
miRNA [26]. In another scheme, the single-stranded DNA used as a crosslinker was 
premodified with a liposome, and this DNA-modified liposome was used to crosslink 
DNA-grafted polyacrylamide copolymers, yielding a DNA hydrogel [27].

Moreover, It is worth noting that until very recently, HCR was only used to form 
hydrogels via the crosslinking of hairpin-DNA-modified polyacrylamides [28]. How-
ever, in 2017, Schulman and colleagues designed a system in which HCR was used to 
successively extend the DNA crosslinker of a DNA-hybrid hydrogel with specific DNA 
molecules, leading to a hundredfold increase in the volume of the hydrogel [29]. Using 
the same hydrogel expansion mechanism, Schulman and Fern subsequently developed 
a new DNA-responsive system. In this system, low concentrations of biomolecular 
input molecules interact with molecular controllers instead of the hydrogel polymer. 
These molecular controllers recognize the inputs and then perform appropriate pro-
cessing and amplification, leading to a strong output signal that triggers large-scale 
responses in the hydrogel (Fig. 2d) [30].

In all of the above schemes, the DNA strands need to interact directly with the DNA 
crosslinker to modify the DNA hydrogel network, as the schemes are based on strand 
displacement reactions. Therefore, to induce large-scale changes in the properties of 
the hydrogel, a high concentration of external DNA must be added to the system. To 
avoid this problem, Collins and coworkers exploited Cas12a, a CRISPR (clustered reg-
ularly interspaced short palindromic repeats)-associated nuclease, to actuate hydrogels 
crosslinked by DNA bridges. This scheme only required a low concentration of exter-
nal DNA to induce changes to the hydrogel network. The mechanism used was as fol-
lows. Firstly, Cas12a binds to gRNA to form a gRNA–Cas12a complex. When the tar-
get double-stranded DNA is added, the single-stranded deoxyribonuclease (ssDNase) 
activity of Cas12a is activated; Cas12a indiscriminately cleaves any single-stranded 
DNA (ssDNA) nearby. Therefore, upon exposure to the gRNA–Cas12a and the target 
dsDNA, the single-stranded DNA used as the crosslinker in the hydrogel is degraded, 
dissociating the hydrogel network [31]. This represents a new type of DNA-responsive 
hydrogel based on sequence recognition of the gRNA and enzymatic cleavage of the 
Cas12a in the gRNA–Cas12a complex rather than strand displacement or structural 
changes to DNA crosslinkers. Because of the high specificity and programmability of 
the CRISPR-Cas12a enzyme system, this type of DNA-responsive hydrogel could be 
exploited as a smart drug-delivery system or diagnostic tool [32].

2.2  Pure DNA Hydrogels Based on Sticky End Complementary Hybridization

In contrast to the formation of hydrogels based on the direct hybridization of sin-
gle DNA strands, another conventional DNA hybridization strategy involves the use 
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of branched DNA sticky end complementary hybridization. This principle has been 
adopted to prepare pure DNA hydrogels that only consist of whole DNA.

In 2011, Liu and coworkers created a DNA hydrogel through the sticky end 
complementary hybridization of two DNA building blocks (Fig. 3a). Two kinds of 
DNA building blocks are used in this system: Y-scaffold DNA (Y-DNA) and a DNA 
linker (L-DNA). The Y-DNA has three arms, each with a sticky end, and is formed 
through the self-assembly of three types of single-stranded DNA. The L-DNA is a 
linear double-stranded DNA containing two sticky ends at both ends of the DNA. 
The sticky ends of the L-DNA hybridize with the complementary sticky ends of 
the Y-DNA. The hydrogel is obtained by mixing the Y-DNA and the L-DNA in an 
appropriate molar ratio. It should be noted that the sticky ends of this system con-
trast with those of the X-DNA system created by Luo [16], in which the sticky ends 
are palindromic sequences. Instead, in the system designed by Liu and coworkers, 
palindromic sequences are avoided as much as possible to suppress self-linking. 
Therefore, the resulting DNA hydrogel is homogeneous. The thermal response of 
this DNA hydrogel is dependent on the length and the composition of the sticky 
ends [18]. Including restriction sites on the L-DNA allows it to be cleaved by the 
corresponding restriction enzyme, leading to the disruption of the hydrogel net-
work. Thus, this enzyme-triggered DNA hydrogel could be used to envelop and 
then, when triggered, release single cells (Fig. 3b) [33]. A series of DNA hydrogels 

Fig. 3  DNA hydrogel schemes based on sticky end complementary hybridization, and some applications 
of them. a Schematic of DNA hydrogel formation via Y-scaffold and linker self-assembly. b Schematic 
of a DNA hydrogel that dissociates in response to a specific restriction enzyme; this hydrogel could be 
used to envelop and (when triggered) release cells. c Schematic of polypeptide-DNA hydrogel formation 
through the hybridization of the sticky ends in the DNA linker with the ssDNA on the polypeptide. d 
Schematic of a double-network hydrogel. Reproduced with permission from [18, 33, 35, 36]
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based on the same strategy were then reported by Liu’s group. For example, a new 
type of DNA–polypeptide hydrogel was developed [34]. After a series of improve-
ments, they created a supramolecular polypeptide-DNA hydrogel that could be used 
as a bioink in 3D bioprinting (Fig. 3c) [35]. In addition, responsive double-network 
(i.e., dual crosslinked) hydrogels were constructed based on cucurbit[8]uril hydrogel 
networks (Fig. 3d) [36]. A DNA hydrogel with modifiable macroscopic mechanical 
properties was prepared using an i-motif sequence in the linear linker [37], a hydro-
gel based on DNA-modified magnetic nanoparticles was created [38], and a tissue-
like DNA supramolecular hydrogel permitting cell migration was fabricated [39]. A 
polypeptide-DNA supramolecular hydrogel with rheological properties that could be 
modified without changing the network topology and crosslinker was also developed 
[40]. Moreover, the microrheology of a DNA hydrogel formed from Y-shaped DNA 
building blocks was studied in detail using diffusing-wave spectroscopy (DWS) [41].

An X-shaped DNA crosslinker with four arms that have sticky ends was designed 
for the fabrication of multifunctional hydrogels in 2015 (Fig. 4a). To prepare this 
X-shaped DNA linker, two kinds of Y-shaped DNA were prepared through the 
self-assembly of two groups of three types of single-stranded DNA, respectively. 
Upon mixing the two kinds of Y-shaped DNA equally, they assembled to form 
the X-shaped DNA crosslinker. Two of the arms of the X-shaped DNA serve as 
crosslinking sites, while the other two are free sticky ends that can be used for fur-
ther modifications through precise DNA hybridization. Therefore, different func-
tional groups can be attached to the hydrogel network in a specified ratio via reliable 
DNA hybridization [42]. Using this multiarm DNA crosslinker, Ignatius and cow-
orkers reported the preparation of a multifunctional DNA–protein hybrid hydrogel 
from modified human serum albumin. The specific multicomponent loading of this 

Fig. 4  X-shaped DNA used as a multiarm DNA crosslinker for DNA hydrogel formation. a Schematic of 
the use of rationally designed multifunctional DNA linkers to construct a multifunctional polypeptide-
DNA hydrogel. b Schematic of the preparation of a protein-DNA hydrogel that is capable of loading and 
releasing multifunctional cargos. Reproduced with permission from [42, 43]
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hydrogel with bioactive cargos and the spatiotemporally controlled release of those 
cargos from the hydrogel were demonstrated (Fig. 4b) [43].

Moreover, using the Y-DNA and L-DNA model for DNA hydrogel construction, 
Willner and colleagues demonstrated a Y-shaped DNA structure that was modified 
with Ag nanoclusters (Ag-NCs) at a specific loop domain in the Y-scaffold. Addi-
tion of a DNA linker resulted in the crosslinking of the Y-scaffold to form a three-
dimensional hydrogel network containing fluorescent Ag-NCs [44]. Minteer and 
colleagues used a similar approach to entrap glucose oxidase in a DNA hydrogel, 
thus producing an enzymatic biobattery [45]. Later, they constructed DNA redox 
hydrogels by coimmobilizing redox mediators and glucose oxidoreductase enzymes 
in DNA hydrogels [46]. Similar hydrogels could also be used directly for biotherapy 
without the need for any chemical modification. For instance, DNA hydrogels in 
which the linear linker bears unmethylated cytosine-phosphate-guanine (CpG) dinu-
cleotides can be used for tumor vaccinations [47]. This type of hydrogel could also 
be applied as an ophthalmic therapeutic delivery system [48].

There are other DNA hydrogel design strategies based on sticky end comple-
mentary hybridization too. For instance, Takakura and Nishikawa reported a self-
gelling and injectable DNA hydrogel based on polypod-like DNA (polypodna) that 
self-assembled under physiological conditions. This concept was used to create a 
DNA hydrogel bearing unmethylated cytosine-phosphate-guanine (CpG) dinucleo-
tides that could be used to stimulate innate immunity [49]. Afterwards, Nishikawa 
employed this method to construct a series of DNA hydrogels for biotherapy. Among 
them, Nishikawa and coworkers developed a Takumi-based DNA hydrogel (Fig. 5a) 
[50]. In order to further expand the applications of this hydrogel and improve its 
therapeutic effects, the hydrogel was mixed with chitosan to improve its sustained 
release characteristics [51]. Oral delivery of CpG DNA was achieved by coating the 
hydrogel with chitosan [52]. An enhanced immune response was realized by gener-
ating a hydrogel incorporating cholesterol-modified DNA [53]. They also achieved 

Fig. 5  DNA hydrogels formed through the self-assembly of polypod-like DNA (polypodna). a Schematic 
of the formation of Takumi and a Takumi-based DNA hydrogel. b Schematic of the synthesis of AuNS-
DNA and AuNR-DNA hydrogels based on hexapodna self-assembly. Reproduced with permission from 
[50, 54]
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a composite-type immunostimulatory DNA hydrogel by mixing appropriately 
designed hexapod-like DNA (hexapodna)-bearing CpG sequences with oligodeox-
ynucleotide-modified gold nanoparticles (Fig.  5b). When the hydrogel was irradi-
ated with laser light, hexapodna was released, which stimulated immune cells with 
its CpG sequences [54]. Filetici and Francesco reported a re-entrant DNA hydrogel 
based on tetravalent DNA nanostars [55]. They systematically characterized the vis-
cosity and the linear viscoelastic moduli for two different tetravalent DNA nanostar 
hydrogels [56]. In addition, the relationship between the structure of the tetravalent 
DNA nanostar hydrogel and its nonequilibrium dynamics was explored [57]. Kelley 
used a DNA three-way junction (TWJ) nanostructure and DNA-templated quantum 
dots (QDs) to construct a self-assembled quantum dot DNA hydrogel [58]. A gold 
nanoparticle (NP) DNA hydrogel based on a DNA three-way junction nanostruc-
ture was also developed [59]. Ding constructed a DNA hydrogel with two kinds of 
X-shaped DNA polymers: 1 and 2. When the two X-shaped DNA polymers were 
mixed, complementary hybridization of their sticky ends occurred, yielding the 
DNA hydrogel [60].

As well as schemes that use complex DNA-based systems, short linear double-
stranded DNA (dsDNA) equipped with sticky ends has also been used as a build-
ing block to form hydrogels (Fig. 6a) [61]. A thermoresponsive DNA hydrogel was 
used to monitor the diffusion of guest molecules [62]. In a slightly different system, 
short linear double-stranded DNA (dsDNA) equipped with sticky ends was used to 
crosslink the main chains of a hydrogel, which were long linear double-stranded 
DNAs. Therefore, the determinant of hydrogel formation was the crosslinking strand 
(Fig. 6b, c) [63]. Adopting a similar strategy, Nakatani developed a specific DNA-
strand-responsive DNA hydrogel based on a well-designed DNA circuit. The sol–gel 
phase transition of the DNA hydrogel was realized by adding different DNA strands 
(Fig. 6d) [64].

Moreover, in contrast to schemes that require multiple types of single-stranded 
DNA, it is also possible to use just one kind of DNA to construct a DNA hydrogel. 
Such one-strand (OS) hydrogels can be created using a single DNA strand with mul-
tiple domains, where each domain is a self-complementary palindromic sequence. 
The hydrogel is then formed in a single-step process in which individual strands are 
crosslinked together by the complementary domains (Fig. 6e). This DNA hydrogel 
formation method is simple and programmable [65].

3  DNA Hydrogels Formed Using Enzymes

3.1  DNA Hydrogels Formed Using Ligase

Adopting conventional DNA hybridization strategies to construct DNA hydrogels 
requires sufficiently long sticky ends to stabilize the crosslinker. Ligase can join 
DNA fragments with complementary sticky ends and can repair nicks in double-
stranded DNA with 3′-hydroxyl and 5′-phosphate ends. Therefore, ligase can be 
used to covalently crosslink such DNA with complementary sticky ends to form 
hydrogels. In 2006, Luo and coworkers reported that a pure DNA hydrogel had been 
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constructed entirely from branched DNA for the first time. To obtain this pure DNA 
hydrogel, the authors designed and synthesized three types of branched DNA mono-
mers: X-DNA, Y-DNA, and T-DNA. Each arm of these branched DNA monomers 
was a complementary sticky end containing palindromic sequences. Thus, due to 
the presence of the self-complementary sticky ends, the branched DNA monomers 
could be assembled via subsequent ligation with T4 DNA ligase into large-scale 
3D-structured DNA hydrogels. The authors found that the X-DNA-based hydrogel 
had better mechanical properties, was more resistant to degradation, and exhibited 
better sustained release characteristics than the Y-DNA-based hydrogel and the 
T-DNA-based hydrogel [16].

Subsequently, Luo’s group invented a cell-free protein-producing hydrogel sys-
tem by incorporating actual plasmid DNA genes into a hydrogel. Similarly to the 
X-DNA hydrogel system mentioned above, this hydrogel was constructed by mixing 
X-DNA and linear plasmids in a predetermined molar ratio and then applying T4 
DNA ligase to form the hydrogel for protein expression [66]. They then scaled up 
this protein-producing hydrogel by combining it with microfluidic devices, which 

Fig. 6  DNA hydrogels formed via short dsDNA or one-stranded ssDNA self-assembly. a Schematic of a 
hydrogel formed by short linear double-stranded DNA self-assembly. b Schematic of a hydrogel formed 
by the hybridization of sticky ends, leading to rigid double-helix DNA chain crosslinking. c Schematic of 
a hydrogel formed by the hybrization of sticky ends, leading to the crosslinking of flexible DNA chains 
bearing ssDNA segments. d An artfully designed DNA circuit system that was used to create a dynami-
cally programmed DNA hydrogel. e Schematic of a hydrogel formed through one-strand DNA self-
assembly. Reproduced with permission from [61, 63–65]
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resulted in a high generation rate [67]. A similar method can be used to create a 
hydrogel for mRNA generation. Um and coworkers created a pseudo-eukaryotic 
nucleus (PEN) which contained a DNA hydrogel that was formed using a target 
gene with X-shaped DNA via ligation performed by T4 DNA ligase (Fig. 7a). When 
taken up by a cell, the hydrogel generated mRNA transcripts for protein translation 
[68]. Moreover, a similar approach was used to create a nanoscale DNA hydrogel 
that was constructed to produce siRNA and interfere with protein expression in a 
cell (Fig. 7b) [69]. In addition to using it to integrate a target gene in order to pro-
duce proteins and RNA, Takakura and Nishikawa used the sole X-DNA hydrogel 
system model to develop a highly immunostimulatory DNA hydrogel by connecting 
X-DNA incorporating six highly potent unmethylated cytosine-phosphate-guanine 
(CpG) dinucleotide motifs using T4 DNA ligase. They found that this CpG DNA 
hydrogel was an ideal system for drug delivery [70]. In 2015, Park assembled gold 
nanoparticles (AuNPs) in a nanoscale DNA hydrogel (Fig.  7c), generating a car-
rier for anticancer drugs such as doxorubicin (Dox). When excited by near-infrared 
(NIR) laser light, the AuNPs in the DNA hydrogel generate heat due to the photo-
thermal effect, leading to the disintegration of the DNA hydrogel network through 
thermal denaturation and the release of the Dox. Thus, a DNA hydrogel permitting 
photo-thermo-chemo combination therapy was realized [71]. A similar strategy was 
also achieved using gold nanorods (AuNRs) [72]. Other applications of this hydro-
gel formation model have also been reported. For instance, nano/microscale DNA 

Fig. 7  DNA hydrogels formed with the assistance of ligase. a Schematic of a gene-containing DNA 
hydrogel in a pseudo-eukaryotic nucleus (PEN) for mRNA transcription. b Schematic of the principle 
of a DNA hydrogel used for RNA interference. c Schematic of the construction of a nanoscale DNA 
hydrogel. d Schematic of the formation of a DNA hydrogel from the plasmid pUC19. Reproduced with 
permission from [16, 69, 71, 77]
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hydrogels were fabricated in lipid strata [73] and in multi-inlet microfluidic channels 
[74]. In addition, a nanostructured DNA hydrogel was used as a template to prepare 
an energy storage device [75] and a supercapacitor electrode [76].

Linear double-stranded DNA obtained from plasmid DNA by enzymatic diges-
tion is also a desirable DNA building block for DNA hydrogels. In this case, hydro-
gel formation is achieved via the formation of covalent bonds between individual 
building blocks during enzymatic ligation. The plasmid pUC19 was cleaved by two 
kinds of endonuclease, yielding two fragments—two types of linear double-stranded 
DNA with sticky ends containing self-complementary palindromic sequences. 
These two fragments were separated and then used to form a DNA hydrogel under 
the direction of the ligase (Fig. 7d) [77].

3.2  DNA Hydrogels Formed Using Polymerase

Polymerase chain reaction (PCR) products that self-assemble to form DNA hydro-
gels can be realized through the rational design of primer sequences. Luo and col-
leagues performed PCR using psoralen-crosslinked thermostable Y-shaped DNA as 
a primer to generate a DNA hydrogel. Because the Y-shaped DNA branches main-
tained their branched structure during the PCR, they could be used as crosslinking 
points during hydrogel fabrication (Fig. 8a) [78]. In 2017, Romesberg and cowork-
ers developed bottlebrush primers constructed from 2′-azido-A DNA, alkyne-pUC-F 
(forward DNA primer), and alkyne-pUC-R (reverse DNA primer) using a chemical 
click reaction. They then applied DNA polymerase and the bottlebrush primers in a 
PCR to amplify pUC19, which resulted in a DNA hydrogel (Fig. 8b) [79].

Another polymerase can be used to facilitate DNA self-assembly into hydrogels. 
That polymerase is terminal deoxynucleotidyl transferase (TdT), which catalyzes the 
repetitive addition of dNTP to the 3′-OH ends of a primer without the need for a 
template [80]. An X-shaped DNA motif was used as the primer to produce a hydro-
gel. This X-shaped DNA motif can elongate in four directions, and X-shaped DNA 
motifs with poly-A and poly-T tails can be obtained by adding dATP and dTTP, 
respectively. The hydrogel was formed by hybridizing the X-shaped DNA motifs 
with poly-T and poly-A tails (Fig. 8c) [81, 82].

4  DNA Hydrogels Based on Special DNA Structures

4.1  DNA Hydrogels Based on an i‑Motif or DNA Triplex

i-motifs are pH-sensitive DNA structures that can be obtained by folding cytosine-
rich strands in an acidic environment [13]. In 2009, Liu and coworkers invented 
a pure DNA hydrogel that was formed by directly inducing crosslinking between 
i-motif structures (Fig.  9a). To construct this hydrogel, Y-shaped DNA was 
first prepared from three types of single-stranded DNAs. Each arm of the result-
ing Y-shaped DNA included interlocking domains that enabled the generation 
of intermolecular i-motif structures. In an alkaline environment, the interlocking 
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domains are configured as random coils due to electrostatic repulsion, leading to 
isolated Y-shaped DNA structures. Upon increasing the pH to 5.0, intermolecular 
i-motif structures form due to interactions of protonated cytosines with unproto-
nated cytosines. There were only the inter-Y-shaped i-motif structures because of 
the rational design. This DNA hydrogel was generated rapidly and exhibited high 
crosslinking density [17]. Liu and coworkers used an i-motif structure to prepare 
a hybrid DNA–single-walled carbon nanotube (SWNT) hydrogel in 2011 (Fig. 9b) 
[83]. Afterwards, Willner reported a pH-dependent dual-response DNA–pNIPAM 
hybrid hydrogel in which an i-motif was the pH-responsive unit (Fig. 9c). To con-
struct this pH-triggered DNA–pNIPAM hybrid hydrogel, an acrylamide monomer 
modified with a cytosine-rich oligonucleotide was polymerized with N-isopropy-
lacrylamide (NIPAM) monomer to obtain a hybrid copolymer with cytosine-rich 
sequences. When the pH was 5.2, the cytosine-rich sequences self-assembled into an 
i-motif structure that crosslinked the hybrid copolymer, leading to the formation of a 
hydrogel. When the pH was increased to 7.5, the i-motif structure and therefore the 
hydrogel disassembled. Due to the temperature sensitivity of pNIPAM, this hydrogel 
was found to respond to changes in both pH and temperature [84]. Because of their 
sensitivity to pH, i-motifs have been widely used in shape-memory hydrogels [85, 
86]. In addition, in 2017, a hydrogel was generated using a linear DNA with half an 
i-motif sequence at both ends [87]. In a similar method, a single-stranded DNA with 

Fig. 8  DNA hydrogels formed with the assistance of polymerase. a Schematic of hydrogel formation 
using PCR with branched thermostable DNA primers. b Schematic of hydrogel formation via PCR 
using bottlebrush primers. c Schematic of hydrogel formation through the self-assembly of two kinds of 
X-shaped DNA motifs with poly-T and poly-A tails by terminal deoxynucleotidyl transferase (TdT). The 
tails were added to the X-shaped DNA motif in a previous step. Reproduced with permission from [78, 
79, 81]
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two self-complementary sequences and half an i-motif sequence was used to pre-
pare a hydrogel [88]. Moreover, using appropriate design templates, RCA products 
containing intermolecular i-motifs were realized and used to form hydrogels under 
acidic conditions (Fig. 9d) [89].

Just like i-motifs, DNA triplexes are sensitive to pH. DNA triplexes are formed 
through Hoogsteen base pair interactions. Under acidic conditions, Hoogsteen base 
interactions mainly appear as CG·C+ domains, whereas, under neutral pH condi-
tions, appear as TA·T parallel domains. In 2015, Willner was the first to use a triplex 
DNA structure as a crosslinker in the construction of a pH-responsive DNA hybrid 
hydrogel (Fig. 10a) [90]. DNA triplexes were then used by Willner’s research group 
to prepare a shape-memory hydrogel (Fig.  10b, c) [91–93]. They have also been 
used to construct pH-activated pure DNA hydrogels (Fig. 10d) [94].

4.2  DNA Hydrogels Based on G‑Quadruplexes

G-quadruplexes are the result of self-assembly by guanine (G)-rich nucleic acid 
sequences in the presence of ions  (K+,  Pb2+, or  NH4+). Willner was the first to 
construct a DNA–polyacrylamide hybrid hydrogel via self-assembly of G-quad-
ruplexes (Fig.  11a). That system included just one type of acrydite-modified, 

Fig. 9  DNA hydrogel formation based on i-motifs. a Schematic of DNA hydrogel formation based on 
an intramolecular i-motif. b Schematic of the formation of a DNA–SWNT hybrid hydrogel. c Schematic 
of the synthesis of a DNA–pNIPAM hybrid hydrogel that exhibits pH-controlled formation and disso-
ciation. d Schematic of the self-assembly of RCA products with intermolecular i-motifs into a hydrogel. 
Reproduced with permission from [17, 83, 84, 89]
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G-containing oligonucleotide. Copolymerization of the acrydite-modified, G-con-
taining oligonucleotide with acrylamide monomer resulted in G-containing 
copolymer chains. Upon the addition of  K+, the G-containing oligonucleotides 
on the polyacrylamide chains self-assembled to form interchain G-quadruplexes 
that crosslinked the copolymer chains, thus inducing the formation of a hydro-
gel. Given that the crosslinking of the hydrogel depended on the presence of 
G-quadruplexes, when 18-crown-6 (a  K+ ion chelator) was added to the system, 
the hydrogel dissociated because the 18-crown-6 abstracted  K+ ions from the 
G-quadruplexes, causing them to fall apart. Furthermore, G-quadruplexes exhibit 
HRP-mimicking catalytic activity when they bind to hemin. The authors therefore 
found that adding hemin to the G-quadruplex-crosslinked acrylamide hydrogel 
resulted in a system with HRP-mimicking catalytic activity, and that this catalytic 
activity could be regulated through the addition of  K+ ions or 18-crown-6 [95]. 
Utilizing the HRP-mimicking catalytic activity of this hydrogel, Willner was able 
to synthesize polyaniline (Fig.  11b), which was deposited on the hybrid hydro-
gel, increasing its conductivity [96]. G-quadruplexes were also used as crosslink-
ers in a DNA hybrid hydrogel with controllable network density (Fig. 11c). The 
strength of the hydrogel was decreased and its volume was therefore increased 
by deconstructing the G-quadruplex-based crosslinking; conversely, the strength 
of the hydrogel was increased and its volume was decreased by enhancing the 
G-quadruplex-based crosslinking (note that G-quadruplexes were not the only 
crosslinkers present in the hydrogel, so destroying the G-quadruplexes did not 

Fig. 10  DNA hydrogel formation using a DNA triplex. a Schematic of a pH-responsive hydrogel based 
on C–G·C + triplex crosslinking. b Synthesis of a DNA hydrogel with T–A·T triplex bridging. c Sche-
matic of a DNA–pNIPAM hybrid hydrogel with T–A·T crosslinking. d Schematic of a pH-activated 
DNA triplex for the preparation of a Y-shaped pure DNA hydrogel. Reproduced with permission from 
[90, 91, 93, 94]
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cause the hydrogel to dissociate). Willner’s research group has performed a series 
of studies based on this concept [28, 97, 98].

In another scheme, multi-repeat G-rich sequences were amplified from circular 
cytosine-rich DNA templates. Rational design of the template sequences permitted 
the generation of RCA products with the potential to form intermolecular G-quadru-
plexes under appropriate conditions, which in turn induced the formation of a hydro-
gel (Fig. 11d). When combined with hemin, this hydrogel presented HRP-like cata-
lytic properties that could be applied in colorimetric bioanalysis [99, 100].

4.3  DNA Hydrogels Based on Metallo Base Pairs

Metallo base pairs such as C–Ag+–C and T–Hg2+–T can also be used to cross-
link and therefore stabilize duplex DNA cooperatively, implying that they can be 
used to form DNA hydrogels [13]. In 2014, Willner used C–Ag+–C metallo base 
pairs to generate a hydrogel for the first time. Y-shaped DNA building blocks and 
DNA-functionalized acrylamide chains were crosslinked by C–Ag+–C metallo base 
pairs to prepare a pure DNA hydrogel and a DNA–polyacrylamide hybrid hydro-
gel, respectively (Fig.  12a, b). The authors designed a self-complementary DNA 
sequence with two C–C mismatches, meaning that duplexes were unstable at room 

Fig. 11  DNA hydrogels based on G-quadruplexes. a Schematic of DNA hydrogel formation based on 
 K+-stabilized G-quadruplex self-assembly. b Schematic of a shape-memory hydrogel with duplex/G-
quadruplex double crosslinking. c Schematic of the construction of a G-quadruplex-based hydrogel with 
controllable network density on a gold-plated glass surface. d Schematic of the self-assembly of RCA 
products to form a hydrogel through G-quadruplex generation. Reproduced with permission from [28, 
95, 97, 99]
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temperature and failed to self-assemble into a hydrogel. However, when  Ag+ ions 
were added to the system, C–Ag+–C bridges were formed, stabilizing the duplexes 
and leading to the formation of a hydrogel in which the duplexes acted as crosslink-
ers [101]. A DNA–pNIPAM hybrid hydrogel was also obtained through the addition 
of  Ag+ ions [84]. This concept of a hydrogel that is cooperatively crosslinked using 
 Ag+ ions was also utilized to create a shape-memory hydrogel [102]. Just as above, 
RCA products with cytosine-rich sequences were produced, and then a DNA hydro-
gel containing silver nanoclusters was realized through DNA self-assembly based 
on C–Ag+–C interactions (Fig. 12c) [103]. Yang reported a different DNA hydro-
gel with silver nanoclusters that was generated through the physical entanglement of 
RCA products [104].

5  DNA Hydrogels Formed Using Novel Methods

5.1  Application of Aptamers and DNAzymes as DNA Crosslinkers

As well as the DNA hydrogels generated through traditional DNA interactions 
described above, a number of new concepts for DNA hydrogel formation have been 
reported recently. Interestingly, DNA aptamers and DNAzymes have been widely 
used in these schemes.

Aptamers are single-stranded oligonucleotides that can bind specifically to a 
target, enabling them to selectively recognize a variety of molecules ranging from 
macromolecules to small compounds [105]. Using DNA aptamers as crosslinkers 

Fig. 12  DNA hydrogel formation based on cytosine–Ag+–cytosine bridges. a Schematic of the 
 Ag+-induced crosslinking of Y-shaped DNA to form a hydrogel. b Schematic of the  Ag+-stimulated for-
mation of a DNA–polyacrylamide hybrid hydrogel. c Schematic of the preparation of a hydrogel through 
the  Ag+-induced crosslinking of RCA products. Reproduced with permission from [101, 103]
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in hydrogels allows the creation of hydrogels that respond to a wide variety of tar-
gets. In the absence of the target, the aptamer acts just like a conventional DNA 
crosslinker, but when the target is present, the aptamer preferentially forms a com-
plex with it, altering the structure of the hydrogel. Based on this principle, a series 
of hydrogels that respond to particular target molecules have been prepared for use 
in detection schemes.

In 2008, Tan reported an adenosine-responsive DNA–polyacrylamide hybrid 
hydrogel with a response mechanism based on aptamer–target interactions. This 
system was the first reported example of a DNA–polyacrylamide hybrid hydro-
gel that transitions from gel to solution upon the addition of adenosine (Fig. 13a). 
The method used to prepare the hydrogel was similar to that employed by Lin [19]. 
First, two acrydite-modified oligonucleotides named strand A and strand B were 
separately copolymerized with acrylamide, leading to two types of DNA-grafted 
polyacrylamide chains. These two DNA-grafted polyacrylamide chains were then 
mixed in solution at stoichiometric concentrations. Finally, the adenosine-respon-
sive DNA–polyacrylamide hybrid hydrogel was generated by the addition of the 
linker DNA, which had an aptamer sequence for adenosine at the 3′ end. Thus, 
when adenosine was added to the hydrogel, the aptamer sequence of the DNA 
linker formed a complex with the adenosine, leading to the dissociation of strand 
B from the linker. This triggered the dissociation of the crosslinking network in the 

Fig. 13  Use of aptamers as crosslinkers in DNA hydrogel formation. a Schematic of an adenosine-
responsive DNA hydrogel. b Schematic showing that the degree of hydrogel degradation was positively 
correlated with the concentration of the target. c Schematic of an adenosine-responsive DNA hydrogel 
based on the Y-DNA hydrogel model. Reproduced with permission from [106, 119, 123]
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hydrogel; in other words, the hydrogel collapsed. A detection technique based on 
this concept of adenosine-induced hydrogel dissociation was also developed. First, 
gold nanoparticles used as indicators were mixed with solutions of the two DNA-
grafted polyacrylamide chains before gelation. Upon adding the linker to form a 
hydrogel, gold nanoparticles were trapped in the hydrogel network. When adenosine 
was added, the hydrogel network collapsed and the gold nanoparticles were released 
into the solution, yielding obvious visual signals [106]. Since that report was pub-
lished, aptamer-responsive hydrogels have been widely used for various biomedi-
cal applications, including sensing, diagnostics, and drug loading [107], and DNA 
linkers with aptamers for cocaine [108], ATP [109], AS1411 [107], ochratoxin A 
[110], aflatoxin B1 [111], and thrombin [112] (among others) have been developed 
for use in aptamer-responsive DNA hydrogels. In the context of applying aptamer-
responsive hydrogels to biological detection and analysis, Yang’s research group has 
constructed a series of detection devices and equipment based on this principle [110, 
111, 113–119]. For example, a personal glucose meter that can be used to determine 
the concentrations of targets other than glucose was developed [113]. A volumet-
ric bar-chart chip (V-Chip) device containing a target-responsive hydrogel was also 
devised as a means to detect specific targets [114]. Moreover, making use of the 
thermoreversible nature of DNA hydrogels and the principle of capillary action, a 
target-responsive hydrogel film in a capillary tube was created that permitted the 
quantitative detection of the target. It is worth mentioning that this sensor did not 
rely on hydrogel dissociation to detect the target: only a slight change in the internal 
structure of the hydrogel was required to quantitatively detect the concentration of 
the target in sample solutions. The only equipment required was a capillary tube 
(Fig. 13b) [119].

In contrast to using only one type of aptamer as the linker to construct an 
aptamer-responsive hydrogel, Tan and coworkers developed dual-responsive hydro-
gels that incorporated both ATP and cocaine aptamers, and then creating a logic 
gate system based on thse dual-responsive hydrogels. The authors realized AND 
and OR logic gates by constructing two dual-aptamer linkers with different struc-
tures. For the AND gate, a DNA linker with a cocaine aptamer sequence was mixed 
with two types of DNA-grafted polyacrylamide chains, one of which contained an 
ATP aptamer sequence. These three kinds of single-stranded DNAs assembled into 
a hydrogel consisting of Y-shaped crosslinker units. The hydrogel was only dissoci-
ated when both ATP and cocaine were added because only then were the Y-shaped 
crosslinker units completely disintegrated. For the OR gate, the DNA linker con-
tained both cocaine and ATP aptamer sequences located at opposite ends of the 
DNA strand. This DNA linker was added to DNA-grafted polyacrylamide chains 
to produce a hydrogel in which the DNA linker was the only component that was 
responsive to either ATP or cocaine; upon the addition of either ATP or cocaine 
to the hydrogel, the crosslinked network was destroyed and the hydrogel collapsed 
[120].

Aptamers can also be used as crosslinkers in pure DNA hydrogels. Lei and 
coworkers reported a pure DNA hydrogel that was constructed using a Y-shaped 
DNA and a thrombin aptamer linker through DNA self-assembly. Au nanopar-
ticles (AuNPs) trapped in the hydrogel network were used as a signal indicator. 
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Upon adding thrombin, a complex of L-DNA aptamer with thrombin was gener-
ated, inducing the collapse and dissolution of the DNA hydrogel. This released the 
AuNPs, leading to a change in the color of the upper solution [121]. An aptamer 
for ochratoxin A was used as a DNA linker to construct a pure DNA hydrogel that 
was sensitive to ochratoxin A [122]. An adenine-responsive hydrogel was designed 
for use as a quantitative tool to measure the responsiveness and dissolution kinetics 
of this type of hydrogel (Fig. 13c) [123, 124]. Integrating an ATP aptamer into the 
DNA linker of a hydrogel also allowed the mechanical properties of the hydrogel to 
be tuned [125].

Other hydrogels that incorporate an aptamer do not use the aptamer as a 
crosslinker. For example, Chai and Yuan constructed a DNA hydrogel using a strat-
egy similar to that employed for the second type of hydrogel (type II) created by 
Nagahara and Matsuda [15]. Three acrydite-modified DNA strands named S1, S2, 
and S3 were used, where S1 and S2 were complementary to each other. Two kinds 
of DNA-grafted polyacrylamide chains named P1 and P2 were employed; P1 was 
obtained by copolymerizing S1 with S3 and acrylamide monomer while P2 was 
obtained by copolymerizing S2 with S3 and acrylamide monomer. The DNA frag-
ment on S1 in P1 was hybridized with a heparanase aptamer (HPA), which blocked 
hybridization with DNA fragments on S2 in P2. As a result, no hydrogel formation 
was possible until the addition of HPA. When HPA was added, the aptamer of HPA 
dissociated from P1, forming a HPA–aptamer complex. This meant that the DNA 
fragment on S1 could hybridize with the DNA fragment on S2, leading to crosslink-
ing between P1 and P2 and the formation of a hydrogel. Based on this strategy, the 
authors developed a sensor for use in a heparinase (HPA) bioassay [126]. In addi-
tion, Du created a DNA hydrogel through the one-pot self-assembly of X-shaped 
DNA, a DNA linker, and an aptamer, but in this case the aptamer was only used as a 
functional unit for target protein capture, not to change the hydrogel network in the 
presence of the target [127]. Tan developed a DNA nanohydrogel that was efficiently 
taken up by cells due to the recognition of an aptamer in the nanohydrogel by the 
target cells. Although the nanohydrogel was eventually destroyed, this was induced 
not by the aptamer but by the disruption of disulfide linkages in the DNA strands 
[128].

DNAzymes can also be used as DNA crosslinkers. A DNAzyme is a single-
stranded DNA that has a special sequence and secondary structure and presents a 
level of catalytic activity similar to that of normal enzymes [129, 130]. One DNA-
zyme is metal ion dependent; in the presence of certain metal ions, its ability to 
cleave nucleic acid molecules is activated, and the activated DNAzyme then irre-
versibly cleaves substrate nucleic acid molecules at the cleavage site [131]. This 
type of DNAzyme could be used in a DNA crosslinker to construct DNA hydrogels 
that are responsive to particular target metal ions.

In 2011, Yang provided the first report of a  Cu2+-responsive DNAzyme-
crosslinked DNA–polyacrylamide hybrid hydrogel. To obtain this hydrogel, two 
kinds of single-stranded DNAs, DNAzyme, and substrate were incorporated into 
linear polyacrylamide, which yielded two kinds of DNA-grafted polyacrylamide 
chains, DNAzyme-grafted polyacrylamide chains, and substrate-grafted polyacryla-
mide chains. When the two kinds of DNA-grafted polyacrylamide chains were 
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mixed, the DNAzyme and the substrate on the polyacrylamide chains combined to 
form a DNAzyme–substrate complex, thus crosslinking the polyacrylamide chains 
and forming a hydrogel. The DNAzyme–substrate complex contained a domain that 
specifically recognized  Cu2+. When  Cu2+ was added, the DNAzyme–substrate com-
plex dissociated. Because the substrate was irreversibly cleaved by the DNAzyme, 
the hydrogel eventually dissolved. AuNPs were also introduced into the hydrogel as 
a colorimetric indicator in order to develop a  Cu2+ sensor (Fig. 14a) [132]. Based on 
this strategy, various metal-ion-dependent DNAzymes have been used in the DNA 
crosslinkers of metal-ion-responsive hydrogels, including those that are sensitive 
to  Pb2+ (Fig. 14b) [133, 134],  UO2+ (Fig. 14c) [135],  Mg2+ (Fig. 14d) [136],  Zn2+ 
(Fig. 14d) [136], among others.

5.2  Control of DNA Hydrogel Formation Using Light

Light-responsive DNA has also been used to form gel networks. It is well known 
that the hybridization of DNA strands can be controlled by light. The most com-
mon strategy that utilizes this phenomenon involves the integration of azoben-
zene into single-stranded DNA. In 2011, Tan and colleagues integrated azoben-
zene into single-stranded DNA and used the resulting DNA as a crosslinker to 

Fig. 14  DNAzymes used as crosslinkers in DNA hydrogel formation. a Schematic of a hydrogel which 
uses a DNAzyme crosslinker that is responsive to copper ion. b Schematic of a hydrogel which uses a 
DNAzyme crosslinker that is responsive to lead ion and is employed for visual detection. c Schematic of 
a hydrogel which uses a DNAzyme crosslinker that is responsive to uranyl ion and is employed in sen-
sors. d Schematic of a detection platform based on the use of metal-ion-dependent DNAzyme/substrate 
sequences as crosslinkers. Reproduced with permission from [132, 133, 135, 136]
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form a photoresponsive DNA hybrid hydrogel. This hydrogel exhibited reversible 
hydrogel to solution phase transitions that were controllable using light (Fig. 15a) 
due to the trans/cis photoisomerization of azobenzene, as the hybridization of 
the DNA linker with its complementary strand was dependent on the isomer 
of azobenzene present. Irradiation with 450-nm light led to trans-azobenzene, 
meaning that the linker DNA could hybridize with its complementary strand teth-
ered to the polyacrylamide polymer chains, thus inducing hydrogel formation. 

Fig. 15  Schematic of light-controllable DNA hydrogel formation. a Azo-incorporated DNA is used as 
a crosslinker to form the hydrogel, which enables the crosslinking process to be reversibly controlled by 
visible and UV light. b Schematic of photothermally induced DNA hydrogel formation. In this concept, 
thermal energy causes the Y-DNA to dissociate from the C-DNA and then link with L-DNA to create the 
DNA hydrogel. Reproduced with permission from [137, 138]
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Irradiation with 350-nm light resulted in cis-azobenzene, which did not permit 
hybridization and caused the hydrogel to dissociate [137].

Light-controllable DNA hydrogels can also be achieved indirectly, using a pho-
tothermal approach. In 2018, Tanida and coworkers realized light-controllable 
DNA hydrogel formation based on a Y-scaffold and linker system. In this scheme, a 
ssDNA denoted Cap-DNA (C-DNA) was used that had quenchers at both ends and 
was complementary to the sticky ends of Y-DNA, meaning that the C-DNA pre-
vented L-DNA from linking to the Y-DNA. Upon excitation with light, the quench-
ers became heat sources and the thermal energy they emitted caused the Y-DNA to 
dissociate from the C-DNA and link with the L-DNA, resulting in the creation of a 
DNA hydrogel (Fig. 15b). Furthermore, the shape of the hydrogel could be tailored 
by adjusting the irradiation pattern [138].

5.3  DNA Hydrogel Formation Based on Clamped HCR

Another novel mechanism that can be used to form gel networks is clamped HCR 
(C-HCR). Hybridization chain reaction (HCR), a type of toehold-mediated strand 
displacement (TMSD) reaction, was first developed and named by Dirks and Pierce 
in 2004 [139], and it has since attracted great interest due to its enzyme-free nature, 
isothermal conditions, simple protocols, and admirable amplification efficiency. In a 
typical linear HCR, a short ssDNA initiates the cross-opening of two DNA hairpins, 
yielding nicked double-helix DNA polymers [140]. Although there was a report 
of the use of HCR to form gel networks in 2015 [28], it was not used to prepare 
pure DNA hydrogels until clamped HCR was designed by Liu and coworkers [141]. 
Using clamped HCR, those authors prepared a 3D DNA hydrogel with favorable 
spatial and temporal control.

The process used to construct the DNA hydrogel using clamped HCR was as fol-
lows (Fig. 16a). Two kinds of hairpin strands were used, one of which (H1) was spe-
cifically designed for use in a clamped HCR system as it had palindromic sequences 

Fig. 16  Schematic of hydrogel formation based on clamped HCR. a Schematic of the utilization of 
clamped HCR for DNA hydrogel formation. b Schematic of an ATP-responsive DNA hydrogel cloaked 
on a cell surface; the aptamer-triggered hydrogel was obtained using clamped HCR. Reproduced with 
permission from [141, 142]

49Reprinted from the journal   



 Topics in Current Chemistry (2020) 378:32

1 3

 

at its 5′ end. The other hairpin strand was denoted H2. After annealing, an H1 dimer 
was formed due to hybridization of the palindromic sequences of H1. This H1 dimer 
and H2 coexisted in a metastable state until a small amount of initiator was added 
to the system. The introduction of the initiator triggered immediate HCR, which 
yielded HCR products. The H1 dimer had two branches, so it could form a three-
arm junction (with one initiator and one H2 strand) or a four-arm junction (with 
two H2 strands) in divergent chain reactions during the C-HCR. The products of the 
clamped HCR were then crosslinked to form a DNA hydrogel [141].

Using a similar strategy, a method permitting the in  situ formation of a DNA 
hydrogel on the surfaces of circulating tumor cells (CTCs) was developed (Fig. 16b). 
The authors first designed a specific aptamer initiator that specifically recognized 
epithelial cell adhesion molecule (EpCAM) on the CTC surface, as this specific 
aptamer initiator could then be anchored to the CTC surface. When the H1 dimer 
and H2 encountered the initiator on the CTC surface, a DNA hydrogel was formed 
via clamped HCR. An ATP aptamer was also incorporated into H2, causing the dis-
sociation of the hydrogel in the presence of ATP and thus a phase transition from 
hydrogel to solution. The authors described the overall process as an aptamer-trigger 
clamped hybridization chain reaction (atcHCR) [142].

6  Conclusion and Outlook

In summary, DNA self-assembly has been found to be an effective approach to 
hydrogel creation. In this review, we divided DNA hydrogels into four categories 
according to the gelation mechanism: DNA hydrogels formed by conventional DNA 
hybridization, DNA hydrogels formed with the assistance of enzymes, DNA hydro-
gels based on the use of special DNA structures, and DNA hydrogels formed using 
novel methods. Various synthetic strategies and applications of DNA hydrogels have 
been detailed.

It is worth noting that among these hydrogels, stimuli-responsive and biologically 
compatible DNA hybrid hydrogels have received extensive attention [143]. A wide 
range of tailored DNAs can potentially be used as crosslinkers to achieve stimuli 
responsiveness, e.g., a DNA “toehold” can be used to achieve sensitivity to nucleic 
acid molecules [19], aptamers can be applied to enhance the response to the target 
[106], DNAzymes can be used to improve the response to metal ions [132], and 
azobenzene-modified DNA can be employed to achieve light sensitivity [137]. Since 
these hydrogels have specific stimuli-responsive behaviors, they have been widely 
used as biosensors in the field of bioanalysis [144, 145]. In addition, pure DNA 
hydrogels have excellent biocompatibilities and biodegradabilities, which makes 
them superior carriers for drug delivery [146].

Due to the high cost of DNA, the large-scale use of DNA hybrid hydrogels and 
pure DNA hydrogels has been limited [147]. Although the amount of DNA used 
in DNA hybrid hydrogels is relatively small, it is usually necessary to chemically 
modify the DNA used [148–151], and the price of chemically modified DNA is very 
expensive [146, 147, 152–154]. Therefore, it is particularly important to develop 
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efficient and inexpensive DNA synthesis and modification methods to overcome this 
obstacle [155–158].

Moreover, nano/micro-DNA hydrogels may be an important research direction 
in the future, especially in the field of intracellular drug delivery, since nano/micro-
DNA hydrogels have the advantages that they passively target tumor cells and they 
rapidly respond to stimuli [4].

Finally, the clamped HCR strategy that is sometimes used to construct DNA 
hydrogels permits high spatial and temporal control. It is worth mentioning that 
hydrogels are formed under physiological conditions using this method, and only 
a small amount of the initiator DNA is required. Hydrogels obtained through the 
rational design of DNA sequences could have specific biological functions [141, 
142].
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Abstract
DNA nanotechnology, based on sequence-specific DNA recognition, could allow 
programmed self-assembly of sophisticated nanostructures with molecular preci-
sion. Extension of this technique to the preparation of broader types of nanomateri-
als would significantly improve nanofabrication technique to lower nanometer scale 
and even achieve single molecule operation. Using such exquisite DNA nanostruc-
tures as templates, chemical synthesis of polymer and inorganic nanomaterials could 
also be programmed with unprecedented accuracy and flexibility. This review sum-
marizes recent advances in the synthesis and assembly of polymer and inorganic 
nanomaterials using DNA nanostructures as templates, and discusses the current 
challenges and future outlook of DNA templated nanotechnology.

Keywords DNA origami · Polymer nanomaterial · Inorganic nanomaterial · 
Programmed synthesis · Bottom-up nanofabrication

1 Introduction

DNA, often known as the genetic code, exists in natural organisms. In 1953, the 
double helix structure of DNA was discovered, which revealed the mystery of life 
and enabled people to understand clearly the composition and transmission of 
genetic information [1]. Two reversely parallel complementary DNA single strands 
can recognize each other via Watson–Crick base pairing, forming a stable DNA 
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double helix with high accuracy from sequence to structure [2]. In the process of life 
activities, the double helix structure can be dissociated and hybridized dynamically 
during transcription, replication or repair, which provides a vital guarantee for the 
recording, transmission and translation of genetic information [3].

In recent decades, enthusiasm for DNA molecules has expanded from the ini-
tial biological and chemical arena to that of nanomaterials. Given the advantages 
of  accuracy and design flexibility, advances in DNA self-assembly techniques [4] 
have made DNA structures a new type of “star” material in nanotechnology. DNA 
nanotechnology was pioneered by Seeman and co-workers in the 1980s [5–8], and 
has been revolutionized by Rothemund into a state-of-the-art technology, i.e., DNA 
origami [9]. This technology allows folding of DNA nanostructures by mixing 
and annealing a long single circular DNA scaffold with hundreds of short “staple” 
strands. In practice, this enables the construction of almost any kind of highly com-
plex two-dimensional (2D) and three-dimensional (3D) nanostructure with the aid 
of computing software such as caDNAno [10–15]. To address the cost limitations of 
DNA material, Dietz has devised a biotechnological mass production method, which 
provides impetus for the practical application of DNA origami in the future [16].

Intriguingly, the glamour of life is that DNA is not only capable of storing genetic 
information, but can also precisely translate this information into another material—
protein. The sequence-dependent hybridization mechanism ensures that DNA can 
stably store genetic information and its heredity. In its natural state, DNA provides 
limited structural features and functional diversity. Therefore, DNA does not directly 
serve as a functional material, but instead, its sequence-encoded information is tran-
scribed and expanded into the sequence of protein, and, in this way, renders diver-
sity in life. Such an elegant strategy has also inspired material chemists. If DNA 
nanotechnology could be expanded to prepare diverse materials, the programmable 
features of DNA nanostructures might endow them with exquisite and unlimited 
physical and chemical properties, thus bringing a potential revolution to nanomate-
rial science. Encouraged by this vision, the use of DNA nanostructures as templates 
to control the precise synthesis of organic and inorganic materials has attracted 
increasing attention in recent years. In this review, we discuss the latest progress 
in the field of DNA-programmed material science, with a focus on the synthesis 
of polymer and inorganic materials employing DNA nanostructures as templates in 
order  to achieve unprecedented accuracy at the nano scale (Fig. 1).

2  DNA‑Sequence‑Encoded Polymer Synthesis

As the most important storage material of natural genetic information, DNA can 
encode the synthesis of proteins in natural organisms and, accordingly, determine all 
of life’s activities. The ability to synthesize protein macromolecules using nucleic 
acids as templates enables proteins to evolve into complex structures and functions 
with remarkable specificity and reliability. In contrast, traditional chemical polym-
erization reactions cannot precisely control the sequence of monomers, or their 
molecular weight distribution. Therefore, synthetic polymers typically could not 
display defined structures and functions as proteins [17–19]. Despite great progress 
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in controlling the structure [20, 21] and molecular weight distribution [22, 23] of 
synthetic polymers, it is still difficult to precisely control their sequence and length. 
However, it has been possible to achieve controlled polymer molecules by taking 
advantage of DNA sequences to guide the polymerization process. The technology 
of DNA-encoded polymer synthesis is devoted to more accurate design and prepara-
tion of polymer materials, and more precise control of their structure and function 
[24, 25].

Inspired by the DNA transcription process, Hollige et  al. [26, 27] designed a 
DNA polymerase that allows enzymatic synthesis of nucleic acid analogs with 
non-natural polymer backbone and DNA hybridizing side chains, such as arabino 
nucleic acid (ANA) and 2′-fluoro-arabino-nucleic acid (FANA), locked nucleic 
acids (LNA), threose nucleic acid (TNA), hexonucleic acid (HNA), and cyclohexyl 
nucleic acid (CeNA) (Fig. 2). These DNA analogs are so-called XNAs. This study 
demonstrated for the first time that genetic information can be stored in, and recov-
ered from, synthetic genetic polymers not found in nature. They have also shown 
that some XNAs could be replicated and folded into complex structures. In addition, 
Chaput and co-workers [28] obtained a thrombin-bound TNA adapter with high 
affinity and specificity from TNA libraries translated by enzyme-mediated primer 
extension, demonstrating that TNA has the ability to fold into tertiary structures 
with sophisticated chemical functions. The enzymatic DNA templating synthesis of 
synthetic polymer backbone showed therein suggest the potential to obtain synthetic 

Fig. 1  DNA-templated synthetic technology
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polymers also capable of storing sequence information. However, the type of poly-
mer backbone is highly limited.

Liu and other researchers also attempted to mimic the principle of the natural 
gene translation process to achieve chemical synthesis of sequence-controlled poly-
mers based on DNA templates [29–31]. They reported the efficient and sequence-
specific polymerization of non-functional [32] and side-chain-functionalized pep-
tide nucleic acid aldehydes [33] with DNA sequence templates, combined with an 
in  vitro translation, functional screening and amplification system [34]. Although 
these studies showed the potential for chemically mimicking the gene translation 
process, they are still limited to nucleic acid analogs. Taking a step further, more 
flexible synthetic monomers could be sequence specifically aligned along the DNA 
template by conjugating the monomers with short DNA sequences. For instance, 
Schuster et  al. [35] used cyclic and linear DNA structures as template and DNA 
conjugated 2,5-bis(2-thienyl)pyrrole as monomers to achieve controlled synthe-
sis of highly defined conducting polymers. In addition, Liu’s group devoted inten-
sive effort to study sequentially multistep reactions in a single solution using DNA 
templates [29–31]. Their early strategy allow DNA-tagged synthetic monomers to 
sequentially hybridize on a predefined DNA single-strand template, thus initiat-
ing spontaneous proximity-driven cascade reactions to connect the monomers into 
sequence-specific oligomers [36]. Similarly, Turberfield’s group [37] used short 
single-strand DNA adapters to hybridize two DNA-tagged monomers, thus control-
ling the reaction sequence, which can also allow orthogonal synthesis of several 
predefined oligomers in one vessel. Nevertheless, these designs depend highly on 
the close distance between the assembled monomers to initiate sequential reactions, 
thus limiting the choice of monomers to very small moieties and hindering reaction 
efficiency. Thereafter, they further devised an automatic DNA walker that allows 
programmable multistep organic reactions that better mimic the natural DNA-
encoded protein synthesis process. Different monomers were encoded by specific 
DNA sequences so that they could be hybridized on DNA templates at predefined 
positions. The DNA walker could then sequentially create an amide bond between 
these monomers, just like a ribosome forming an ordered polypeptide chain (Fig. 3a) 
[38]. This strategy can potentially be applied to more diverse type of reactions, and 
significantly improve synthesis efficiency, particularly for longer sequences. Fur-
thermore, these latter authors mimicked the process of transcription and translation 

Fig. 2  DNA analogs with non-natural backbones that could be enzymatically synthesized based on DNA 
template
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of DNA into proteins in living systems, producing sequence-specific synthetic pol-
ymers with higher molecular weight; the structures of these polymers were inde-
pendent of the DNA templates (Fig.  3b) [39]. These studies clearly exhibited the 
great potential of sequence-defined polymer synthesis using DNA templates. With 
this technique, polymers could be anticipated to possess more rationally designed 
functions and self-assembly behaviors, rather like biomacromolecules. The possi-
bility of synthesizing sequence-defined polymers with diverse functional monomers 
might open up numerous new opportunities for polymer chemistry, such as pre-
cisely controlling dynamic macromolecular recognition, manipulation of sophisti-
cated polymer assembly and creation of smart polymer nano-robots. However, as the 
aforementioned methods are somewhat tedious and expensive, they serve mainly as 

Fig. 3a,b  Synthesis of polymers based on DNA templates. a DNAsome-mediated multistep synthesis 
of a triamide product. Reproduced with permission from Ref. [38]. Copyright 2010 Nature Publishing 
Group. b Synthesis of polymers with higher molecular weight arising from the process of translation 
from DNA into proteins. Reproduced with permission from Ref. [39]. Copyright 2013 Nature Publishing 
Group
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a proof-of-concept studies with still limited applications. Therefore, more efficient 
and facile methods are still required to promote the practical application of DNA-
templated polymer synthesis.

3  Synthesis of Polymer Nanomaterials Templated by DNA 
Nanostructures

As an extension of synthetic polymers encoded by simple DNA strands, in recent 
years, DNA nanostructures with 2D and 3D spatial conformation have also been 
used as templates for the synthesis of polymer nanomaterials. At present, there are 
two major objectives for these studies. On the one hand, researchers aim to improve 
the physical and chemical properties of DNA nanomaterials by polymer modifica-
tion. Since DNA-folded “nano-robots” have been proposed as ideal intelligent drug 
carriers at the nanometer scale [40], there have been intensive studies to enhance the 
stability of DNA nano-robots under various practical application conditions, and to 
tune their physical and chemical properties by polymer modification. On the other 
hand, DNA nanostructures can also serve simply as templates to control polymer 
synthesis and assembly, providing more powerful nanofabrication techniques to 
achieve exquisite polymer nanostructures.

3.1  Polymer Modified DNA Nanomaterials

Various types of substances have been used to encapsulate DNA nanostructures to 
improve their physical and chemical stability. For instance, by immobilizing lipid-
modified DNA on the nanostructure surface, liposome can be formed around the 
DNA nanostructure to enhance cell uptake efficiency (Fig. 4a) [41]. However, this 
method requires pre-modification of the DNA nanostructure, and it is tricky to avoid 
competitive micellar formation by amphiphilic DNA-lipid conjugates. Thereafter, 
Kostiainen and co-workers studied a series of positively charged materials designed 
to wrap the negatively charged DNA nanostructures via simple electrostatic interac-
tions. In this regard, the naturally positively charged cowpea chlorotic mottle virus 
capsid protein was first tested and found to be beneficial to increase the efficiency 
of DNA nanostructures entering cancer cells (Fig. 4b) [42]. In addition, they also 
designed synthetic polymer conjugates with a positively charged block to interact 
with DNA and an uncharged hydrophilic block to facilitate aqueous stability and 
biocompatibility. They showed that both the positively charged PDMAEMA-PEG 
copolymer and the dendron-conjugated bovine serum albumin (BSA) could provide 
the expected functions for encapsulating brick-shaped DNA nanostructures [43, 44]. 
The protected DNA nanostructures exhibited complete resistance to DNase degrada-
tion, and their cell uptake efficiency was significantly enhanced by more than 2.5 
times [44]. These outcomes were consistent with reports from others. For instance, 
Schmidt and co-workers [45] showed that polyethylene glycol and polylysine copol-
ymers (PEG-PLys) can protect the structure of DNA against DNase I degradation 
and improve stability in low ionic strength buffer. Shih’s group also reported that 
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PEG-PLys copolymers with different molecular weights have dissimilar impacts on 
the stability of DNA origami [46]. These conjugates confer >1000-fold increased 
stability against digestion by serum nucleases. Particularly, PEG-PLys copolymer-
encapsulated DNA nanostructures can survive uptake into endosomal compartments 
and, in a mouse model, exhibit a modest increase in pharmacokinetic bioavailability 
(Fig. 4c). Similarly, Barišić and co-workers reported that the cationic polysaccharide 

Fig. 4a–d  Biopolymers interacting with DNA nanostructures. a Liposome membrane encapsulation of 
DNA nanostructures. Reproduced with permission from Ref. [41]. Copyright 2014 American Chemi-
cal Society. b Positively charged cowpea chlorotic mottle virus capsid protein encapsulated square DNA 
origami. Reproduced with permission from Ref. [42]. Copyright 2014 American Chemical Society. c 
Electrostatic adsorption between synthetic polymer and DNA nanostructure template. Reproduced with 
permission from Ref. [46]. Copyright 2017 Nature Publishing Group. d Reversible assembly of synthetic 
and natural cationic polymers with DNA nanostructures. Reproduced with permission from Ref. [47] 
Copyright 2018 Royal Society of Chemistry
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chitosan and synthetic linear polyethyleneimine (LPEI) can also protect the struc-
tural integrity of DNA origami (Fig. 4d) [47]. A similar effect was observed when 
using a chemically modified protein—cationic human serum albumin (HSA)—that 
is more biocompatible and easily available [48]. These investigations clearly demon-
strated that decoration of DNA nanostructures with cationic polymers could be an 
efficient way to improve their physiological stability and modulate their in vitro and 
in vivo distribution. In this way, DNA nanostructures can better serve as smart drug 
delivery carriers for broader biomedical applications. However, it is noteworthy that 
some essential features of DNA nanostructures, such as their precisely positioned 
surface functionalities, DNA-sequence-dependent molecular recognition, and the 
intelligent mobility of specially design DNA robots, were lost during this encapsu-
lation process. Therefore, future studies are expected to pay more attention to con-
trolled polymer modification of DNA nanostructures at only specific positions to 
enhance their stability and biocompatibility while maintaining functionality. Some 
methods presented in the following section on  Bottom-up Fabrication of Polymer 
Materials might provide such opportunity, but their potential in this aspect has not 
yet been fully explored.

3.2  Bottom‑up Fabrication of Polymer Materials

Apart from their attractive properties and as yet not fully exploited potential as drug 
carriers, a role for DNA origami nanostructures as templates to control the growth 
of polymer nanomaterials has also been envisioned. Conventional synthetic polym-
erization reactions in liquid phase normally result in randomly entangled polymer 
chains. In contrast, by combining traditional polymer synthesis methods with DNA 
strands or nanostructures based on site-specific modification strategy, pre-designed 
polymer nanomaterials were successfully obtained. This could be achieved by in situ 
atom transfer radical polymerization (ATRP) polymerization on DNA chains—a 
technique established by Matyjaszewski and coworkers [49]. By modifying a DNA 
strand with a ATRP initiator, polymers can grow directly from the 5′-terminus of a 
DNA chain [49]. Based on this method, Weil and Wu and colleagues [50] achieved 
the synthesis of polymer nanomaterials with unique shape and patterns by pre-
positioning of initiators on a rectangular DNA origami tile. In this regard, the DNA 
tile can be considered as a “screen” with around 200 sequence-encoded “pixels”. A 
single-strand sticky end was placed at the “pixel” that was desired to grow polymer 
later on. Thus, ATRP-initiator-modified DNA sequences could be hybridized on the 
sticky ends, thereby allowing an in situ polymerization reaction from the immobi-
lized initiators (Fig. 5a). In this way, polymers with a designed nanopattern could 
be synthesized precisely. Moreover, polymer nanostructures could be released from 
the DNA template simply by heat-induced disassembly of the DNA tile. Compared 
with traditional lithography and self-assembly-based polymer nanomaterial prepara-
tion techniques, this method features high precision (up to a few nanometers) and 
efficiency (one-pot reaction in solution), and brings new opportunities in the syn-
thesis of polymer nanomaterials. On the basis of this work, Weil and Wu and co-
workers extended this in situ polymerzation method from 2D DNA origami to its 3D 
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counterpart [51]. The rectangular DNA origami was folded into a tube structure, and 
a controlled ATRP reaction was realized on the outer surface of the tube to construct 
a polymer-protecting shell. Meanwhile, the inner cavity of the tube is still availa-
ble for further modification to accommodate other reactions (Fig. 5b). Notably, the 
defined polymer modification significantly enhanced the stability of DNA nano-
tubes, similar to that observed with the polymer encapsulation methods discussed 
above in the section on  Polymer modified DNA nanomaterials [51]. Moreover, the 
functional positions (such as the inner cavity) on DNA nanostructures could remain 
unaffected, which could be further modified with guest molecules. Therefore, this 
method holds great potential for drug delivery, with more opportunities to tune the 
in vivo behaviors and design complex functionalities.

In addition to controlled radical polymerization, DNA template technology 
can also be applied to the synthesis of other patterned polymers. Ding’s group 
reported the catalytic polymerization of aniline on DNA nanostructures [52, 53]. 
In the presence of hydrogen peroxide, conductive polyaniline could be synthesized 
at the desired position on double-stranded DNA [52] and on triangular DNA ori-
gami nanostructures via a pre-immobilized horseradish peroxidase- or hemin-cat-
alyzed polymerization reaction (Fig.  5c) [53]. This method of preparing conduc-
tive polymers in a controllable manner on DNA origami provides a new strategy 
for the design of nanocircuits. Based on this localized catalysis concept, Weil and 

Fig. 5a–d  In situ synthesis of DNA nanostructure templated polymers. a Bottom-up fabrication of poly-
mers on DNA origami template by in situ atom transfer radical polymerization (ATRP). Reproduced with 
permission from Ref. [50]. Copyright 2016 Wiley-VCH. b Polymeric shell on DNA origami template for 
enhancing the stability of DNA materials. Reproduced with permission from Ref. [51]. Copyright 2018 
Royal Society of Chemistry. c Shape-controlled conductive polyaniline on DNA templates. Reproduced 
with permission from Ref. [53]. Copyright 2014 American Chemical Society. d Shape-controlled nano-
fabrication of polydopamine on DNA templates Reproduced with permission from Ref. [54, 55]. Copy-
right 2018 Wiley–VCH
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co-workers reported shape-controllable in  situ polydopamine synthesis on DNA 
nanostructures by positioning G-quadruplex groups as designed on a rectangular 
DNA tile and incorporating hemin as a cofactor [54, 55]. In the presence of hydro-
gen peroxide, the G-quadruplex/hemin DNAzymes mimic horseradish peroxidase 
activity and induce the oxidative polymerization of dopamine with predesigned 
patterns [54]. Alternatively, photoirradiation can also initiate the dopamine polym-
erization reaction in this system [55]. This methodology renders it possible to con-
struct anisotropic polydopamine nanostructures such as nanorods and nano-crosses, 
which are difficult to achieve by conventional synthesis. These authors further dem-
onstrated that the synthesized polydopamine nanostructure could be retained after 
removing the DNA template (Fig. 5d), therefore providing a new strategy for poly-
dopamine nanofabrication.

In addition to DNA nanostructure-templated in situ polymer synthesis, Liu and 
colleagues have developed a series of methods to use DNA nanostructures as scaf-
folds to control the morphology of polymersomes and liposomes, which have been 
collectively named as the “frame guided assembly” technique. It is well known that 
spontaneously self-assembled vesicles of amphiphilic polymersomes and liposomes 
are usually spherical. However, Liu’s methods allowed construction of cubic shaped 
polymersomes and nanometer liposome sheets depending on the DNA template 
used. Hereby, they could even overcome the surface tension force in nature (Fig. 6a) 
[56, 57].

Other than controlling the shape and morphology of polymers, DNA templates 
allow the installation of functional handles on defined positions of polymer nanopar-
ticles. Toward this end, Sleiman and colleagues reported a method of synthesizing 
DNA-imprinted polymer nanoparticles with monodispersity and prescribed DNA-
strand patterns inside a DNA cage (Fig. 6b) [58]. They first immobilized DNA-pol-
ymer conjugates on predefined positions of the DNA cage, and then crosslinked the 
polymers inside the cage. In this way, once the DNA cage is decomposed, DNA 
handles pre-conjugated with polymer precursors are left on the crosslinked polymer 
cores with predesigned geometries. This is the first method to achieve nanoparti-
cles with exact number and orientation of asymmetric modifications, which could 
significantly advance the area of polymer assembly. The works described above 
strongly indicate the unique advantages of DNA nanotechnology for controlling pol-
ymer morphology and function. The features achieved by these methods are almost 
impossible to achieve with conventional polymer synthesis, and are therefore par-
ticularly attractive for preparation of exquisite polymer materials for advance appli-
cations, such as intelligent polymer nanorobots, elaborate biosensors and intricate 
soft electronic devices.

3.3  Routing of Single Polymer Chain

In addition to controlling the morphology of polymer nanomaterials, DNA nano-
structures can even be used to manipulate the molecular conformation of an 
individual polymer chain. Gothelf and colleagues prepared synthetic polymer 
wires containing short oligonucleotides that extend from each repeat [named 
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poly(APPV-DNA), see Fig. 7a]. The oligonucleotide side chains allow the poly-
mer wire to assemble on the desired positions of DNA nanostructures where the 
complementary sticky sequences were pre-allocated. In this way, a single poly-
mer chain could be picked up from the polymer solution and immobilized on a 
DNA template following a predesigned route (Fig. 7a) [59]. Moreover, they can 
even achieve controlled conformational switching of a single polymer chain on 
the DNA nanotile based on toehold-mediated strand displacement (Fig. 7b) [60]. 
The controlled aggregation of poly(APPV-DNA) polymers in solution through 
varying the ionic environment and sequence-specific DNA interactions was dem-
onstrated in their recent work [61].

On the basis of these works, the team developed a novel hybrid DNA–pol-
yfluorene material, poly(F-DNA), wherein the backbone of polyfluorene was a 
conjugated polymer with special optical and electronic properties. The fluores-
cence emission of poly(F-DNA) could be quenched efficiently upon binding to 
very small amounts of complementary DNA carrying a small molecule quencher. 
Furthermore, they showed controlled energy transfer between poly(F-DNA) and 
poly(APPV-DNA) mediated by Watson–Crick base pairing (Fig.  7c) [62]. This 
concept opens up possibilities for studying the molecular interactions between 
polymers with different structures via intramolecular energy transfer. These stud-
ies clearly demonstrate that DNA nanotechnology provides unprecedented oppor-
tunities for handling individual synthetic polymer chains, thus revealing immense 
prospects for studying and utilizing the single-molecule properties of polymers. 
These designer organic polymer–DNA complexes are expected to be used as sin-
gle molecular wires to support the design of high-precision nanocircuits in the 
future.

Fig. 7a–c  DNA-nanostructure-templated synthesis of single synthetic polymers. a Single polymer 
screening process based on DNA origami templates. Reproduced with permission from Ref. [59]. Copy-
right 2015 Nature Publishing Group. b Programmed switching of single polymer conformation on DNA 
origami template. Reproduced with permission from Ref. [60]. Copyright 2016 American Chemical 
Society. c Single polymer manipulation and energy transfer investigation of poly(F-DNA) conjugated 
polymer. Reproduced with permission from Ref. [62]. Copyright 2016 Wiley-VCH
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4  Assembly of Inorganic Nanoparticles Based on DNA 
Nanostructures

From the perspective of chemical structure, the DNA strand is an organic macro-
molecule composed of C, H, O, N, and P. Among the virtues of DNA molecules are 
their controllable structure, adjustable sequence and ease of modification. However, 
they lack the mechanical strength and quantum optical properties that are commonly 
available in inorganic nanomaterials. On the other hand, it remains challenging for 
conventional synthesis of inorganic nanoparticles to achieve arbitrary shapes and 
controllable assembly, which are highly important in achieving  the desired opti-
cal and mechanical properties. Therefore, combining the benefits of both materials, 
DNA-assisted inorganic nanoparticle synthesis and assembly presents an attractive 
way to create rationally designed nanomaterials with unique features. In this context, 
modifying nanoparticles (Au, Ag, etc.) with oligonucleotides was found valuable to 
create nanoparticle crystals with the desired lattice form. DNA nanostructures could 
even serve as molds to control the morphology of inorganic nanoparticles during 
synthesis. Moreover, using DNA nanostructures as templates could even fabricate 
chiral plasmonic metamolecules. This section will summarize recent developments 
in this area.

4.1  DNA‑Programmed Nanoparticle Super‑Lattice Crystallization

In 1996, the groups of Mirkin and Schultz published two articles in Nature at the 
same time that revealed the possibility of using oligonucleotide-conjugated gold 
nanoparticles to guide the formation of nanoparticle assembly [63, 64]. DNA oligo-
nucleotide chains with end-caped sulfhydryl groups were modified on gold nanopar-
ticles (AuNPs) by Au–S bonds, while the reversible assembly of gold nanoparticles 
was controlled by adding designed DNA linkers with complementary sequences. 
When DNA duplexes with complementary sequences on both sides were added, 
the AuNPs formed aggregations with regular interspaces [63]. When the comple-
mentary oligonucleotides were positioned at the desired distances along the DNA 
duplex, defined AuNP dimers and trimers with controllable spacing could be 
achieved [64]. Since then, the self-assembly of inorganic nanoparticles templated by 
DNA oligonucleotide chains has advanced rapidly, and has found broad application 
in the construction of  diagnostic tools for nucleic acid, protein and bacteria [65–69], 
as intracellular probes [70–73], and as selective detection biosensors [74–76] and 
gene regulators, etc. [77].

Despite the attractive applications of these small nanoparticle aggregates, prepa-
ration of perfect macroscopic nanoparticle crystals with super lattices was a long-
standing challenge until 2008 when the groups of Gang and Mirkin independently 
reported DNA-guided gold nanoparticle crystals (Fig. 8a, b) [78, 79]. They demon-
strated that the growth and assembly of gold nanocrystal structures could be con-
trolled by changing the length of DNA strands between gold nanoparticles. Lattice 
structures could be accomplished through precisely designing the base sequences 
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Fig. 8a–c  DNA-strand-guided crystallization of inorganic nanoparticles. a, b The length of the DNA 
strand and the size of gold nanoparticles influence the crystal pattern. Reproduced with permission from 
Refs. [78] and [79]. Copyright 2008 Nature Publishing Group. c Various crystal lattice structures and 
their characterization based on DNA-guided assembly of gold nanoparticles. Reproduced with permis-
sion from Ref. [80] Copyright 2011 American Association for the Advancement of Science
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and lengths of DNA strands. The Mirkin group subsequently engaged in the manip-
ulation of gold nanoparticles using DNA chains to investigate more diverse crys-
tal superlattices (Fig.  8c) [80]. Moreover, not only were various self-assembled 
structures from a single inorganic nanoparticle to a superlattice achieved [81–87], 
the properties of the assembled structures, such as temperature-dependent crystal 
topology [88], crystal surface energy [89], and dynamic DNA strand substitution 
[90], were also studied in detail. The mechanism of DNA-templated nanoparticle 
self-assembly was explained by the repulsive force between colloids [91] and the 
enthalpy change [92]. The dynamic properties of DNA-templated nanoparticle crys-
tallization [93], in conjunction with previous works [94, 95], revealed that the num-
ber of DNA chains per nanoparticle and temperature were the main factors control-
ling the interaction strength between nanoparticle building blocks.

All the examples mentioned above require gold nanoparticles pre-modified with 
DNA linkers. Recently, Kostiainen and colleagues reported that ordered 3D gold 
nanoparticle superlattices could be accessed through sole electrostatic interactions 
between positively charged gold nanoparticles and negatively charged DNA nano-
structures [96]. This approach provided an easier alternative to create a nanoparticle 
crystal lattice when the accurate design of different types of lattice structure is not 
required.

These studies realized programmable synthesis of macroscopic materials from 
rationally designed microscopic nanoparticles, thus providing unprecedented con-
trol over the microstructures of bulk materials. Conventional material synthesis 
generally results in modest control over the placement of, the periodicity in, and 
the distance between, particles within the assembled material. DNA-assisted strate-
gies allow nanoparticles to be assembled in a designed manner with high precision, 
which is essential for the design of metamaterials with superior properties in the 
future.

4.2  Inorganic Nanoparticle Growth with Controllable Dimensionality

In addition to guiding the assembly of pre-synthesized nanoparticles, DNA nano-
structures could also serve as a mold to confine crystal growth during nanoparticle 
synthesis. In 2014, Yin and co-workers proposed the strategy of casting the growth 
of inorganic nanoparticles with controllable shapes inside DNA nanostructures 
cavities. Small gold nanoparticle seeds modified with DNA strands were hybrid-
ized onto sticky ends inside the origami cavity. Thereafter, gold nanoparticles were 
grown in the DNA cavities to completely fill the space. Various shapes of silver or 
gold nanoparticles can be obtained by designing DNA origami with the apppropri-
ate cavity structures. Moreover, composite inorganic nanoparticles were also acces-
sible by introducing two quantum dots at both ends of the cavity (Fig.  9a) [97]. 
Analogously, Seidel and colleagues used the DNA origami cavity as a mold to con-
trol the growth of gold nanoparticles, and this process was successfully observed 
by TEM spectroscopy with stepwise addition of chloroauric acid [98, 99]. Inspired 
by these studies, Fan and Yan and their coworkers recently also presented a general 
method for creating biomimetic complex silica composite nanomaterials based on 
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1D, 2D, and 3D DNA nanostructures ranging in size from 10 to 1000 nm (Fig. 9b) 
[100]. Silicification was achieved through mixing DNA origami templates with pre-
hydrolyzed TMAPS [N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride 
and TEOS (tetraethyl orthosilicate)], thus a silica shell was formed on DNA origami 
templates. This represents the first protocol to access highly sophisticated but flex-
ibly designed silica oxide nanostructures that could not be realized by conventional 
silica nanofabrication techniques. The feasibility of this method was also demon-
strated in a parallel study by Heuer-Jungemann [101], which collectively revealed 
the charm of DNA-templated synthesis to achieve various materials with ingenious 
nanostructures.

4.3  Chiral and Plasmonic Arrangement of Inorganic Nanoparticles

On the basis of controlling the crystallization and in situ growth of gold nanopar-
ticles, DNA-templated synthesis and assembly techniques can also manipulate the 
assembly behavior of other diverse inorganic nanoparticles, and even change their 
inherent physical and chemical properties. It is known that when metal particles are 
placed in close proximity, their particle plasmons (collective oscillations of conduc-
tion electrons) become coupled and induce numerous interesting optical phenomena 
[102–104]. However, in practice, it is a challenge to ensure that the spacing between 
two nanoparticles can be arranged as closely as predesigned. As a fully address-
able, easily functionalized platform, DNA nanostructures have been used recently to 
control the spatial organization of discrete nanoparticles with nanometer accuracy 
[105]. Nanoparticles can be arrayed in any nanometer distance and space on DNA 
nanostructures with defined patterns. For example, left-handed and right-handed 
arrangements of gold nanoparticles and nanorods on DNA nanostructures have been 
prepared to study chiral plasmonic properties at the nanoscale. Furthermore, a vari-
ety of chiral plasmonic metal–organic nanostructures [106–108] and chiral colloidal 
liquid crystals [109] are accessible via DNA- templated nanotechnology.

In this context, some pioneering work was carried out by Ding and co-workers, 
who prepared AuNPs arranged linearly on a rectangular DNA origami sheet with 
precisely controlled positions and particle spacing, and then assembled them into 
a 3D helical geometry with chiral plasmonic phenomenon by rational rolling of the 
DNA origami sheet. This study opened up the possibility of realizing programma-
ble 3D plasmonic structures with desired optical properties [110]. Thereafter, Liedl 
and colleagues designed a 3D DNA origami nanostructure (a nanorod with around 
100  nm in length) as nanotemplate to directly organize the helical arrangement 
of gold nanoparticles for the generation of chiral plasmonic nanostructures. The 
gold–DNA nanostructure exhibited defined circular dichroism and optical rotatory 
dispersion effects at visible wavelengths that originated from the collective plas-
mon–plasmon interactions of the nanoparticles positioned with an accuracy better 
than 2 nm (Fig. 10a) [111]. Moreover, Wang and co-workers constructed anisotropic 
gold nanorod (AuNR) helical superstructures with tailored chirality based on DNA 
origami nanostructure templates. The ‘X’ pattern of the DNA capturing strands 
was predesigned on both sides of a 2D DNA origami template, and several AuNRs 
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were modified on the origami template by base pairing, and assembled into AuNRs 
helices with the origami intercalated between neighboring AuNRs (Fig. 10b) [112]. 
Similarly, Liu’s group presented chiral plasmonic Au NPs based on a 3D DNA ori-
gami ring template (Fig.  10c) [113]. These left-handed and right-handed helical 
metal–DNA nanostructures all show characteristic circular dichroism effects.

In addition to the above-mentioned static chiral plasmonic nanostructures, Liu 
et al. also developed dynamic chiral plasmonic nanostructures based on DNA ori-
gami templates. For example, light-responsive azobenzene-modified DNA strands 
(Fig.  10d) [114] and pH-responsive DNA triplexes [115] serve as construction 
materials to organize plasmonic nanoparticles in three dimensions while concur-
rently driving the metal–DNA molecules to distinct conformational states. The 
dynamic behavior of AuNRs towards light and  H+ stimuli was observed by CD sig-
nal changes. Similarly, strand displacement reactions were also applied to drive the 
plasmonic walking of AuNRs, which were recorded as dynamic CD signal changes 
(Fig. 10e) [116]. Recently, Lan et al. presented a new method for the tunable self-
assembly of DNA chiral supramolecular architectures by creating a versatile DNA 
origami adapter (Fig.  10f) [117] and a reconfigurable chiral nanoparticle helix 
superstructure with fully switchable chirality (Fig. 10g) [118].

5  Summary and Perspectives

This review summarizes recent progress in nanomaterials synthesis based on DNA 
nanostructure templates. With computer-aided design, the use of DNA synthesiz-
ers,  and the rapid development of DNA nanotechnology, we can construct a large 
variety of DNA nanomaterials. This technique provides valuable opportunities for 
more controllable preparation of organic and inorganic materials, polymer mate-
rials and other synthetic materials, indicating that its influence has distinctly pen-
etrated all aspects of material science. Mimicking the central dogma, translating 
DNA sequence to other synthetic polymeric materials provides a valuable method 
of achieving sequence-controlled polymers. Based on larger DNA nanostructures, 
one can confine polymer synthesis to obtain more sophisticated polymer nanostruc-
tures or anisotropic polymer films, or even control the alignment of a single polymer 
chain to fabricate single molecular level electronic circuits. The self-assembly of 
inorganic nanoparticles based on DNA nanostructure templates can also be manipu-
lated by DNA nanotechnology to achieve precise regulation at the nanoscale, includ-
ing lattice regulation, chiral regulation and dynamic growth regulation. Moreover, 
in situ synthesis of inorganic nanomaterials inside a DNA model or outside a DNA 
template has also emerged as a powerful method to achieve inorganic nanostructures 
with intricate details.

The structural variability and the capability of precise customization make DNA 
nanostructures an extremely powerful tool for improving high precision and con-
trollable preparation techniques for nanomaterials. Undoubtedly, DNA-encoded 
synthesis technology will also bring more innovations in the field of chemical 
materials preparation, especially given the advantages in high-precision control of 
nanomaterial assembly and highly complex nanomaterial processing. This has broad 
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application prospects in biomedicine, fine electronics, flexible materials and other 
fields. Despite their extraordinary prospects, several limitations have to be overcome 
before the widespread use of DNA nanostructures. Firstly, the cost of DNA materi-
als has to be further reduced, which might be possible with advances in DNA syn-
thesis techniques or the development of synthetic biology to allow direct produc-
tion of DNA nanostructures in microorganisms; secondly, the yield and robustness 
of these methods have to be further proved. Since most of these methods require 
several steps of self-assembly and reactions, reliable scale up has been shown only 
rarely and further optimization is required. Thirdly, DNA nanotechnology has irre-
placeable advantages in achieving elaborate nanostructures from several to hun-
dreds of nanometers, but assembly of even larger structures is relatively inefficient. 
Therefore, the combination of DNA-based materials synthesis together with other 
nanofabrication techniques, such as lithography or 3D printing, would be essen-
tial to achieve desired materials with rational designed structure from micro- to 
macro-level.

Overall, the development of DNA-programmed material synthesis is just begin-
ning, and extensive efforts are still required. However, along with increasing knowl-
edge about structure–function relationships in materials, improving the precision of 
nanofabrication techniques for advanced material synthesis is apparently in highly 
demand. Therefore, one can envision that this field will develop rapidly in the next 
few years. The first application breakthroughs might be in medicinal and healthcare 
materials, considering their favorable biocompatibility and relatively high cost.
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Abstract
DNA and protein are the most important two classes of biomacromolecules form-
ing the basis of life. The conjugation of the two using crosslinking chemistries 
enables a combination of molecular recognition, enzymatic catalysis, and Watson–
Crick hybridization properties. The DNA–protein conjugate with combined proper-
ties enables a broad range of applications, such as sensitive and selective bioassays, 
therapeutic agents, and building blocks for programmable nanoassemblies. In this 
review, we survey the conjugates from the aspects of conjugation chemistries as well 
as applications in biomedical and nanotechnology fields. We highlight the functions 
of both biological moieties of a conjugate for target binding and signal transduction 
in bioassays. We also review the use of DNA–protein conjugates for the construction 
of a variety of functional and dynamic nanostructures, from isolated hybrid cages to 
three-dimensional (3D) protein crystalline lattices. Moreover, these conjugates have 
been used as carriers to deliver enzymes or functional nucleic acids for disease treat-
ments and gene editing.
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1 Introduction

In nature, nucleic acid–protein complexes play a central role in regulating 
genetic activity in all aspects within an organism. The first report of the nucleic 
acid–protein complexes dates back to the late 19th century, when scientists 
observed DNA–proteins associations under optical microscope. Since then, enor-
mous efforts have been made in studying the structures as well as the functions 
of natural nucleic acid–protein complexes. Many of these fascinating biological 
complexes are constructed through self-assembly of various protein and nucleic 
acid components to conduct complicated tasks in living systems [1]. Figure  1a 
presents the crystal structures of three iconic natural nucleic acid–protein com-
plexes from the Protein Data Bank, including ribosomal RNA, transcription 
activator-like (TAL) effectors, and nucleosome complex. These nucleic acid–pro-
tein complexes together with many others enable critical biochemistry processes 
including transcription, translation, packaging, rearrangement, DNA replica-
tion, and repair in living systems. By examining the natural complexes forming 
between nucleic acids and proteins, scientists not only start to understand how 
these biochemistry processes take place but also learn to design and synthesize 
artificial complexes that outperform natural congeners and realize applications 
that cannot be achieved before. Figure  1b shows three representative examples 
of artificial DNA–protein complexes developed over the years, including aptam-
ers–sandwiched thrombin, DNA origami cage loaded with multiple antibodies, 
and spherical nucleic acid structure with β-galactosidase core. These artificial 
complexes are able to represent delicate structures and functions of native com-
plexes to some extent. More importantly, the integration of molecular recogni-
tion, catalytic activity, and Watson–Crick base pairing into one nanoscale bio-
compatible device has enabled a vast number of diagnostic, therapeutic, and 
nanoassembly applications, significantly expanding our knowledge of chemistry.

Over the past few decades, enormous efforts have been put into the research 
of artificial DNA–protein conjugates. Research interests are mainly focusing 
on the development of facile and reliable conjugation approaches as well as the 
exploration of their applications in various fields, including diagnostics, thera-
peutics, and programmable assembly. One of the first reports using the artifi-
cial complexes was described in the 1980s for diagnostic applications, where 
the DNA–enzyme conjugates were used to detect nucleic acid targets [2]. Two 
widely used immunoassays, Immuno-PCR and proximity ligation assay (PLA), 
which use an antibody as target recognition motif and DNA as amplified signal 
reporter, were developed in 1992 and 2002, respectively [3, 4]. These detection 
techniques have enabled the development of many different bioassays and have 
been successfully translated into commercial products. Lu and colleagues used 
DNA–invertase conjugates to allow versatile biotargets detection using port-
able glucose meter (PGM), which is a milestone towards point-of-care testing 
(POCT) applications. The conjugates have also been used to construct well-
designed artificial biological assemblies. The structural organization of proteins 
on double-stranded DNA (dsDNA) scaffold was firstly reported in 1994 [5]. 
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Since the early 2000s, different structural DNA nanotechnology tools, such as 
DNA tile, DNA origami, and spherical nucleic acid, have been used to locate 
enzymes onto DNA network with precise spatial control. These studies have 
been summarized in several recent reviews [6–8]. In addition to diagnostic and 
structural applications, DNA–protein conjugates have recently been explored for 
biomedical applications, including the delivery of antibodies and enzymes, gene 
editing, and in vivo cancer therapy. Figure 2 provides a brief historical overview 

Fig. 1  Examples of natural and artificial nucleic acid–protein complexes. a Structures of three repre-
sentative native nucleic acid–protein complexes from protein data bank. From top to bottom: ribosomal 
protein and RNA, TAL effector PthXo1 bound to its DNA target, and Drosophila nucleosome structure. 
b Structures and schemes of three representative artificial nucleic acid–protein complexes. From top to 
bottom: thrombin sandwiched between two DNA aptamers, antibody-loaded DNA origami cage, spheri-
cal nucleic acid structure with β-galactosidase core
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of the research progress and milestone achievements in the field of DNA–protein 
conjugates. To date, remarkable progress has been made in the field of artificial 
DNA–protein conjugates for a broad range of applications.

Several recent reviews have discussed the use of DNA–protein complexes 
from one specific aspect of this field, such as antibody–nucleic acid conjugate 
or hybrid nanostructure [9, 10]. One comprehensive review on this topic by 
Christof M. Niemeyer was published 10 years ago in 2010 [11]. In this review, 
we aim to provide an overview of this field, ranging from conjugation chemis-
tries to a wide range of applications (Fig. 3). We try to include the pioneering 
work published decades ago to provide the community a historical overview as 
well as to highlight some state-of-art reports published within the last 5 years. 
In this vein, we categorize the review of DNA–protein conjugates into four 
main sections. The first section covers the covalent and noncovalent chemistries 
to prepare DNA–protein conjugates. The second section discusses the use of 
DNA–protein conjugates for diagnostic applications. Two types of sensor modes 
of using DNA as reporter or using enzyme as reporter are reviewed, respec-
tively. In the third section, we survey the design, synthesis, and application of 
DNA–protein nanoassemblies, specifically highlighting the recent process of 
using the hybrid structures for biomedical applications. Finally, we provide our 
perspectives on the major challenges in the field as well as the potential strate-
gies for future development of optimized conjugates for clinical applications.

Fig. 2  A brief timeline of the development of artificial DNA–protein conjugates since their first report 
in 1980s. Three main application scenarios are highlighted in different colors (blue: diagnostics; red: 
nanoassembly; green: delivery and therapeutics)
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2  DNA–Protein Conjugation Approaches

The development of highly efficient, robust, and reliable DNA–protein conjugation 
chemistries is highly important for its applications. The design principle of an idea syn-
thesis approach should possess the following features: (1) preservation of the native 
protein functions; (2) high yield, high efficiency, and low cost; (3) facile synthesis with-
out complicated DNA modifications; and (4) robust and stable chemistries in physi-
ological conditions. In this section, we review the widely used synthetic approaches, 
including non-covalent and covalent methods. Some state-of-art strategies, such as site-
specific labeling and enzymatic ligation methods, are included as well.

2.1  Non‑covalent Approaches

Non-covalent synthesis of DNA–protein conjugates uses weak interactions, includ-
ing hydrogen bonding, hydrophobic effect, π–π stacking, electrostatic interaction, and 
van der Waals force, which does not require modification of both biomacromolecules. 
The synthesis process is generally rapid and easy-to-use with the protein activity well 
preserved.

2.1.1  Biotin–Avidin and Antibody–Antigen Interactions

One of the most widely used conjugation approaches is biotin–avidin interaction, 
which was used to immobilize DNAs onto protein substrates in the early 1980s [12]. 

Fig. 3  Scientific scope of this review. We aim to provide an overview of using nucleic acid–protein con-
jugates as theranostic tools and assembly building blocks for many different applications
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The biotin–avidin interaction is recognized as one of the strongest non-covalent 
bindings, exhibiting high stability even under thermal and chemical denaturation 
conditions. The binding affinity between avidin and biotin is ca.  10–12 M, which can 
be improved by using streptavidin (STV) with Ka of ca.  10–14  M and neutravidin 
with Ka of ca.  10–16 M. In the synthesis process, the target protein is fused onto the 
hydrophobic epitope of the avidin and the target DNA strands are modified with bio-
tin at the 3′ or 5′ end. Nowadays, since biotin-labeled oligonucleotides are commer-
cially available and many STV proteins can be genetically engineered or chemically 
synthesized, the DNA–protein conjugates from biotin–(strept)avidin interactions are 
widely used in biosensing applications [13–16]. Recently, to incorporate reversibil-
ity into the biotin–avidin interactions, different types of the biotin analogues with 
relatively lower binding affinity are introduced to prepare DNA–protein conjugates, 
such as desthiobiotin (Ka of ca.  10–11 M) and iminobiotin (Ka of ca.  10–10 M). In 
2013, Wong et al. demonstrated the reversible decoration of DNA origami tiles with 
streptavidin by using desthiobiotin and biotin of different binding affinities toward 
streptavidin [17].

Another widely used approach is antibody (Ab)–antigen interaction. Some hap-
tens, such as digoxigenin, dinitrophenol, and FLAG tag, are commonly used to 
modify DNA terminals so as to further attach to corresponding antibodies [18]. One 
major advantage of using the Ab–antigen interaction to prepare DNA–protein con-
jugates is that the small molecule binding motif (hapten) can be easily adapted into 
the DNA solid-state synthesis process. Thus, it is convenient to incorporate multiple 
different types of end-function groups onto DNA strands for the use in multiplexed 
immunoassays [19].

2.1.2  Ni–NTA–His6 Interaction

Coordination chemistry is also frequently used for conjugation of nucleic acids 
with proteins using Ni–nitrilotriacetic acid (NTA)–hexahistidine  (His6) interac-
tions. The coordination compound formed by nickel(II) ion and NTA molecule 
with open binding sites, which can be coordinated by histidine molecules. Thus, 
the conjugation can be achieved by engineering protein with a  His6 tag and DNA 
with a terminal NTA group. Taking advantage of the fast reaction and stable bind-
ing between Ni–NTA and the  His6 tag, different DNA–protein conjugates have been 
created [20–22]. In 2009, Turberfield and colleagues demonstrated conjugation of 
 His6-tagged green fluorescent protein (GFP) to tris NTA-functionalized DNA strand 
[20]. Norton and colleagues also used the NTA and histidine-tag interaction to direct 
protein nanopatterning on DNA origami structures [23]. Moreover, one interesting 
property of Ni–NTA–His6 binding is the reversibility under the treatment of a nickel 
chelator, such as dithiocarbamate (DTC), ethylenediaminetetraacetate (EDTA), chi-
tosan, and imidazole, enabling protein purification applications.

2.1.3  Aptamers–Protein Interaction

Aptamer is one type of single-stranded oligonucleotide that can bind to target pro-
teins with high specificity and binding affinity by folding into 3D binding pockets 
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for recognition [24], which can be generally considered as monoclonal Ab congener. 
Thus, DNA aptamer has also been used to prepare DNA–protein conjugate through 
specific interaction. When applying aptamer to conjugate protein, the DNA sequence 
is designed with two segments, in which the aptamer segment binds to protein of 
interest and the other segment serves as DNA hybridization functions. One widely 
used aptamer sequence is anti-thrombin aptamer, which has been widely used in 
diagnostic assays [25]. Though many advantages of using aptamers have been dem-
onstrated, such as the enhanced chemical stability and easy of modification, the 
identification of new aptamers for protein of interests requires tedious in vitro selec-
tion process, limiting the availability of aptamers for desired targets. In addition, 
the average binding affinity between the aptamer and protein is ca.  10–7–10–8  M, 
which is relatively not stable enough for in vivo applications [26]. To address this 
issue, integrating multivalent binding with aptamer–protein interaction is a promis-
ing strategy for improving the binding affinity to generate more stable DNA–protein 
conjugates. For example, Yan and colleagues reported the incorporation of multiple-
affinity ligands onto DNA origami tiles for systematical investigation of distance-
dependent multivalent binding effects, illustrating the potential design strategy of 
multivalent aptamer [27].

2.2  Covalent Approaches

Differing from non-covalent conjugation, covalent coupling method creates much 
stronger chemical bonds than non-covalent interactions, resulting in more stable 
products suitable for use in physiological conditions. Up to now, various covalent 
coupling reactions have been developed through homo- and hetero-bifunctional 
crosslinkers, including dithiol coupling, maleimide-thiol addition, azide–alkyne 
cycloaddition, etc. Two highly effective approaches, site-specific labeling and 
enzyme ligation, have been demonstrated to generate conjugate products with better 
performance.

2.2.1  Labeling Natural Amino Acid on Protein

A straightforward route to conjugate DNA onto protein is to use the native func-
tional groups on protein surface residues. Cysteine with thiol group (–SH) is one of 
the most used surface residues on protein. Disulfide coupling strategy is based on 
the formation of a disulfide bond between cysteine and alkylthiol-modified DNA, 
which was pioneered by Schultz and colleagues in 1987 using Staphylococcus 
nuclease with surface cysteines. After disulfide coupling with thiolated DNA, the 
enzymatic activity was observed to be enhanced [28]. Disulfide coupling is consid-
ered fast but reversible under reductive conditions, limiting its application in physi-
ological environment.

Another widely used natural amino acid on protein for covalent conjugation is 
lysine with amine group (–NH2). Using various terminal groups on DNA, different 
crosslinking reagents have been developed to couple DNA with the surface amine 
on proteins. For example, disuccinimidyl suberate, serving as a homo-bifunctional 
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reagent, was used to crosslink primary surface amine on alkaline phosphatase and 
terminal amine-modified DNA without affecting the enzyme activity [2]. In addition 
to homo-bifunctional coupling reaction, amine-thiol hetero-bifunctional coupling 
reaction is also widely used. The hetero-bifunctional reagents generally include 
two reactive groups with an amine-reacting group and a maleimide for thiol addi-
tion. For example, 6-maleimidohexanoic acid succinimido ester and N,N’-1,2-phe-
nylenedimaleimide were used for coupling DNA thiol and protein amine, obtain-
ing DNA-modified alkaline phosphatase and horseradish peroxidase, respectively 
[29]. In 2018, Ma et  al. synthesized ortho-phthalaldehyde (OPA) modified DNA 
which can link to protein lysine residue rapidly and efficiently [30]. Compared 
with disulfide coupling reaction, hetero-bifunctional thiol-amine coupling chemis-
try using maleimide and active-ester is considered relatively more stable in reduc-
tive physiological conditions. Thus, some crosslinking reagents, such as succinimi-
dyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) and water-soluble 
sulfo-SMCC that contain active ester and maleimide groups at opposite ends, are 
already commercially available and extensively used in research.

2.2.2  Site‑Specific Labeling using Bioorthogonal Chemistry

The use of native amino acid on proteins for conjugation is straightforward, but 
sometimes inhibits enzyme activity due to the lack of selectivity. For example, 
some enzymes with catalytically active epitopes full of lysines or cysteine are sensi-
tive to surface modifications. Once DNAs are randomly modified onto such native 
enzymes through coupling with native lysine or cysteine, the bioactivity would be 
largely imparted. In addition, it is difficult to control the valency and orientation 
of the DNA modifications on protein surface using native amino acids. To address 
these issues, site-specific labeling approach using biorthogonal chemistry has been 
developed to control the position, orientation, and valency of conjugated DNAs via 
mutating and modifying specific residues on target proteins. Therefore, only target 
sites or genetic mutated sites on the protein of interest are labeled while other resi-
dues as well as other proteins are not affected.

Bioorthogonal chemistry was originally termed by Bertozzi and colleagues in 
2003 and has been broadly applied to engineer polysaccharide and label proteins 
[31]. Staudinger ligation and copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition 
of azides and alkynes (CuAAC) are two of the most important biorthogonal chemis-
tries used in chemical biology. The bioorthogonal labeling process is normally user-
friendly. For example, in the case of labeling polysaccharide in cell walls, glycan 
chains, which are metabolic labeled with azido sugars, are covalently coupled with 
desired modifications with phosphine or alkyne functional groups, forming irrevers-
ible covalent bonds [32]. Similarly, by genetic incorporation of azido groups onto 
glycoproteins or enzymes, covalent DNA–protein conjugates can be formed by cou-
pling with the terminal alkyne-functionalized DNA strand [33]. A similar approach 
using copper-catalyzed azide-alkyne cycloaddition was reported by Guengerich and 
colleagues as a post-oligomerization strategy for synthesizing site-specific DNA-
transferase crosslinking [34]. However, since the requirement of copper ions as 
catalyst limits the potential application in live organisms, copper-free approaches 
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are highly desired. One of the most widely used methods is strain-promoted 
alkyne–azide cycloaddition (SPAAC), which was developed in 2004 [35]. SPAAC 
was used to conjugate cysteine-bearing protein with azido-DNA using dibenzocy-
clooctyl (DBCO)-maleimide crosslinker [36].

Over the years, new chemical approaches have been exploited to achieve site-
selective attachment of DNA to target proteins. Chemical reactions of high effi-
ciency such as thiol-ene addition (alkene hydrothiolation), Diels–Alder (DA) reac-
tion, and inverse-electron-demand Diels–Alder (ie-DA) reaction have also been 
used as biorthogonal chemistry to prepare DNA–protein conjugates [37–40]. For 
example, in 2019, Synakewicz et al. used bioorthogonal chemistries to enable site-
specific attachment of DNA handles onto a target HEAT-repeat protein PR65 for 
single-molecule force spectroscopy measurements using a double-dumbbell opti-
cal tweezers set up. The full-length force-extension traces of different conjuga-
tions including SPAAC, ie-DA, and ybbR-tag methods were evaluated [41]. Other 
approaches, including the use of thiol-pyridine-activated protein [28], F-carboxyl-
modified aptamers [42], and oxime ligation chemistry [43], were also reported to 
generate site-specific modifications. One commercially available product, Site-
Click™ from Thermo Fisher, is intensively used to specifically label the Fc domain 
on an antibody [44]. Nowadays, biorthogonal chemistry and site-specific labeling 
have been used as a regular chemical biology tool in many different research fields.

2.2.3  Enzyme Ligation Method

To further improve the conjugation efficiency and to achieve even more stable 
DNA–protein conjugates, enzyme ligation method has been developed recently as 
an alternative to conventional chemical coupling. It is a unique strategy that forms 
the DNA–protein crosslinking through a DNA-binding enzyme-mediated covalent 
bond formation process.

In 2012, Kobatake and colleagues reported covalently linking ssDNA to a pro-
tein fused with Gene A* with no need of chemical modifications on ssDNA [45]. 
The DNA-binding enzyme Gene A* recognizes and cuts a specific oligonucleo-
tide sequence, and further ligates to the rest of the strand through covalent binding. 
However, the relatively large size of Gene A* (MW = 38,700) limits the expression 
efficiency in E. coli. In 2019, a similar ligation method using a much smaller DNA-
binding enzyme, porcine circovirus type 2 Rep (MW = ca. 13,400), was reported 
by the same group. They constructed DNA–luciferase conjugate via the catalytic 
domain of Rep, demonstrating a sandwich assay for thrombin [46]. Compared with 
other covalent methods, the enzyme ligation approach employs unmodified DNA 
strands, which is more facile and efficient. However, the current enzyme ligation 
method still suffers from low bioactivity of the conjugated enzyme, possibly due to 
the steric hindrance caused by fused DNA-binding protein [46]. One possible solu-
tion is to incorporate flexible peptide linkers to space the enzyme of interest and the 
DNA-binding protein, preserving the bioactivity of both biomacromolecules.

Taken together, we have reviewed here the most widely used conjugation meth-
ods to prepare DNA–protein conjugates. Table 1 and Fig. 4 summarize some of the 
representative chemistries we have discussed above. Nonetheless, ways to achieve 
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new conjugation methods with high reaction rate, high yield under mild conditions, 
and high selectivity are still sought after, which would enable DNA–protein con-
jugates for more challenging biological applications, including investigating living 
cells, imaging human organs, and treating disease in vivo.

3  DNA–Protein Conjugations for Diagnostic Applications

A general design of a typical biosensor consists of two motifs: target recognition 
motif and signal transduction motif. The target recognition motif such as antibody or 
aptamer recognizes biomolecules of interest with high selectivity and binding affin-
ity, while the signal transduction motif transduces the binding process into detecta-
ble signals, followed by signal amplification process so as to achieve high sensitivity. 
Because of the versatile biofunctions of DNA and protein, they can both serve for 
either recognizing or transducing and amplifying signals (Fig. 5) in different usage 
scenarios. Therefore, biosensors for diagnostic applications using DNA–protein con-
jugates can be categorized into two groups based on the different roles of DNA and 
protein played. In this section, we survey these two types of biosensors: (1) protein 
as recognition motif and DNA as signaling motif, and (2) DNA as recognition motif 
and protein as signaling motif. Since the ways functional DNAs and antibodies rec-
ognize biotargets have already been comprehensively discussed in other reviews [49, 
50], we herein focus on how DNAs and enzymes transduce and amplify signals in a 
typical biosensor design to provide low enough limit of detection.

3.1  DNA as Signal Reporter

Detection of antigens with antibodies is the basis of diagnostics in immunology. 
Enzyme-linked immunosorbent assay (ELISA) is the most commonly used method 
to detect target molecules [51]. The sensitivity of the assay can be improved by labe-
ling antibodies with enzymes or isotopes to amplify signals, but the enzyme stability 
and isotope safety are long-lasting issues in application. Instead of using enzymes 
or isotopes, the use of exponential amplification of DNA provides an alternative 
approach to achieve satisfactory limit of detection. In this section, we survey two 
types of assays, immuno-polymerase chain reaction (immuno-PCR) assay and prox-
imity ligation assay (PLA). The basic working principles of immune-PCR and PLA 
are illustrated in Fig. 6 and discussed later.

3.1.1  Immuno‑PCR Assay

Immuno-PCR (IPCR) is an ultrasensitive diagnostic method that integrates the 
advantages of both ELISA and PCR. In a typical IPCR assay design, DNA sequence 
is attached to the Fc domain of an antibody forming the antibody–DNA conjugates. 
In the presence of the target antigens, antibody binds the target molecules through 
sandwich binding mode, immobilizing the whole conjugate onto the surface. DNA 
in the conjugate serves as an indicator molecule, which can be further amplified 
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Fig. 4  Common strategies to conjugate DNA to a protein of interest. a Antibody–antigen interaction. b 
Strept(avidin)–biotin interaction. c Ni–NTA–His6 interaction. d Aptamer–protein interaction. e Strain-
promoted azide-alkyne cycloaddition. f Amine-thiol crosslinking. g Site-specific labeling of antibody 
with DNA using SiteClick™
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Fig. 5  Two designs of a typical biosensor using DNA–protein conjugates. Top: antibody as target rec-
ognition motif and DNA as signal transduction motif. Bottom: DNA aptamer as target recognition motif 
and protein enzyme as signal transduction motif

Fig. 6  Illustration of the working principles of (left) immuno-PCR assay and (right) proximity ligation 
assay (PLA). Both assays rely on the target binding using antibodies and signal amplification using DNA 
reporters
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by DNA polymerase to detect antigens sensitively and quantitatively (Fig. 6). The 
original idea of IPCR was introduced by Sano et  al. in 1992, when they attached 
biotinylated DNA to antibody for the detection of bovine serum albumin (BSA) [3]. 
They observed that the sensitivity of IPCR was more than 100 times higher than 
conventional ELISA for influenza virus antigen detection. Later work demonstrated 
that IPCR is particularly suitable for detecting extremely low levels of antigens, 
achieving approximately 100–10,000 times higher sensitivity than conventional 
ELISA [52–54].

Although IPCR is demonstrated to be highly sensitive with wide dynamic range, 
it still has drawbacks for improvements. First, IPCR possesses high background 
noise due to the generation of heterogeneous products. Second, chemical prepara-
tion process of DNA-antibody compounds is usually complicated and may affect 
the binding ability of antibodies. To overcome these problems, different approaches 
have been developed by increasing the number of linker molecules, introducing 
ready-to-use reagents, and using site-specific labeling methods [55]. For example, 
van Buggenum et al. used fast and convenient Diels–Alder reaction to synthesize a 
cleavable DNA–antibody complex [56]. The strategy was realized by coupling anti-
bodies functionalized with tetrazine and DNA functionalized with trans-cyclooctene 
via a cleavable linker, which can efficiently release DNA strands for detection in the 
latter step. Schultz and colleagues exploited a site-specific conjugation method for 
IPCR to conjugate DNA onto an antibody containing a genetically encoded amino 
acid, significantly improving the sensitivity and specificity (Fig. 7a) [57].

Another potential route to improve the performance of IPCR is the optimization 
of DNA amplification and signal readout process. Gel electrophoresis as the most 
commonly used tool for analyzing quantitative PCR amplification in IPCR is con-
sidered time-consuming and tedious. Advanced PCR techniques such as real-time 
quantitative PCR (RT-qPCR) and droplet-based digital PCR have been integrated 
with IPCR to achieve better signal amplification and lower limit of detection [58, 
59]. In addition, a variety of DNA amplification methods have been adopted in 
IPCR, such as rolling circle amplification (RCA) and hybridization chain reaction 
(HCR), which are based on isothermal amplification strategy, enabling exponential 
DNA amplification without the use of thermal cycles. Recently, Yin and colleagues 

Fig. 7  a Immuno-PCR using site-specific DNA labeling and RCA improving the sensitivity and specific-
ity [57]. b Illustration of the amplification process of immuno-SABER based on primer exchange ampli-
fication [60]

96 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:41  

reported a protein mapping approach called immunostaining signal amplification 
by exchange reaction, termed as immuno-SABER (Fig. 7b) [60]. The signal ampli-
fication process of immuno-SABER is based on primer exchange reaction, which 
enables high-throughput programmable signal amplification via binding multiple 
fluorophore-bearing imager strands to barcoded-DNA in the absence of in situ enzy-
matic reactions. By integration with expansion microscopy, immuno-SABER real-
ized rapid, multiplexed super-resolution imaging of proteins in tissues.

Nowadays, IPCR is used to detect a wide range of targets, including bacteria, 
viruses, and cell antibodies. For example, IPCR was successfully applied to detect 
bacterial pathogens Streptococcus pyogenes and Staphylococcus aureus [61, 62]. 
Cao et al. developed in situ immuno-PCR, in which marker DNA can be amplified 
in a complete cell or tissue section [63]. This technique was further applied to detect 
trace amounts of biomolecules in complete cells with high selectivity, showing great 
potential for detecting hepatitis B virus (HBV) expression [64]. Detection of H1N1 
viruses using IPCR reached 2–3 orders of magnitude higher sensitivity compared to 
ELISA and RT-qPCR [65].

3.1.2  Proximity Ligation Assay (PLA)

Immuno-PCR relies on the ELISA detection using nucleic acids as readouts. The 
target-capture and binding process generally requires solid-phase support using 
microplates or antibody-modified microbeads, which involves multiple washing 
steps to remove unbound conjugates to lower the background. In addition, the mass 
transport at the liquid–solid interface of heterogenous assay may affect the perfor-
mance. Therefore, a real-time and wash-free homogenous assay to detect proteins is 
in high demand [66]. In 2002, Landegren and colleagues developed a homogenous 
protein detection approach, termed as proximity ligation assay (PLA), which relies 
on the simultaneous identification of two epitopes of a protein using two different 
DNA aptamers (Fig. 8a) [4]. The key idea of PLA lies on the spatial constrain of a 
pair of DNA strands as signal output. When two DNA strands are located spatially 
confined with each other in the existence of the target protein, the hybridization 
reaction happens, leading to displacement of the reporter strand. Without a target 
protein, two detection strands cannot interact with each other to generate any signal, 
and thus no washing steps are needed. Compared with IPCR, PLA does not require 
multiple washing steps. The reported sensitivity of PLA is 1000-fold higher than 
conventional assay, enabling more efficient detection of target proteins.

However, the availability of DNA aptamers limits the application of aptamer-
based PLAs. Antibody-based PLA was then developed based upon the simultaneous 
binding of two epitopes on the target protein by a pair of DNA-modified antibodies 
as the probe (Fig.  6). Landegren and colleagues reported the preparation of liga-
tion probes by mixing streptavidin-DNA with biotinylated-antibodies [67]. To fur-
ther improve the performance of PLA, the same group developed a method named 
triple-binder proximity ligation (3PLA), which outputs the specific DNA signal only 
when three DNA motifs are identified by the target protein at the same time [68] 
(Fig. 8b). The 3PLA technique was ca. 40,000 times more sensitive than traditional 
PLA assays. The specific binding to target proteins requires DNA-antibody probes 
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to identify three single epitopes of target simultaneously, which can reduce the non-
specific binding to unrelated proteins nearby. Koos et  al. combined hybridization 
chain reactions (HCR) with PLAs to detect post-translational and protein–protein 
interactions in situ [69]. When the DNA–antibody probes were affiliated with prox-
imity ligation, HCR occurred in the hairpin DNA structure of the probes, producing 
a long, gapped, double-stranded DNA as the signal output. Using this technique, it 
is possible to show the interactions between proteins in living cells. Up to now, PLA 
based on DNA–antibody conjugates is one of the most powerful tools for in  situ 
detection of endogenous proteins. Several commercial PLA kits such as Duolink™ 
and Dovetail™ are available on the market.

Recent advances in PLA were reported by Le and colleagues, who developed a 
novel protein detection method called binding-induced DNA assembly (BINDA) 
based on two probes recognizing the target simultaneously (Fig. 8c) [70]. A pair of 
two DNA motifs is designed to have unstable hairpin structure with another com-
plementary DNA sequence at the end. When two probes identify the target protein 
at the same time, the DNA motifs trigger binding-induced assembly, leading to a 
robust closed-loop structure and released ssDNAs for real-time PCR detection. The 
closed-loop structure increases the melting temperature by 30°, differentiating the 
assembled DNA from the unreacted one. BINDA assay can be easily operated in a 
test tube, decreasing the limit of detection for about  103−105 compared with con-
ventional immunoassays. To further improve the BINDA performance, they further 
developed a DNA three-way junction (TWJ) strategy. After binding target molecule 
and forming DNA duplex, an additional fluorescent dsDNA is introduced to trig-
ger the chain displacement reaction, resulting in a fluorescent three-way junction for 

Fig. 8  Different proximity ligation-based assays. a The first reported PLA design through simultaneous 
identification of two epitopes of the target protein using two DNA aptamers [4]. b Triple-binder proxim-
ity ligation (3PLA) approach [68]. c Binding-induced DNA assembly (BINDA) approach. d Binding-
induced formation of DNA three-way junction (TWJ) for direct fluoresce imaging [70]
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direct fluorescence imaging (Fig. 8d) [71]. TWJ design does not require enzymes 
and heat cycles needed in real-time PCR, which could be used for real-time imaging 
and protein analysis in live cells [72].

To sum up, PLA has been widely used to detect a variety of different biotargets, 
including platelet-derived growth factor (PDGF) [4], cytokines [67], individual 
exosomes [73], and active enzymes in a single cell [74]. The assay is also envisioned 
to have great potential in early stage cancer diagnosis by detecting multiplexed can-
cer biomarkers [75].

3.2  Using Protein as Signal Reporter

In addition to the use of DNA as signal reporter, many sensors employ functional 
DNAs as antibody analogues to recognize target molecules and use conjugated 
enzymes to generate detectable signals. DNA as one type of biomacromolecule can 
not only hybridize complementary strands through base pairing principles but can 
also selectively bind to various target molecules, known as functional DNA (fDNA). 
The fDNAs include aptamers, DNAzymes, and aptazymes, which can bind targets 
like antibodies or perform catalytic activity like enzymes. The identification of 
fDNAs through in  vitro selection or systematic evolution of ligands by exponen-
tial enrichment (SELEX) has generated many fDNA molecules for diverse analytes, 
including metal ions, small molecules, proteins, cells, and intact viral particles [26, 
49].

Protein enzymes are considered as one of the most sensitive reporters due to the 
extremely high enzymatic activity. Enzymes can convert biochemical substrates into 
different detectable signals, such as fluorescent, colorimetric, electrochemical, and 
thermal signals. For example, horseradish peroxidase (HRP) catalyzes oxidoreduc-
tion reactions, resulting in a colored or luminescent precipitate. Another example is 
alkaline phosphatase (ALP), which converts the phosphatase substrate 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) to purple precipitations with nitro blue tetrazo-
lium (NBT).

In this section, we discuss the combination of functional DNAs with enzymes as 
biosensing platforms, in which DNA functions for recognition and enzyme function 
for signal output. This type of sensor design has been widely applied for detection 
of various biomolecules in different applications, such as environmental monitoring, 
industrial quality control, and clinical diagnostics. We categorize this section into 
three types of enzyme-mediated signal transduction processes: (1) generating optical 
and electrochemical signals; (2) producing glucose for PGM-based detection; and 
(3) coupling with nanoparticles to improve the signal outputs.

3.2.1  Optical and Electrochemical Signal Outputs

For the purpose of realizing a faster and safer detection of nucleic acids, 
DNA–enzyme conjugates appeared for the first time in the early 1980s [2], while 
at that time the most common method for nucleic acid detection was radioisotopes 
which is harmful. After hybridization between probe strands and target strands, 
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attached enzymes generated measurable outputs such as optical or electrochemical 
signals, providing a safer and more simplified detection process (Fig. 9a) [76–78].

Optical output, including colorimetric and fluorescent signals, is the most widely 
used output in a typical bioassay design. The colorimetric method allows naked-
eye-based readout requiring no complicated instrument, while the fluorescent 
method requires a spectrophotometer for fluorescence quantification but with much 
higher sensitivity. One of the research interests for the development of bioassays is 
to integrate multiple optical outputs into one single assay by using DNA–enzyme 
conjugates. For example, Oh et  al. reported a smart nanodevice for fast diagnosis 
of biotargets using DNA hybridization-mediated proximity assembly of biochemi-
cal reactions. With the addition of suitable enzyme-cofactor pairs, the detection of 
various biotarget can be realized through colorimetric or fluorescent outputs [79]. 
Another example is to use smart phones to capture optical signals generated by 
DNA–polymerase conjugates in a modular pathogen nucleic acids detection plat-
form (Fig. 10a) [80]. In the absence of the nucleic acid targets, the DNA–polymer-
ase complex was inactivated. Hybridization between the target nucleic acid and 
probe nucleic acid can activate polymerase, resulting in a self-priming signaling 
nanostructure followed by binding to HRP. The visual signals produced by HRP-
catalyzed reaction can be captured and quantified by smart phones.

In addition to optical output, the electrical signal output is another widely used 
sensor readout, which is generally considered more sensitive and accurate. The 
electrical signal transduction process of a typical DNA-enzyme based sensor can 
be easily realized by triggering enzyme–catalyzed reaction on the interface of elec-
tronic transducers [81]. One early work was demonstrated by Fan and colleagues 
who demonstrated an electrochemical DNA sensor based on stem-loop DNA probe 
and digoxigenin-HRP interaction [82]. The presence of the target DNA triggers 
the conformational change of the stem-loop DNA probe with end digoxigenin, 
recruiting HRP to the surface of the electrodes. The electrochemical signal can be 
amplified through  H2O2 reduction and TMB redox reaction, achieving femtomo-
lar detection limit. Povedano et al. developed a biochip to rapidly monitor MGMT 
gene methylation states using 5-methylcytosine (anti-5-mC) monoclonal antibody 

Fig. 9  Illustration of three types of enzyme-mediated signal transduction processes. a Generating optical 
and electrochemical signals. b Producing glucose for PGM-based detection. c Coupling with nanoparti-
cle to improve the sensor performance
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(mAb)-modified magnetic beads. The methylated MGMT gene strand can be cap-
tured by anti-5-mC mAb onto beads surface, and then can be specifically labeled 
with biotinylated DNA. The subsequent binding of strep-HRP enabled the ampero-
metric determination of gene methylation states in raw human serum, cancer cells, 
and tumor tissues (Fig. 10b) [83].

3.2.2  Portable Glucose Meter‑Based Assay

Towards the realization of point-of-care testing (POCT) for clinically important tar-
gets, it is essential to develop compatible, portable, and affordable devices which 
can quantitatively monitor the concentrations of the biomarkers, such as metal ions, 
small molecules, and disease-related proteins [84]. The most successful and com-
monly used POCT device is a personal glucose meter (PGM). In order to apply 
PGM for detection of multifarious biomolecules, it is important to establish a direct 
relationship between generation of glucose and recognition of target molecules 
(Fig. 9b). Lu and colleagues designed a PGM-based assay for many different bio-
targets using DNA–conjugated invertase, which can efficiently catalyze disaccha-
ride sucrose into reductive glucose, realizing PGM-based quantification of cocaine, 
adenosine, interferon-γ, and uranyl (Fig.  11a) [85]. The key setup of the assay is 
based on the magnetic beads immobilized with functional DNA–invertase conju-
gates. The presence of targets triggered the release of DNA–invertase into solution, 
subsequently converting sucrose into glucose for PGM detection. Thus, the direct 
correlation between the concentration of targets and the concentration of glucose can 
be established. This powerful method has been expanded to quantify a large number 
of biotargets using PGM, including nucleic acid disease markers [86], enzymes [87], 
melamine [88], and microRNA in serum matrix [89].

Fig. 10  Two recent examples of using enzyme-induced optical and electric signal outputs in DNA-
enzyme based sensing platforms. a A pathogen detection platform using DNA polymerase for signal 
amplification for visual and fluorescent detection of pathogen nucleic acid [81]. b Fast assessment of 
MGMT gene methylation states using HRP-generated electrochemical signals [83]
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In the design of the first-generation PGM-based assay, it is crucial to fully remove 
the unreleased invertase on magnetic beads from solution in order to suppress the 
background signal. The magnetic separation of heterogeneous invertase largely 
affects the efficiency and usability of the assay. To improve the detection procedure, 
Lu et  al. incorporated a lateral flow device (LFD) with the PGM to facilitate the 

Fig. 11  Enzyme-induced signal outputs coupled with PGM readouts and responsive nanocarriers. a 
Design of PGM-based assay using DNA-conjugated invertase for the detection of various targets [85]. 
b Multimodal detection of small molecular targets using stimuli-responsive liposome as signal reporter 
carrier [92]. c Design of an enzyme-powered micromotor for the detection of target DNAs using the 
movement speed as the signal output [93]
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purification and enrichment of invertase [90]. The sample matrix containing target 
molecules induces the release of DNA–invertase conjugates into the flow, enables 
the production of glucose in the reaction pad, and thus achieves the quantification of 
targets based on the converted concentration of glucose. They further demonstrated 
a logic gate system by coupling DNAzymes and protein enzymes to implement 
PGM response to a variety of biological substances in clinical samples [91].

3.2.3  Nanoparticle‑Based Assay

In addition to optical, electrochemical, and PGM-based assays, current research 
interests have focused on incorporating nanoparticles with DNA–protein conju-
gates into diagnostic systems to further improve the sensor performance. Nanopar-
ticles hold lots of unique physical and chemical properties that are not possessed 
by enzymes or nucleic acids. The incorporation of nanoparticles with DNA–protein 
conjugates would enable synergistic effects, such as enhanced activity and cascade 
reaction, which may further amplify signals or expand the application regimes of 
the sensor (Fig. 9c). In this section, we review the studies using nanomaterials inte-
grated with DNA–protein conjugates to develop sensing systems, in which the tar-
get recognition can trigger the physiochemical response of nanomaterials, leading to 
generation of the signals.

One of the early studies reporting the integration of nanomaterials with 
DNA–protein conjugates is from Niemeyer et al. in 2001, who reported the DNA-
directed immobilization of proteins onto colloidal gold nanoparticles (AuNP) using 
DNA–STV. The bio-hybrid AuNPs have specific recognition capabilities toward 
antigens [94]. In 2006, Hazarika et  al. demonstrated the conjugation of fluores-
cent proteins with DNA–AuNP without impairing their biological activity. The 
hybrid conjugate provided a powerful tool to study distance-dependent fluores-
cence quenching effect by simply changing the lengths of DNA strands bridging 
fluorescent proteins and AuNPs [95]. In 2017, Breger et al. reported the assembly 
of semiconductor quantum dots (QDs) with phosphotriesterases via peptide-DNA 
linkers and observed the enhanced phosphotriesterases activity on QD surface [96]. 
Lu et al. used a DNA scaffold to construct a three-chromophore Förster resonance 
energy transfer (FRET) system containing luminescent QDs, enhanced green fluo-
rescent proteins (EGFPs), and dye-modified oligonucleotides [97]. DNA scaffold 
precisely positioned EGFPs, QDs, and fluorophores with nanoscale accuracy, serv-
ing as a powerful tool to calibrate FRET process.

To improve the assay sensitivity, one route is to pack signal reporters such 
as enzymes into a nanocarrier with confined space so as to increase the reporter 
concentration. Tan and colleagues reported an enzyme-encapsulation strategy 
using aptamer-crosslinked hydrogel as responsive nanocarrier for enzyme report-
ers [98]. The presence of the targets can disassemble DNA hydrogels via target-
aptamer interactions. The encapsulated enzymes can be released into solution 
and actuate the enzymatic reaction leading to matrix color change, which can 
be recognized by naked eyes. Another strategy was reported by Xing et al. who 
developed an enzyme-responsive liposomal nanocarrier for multimodal detec-
tion of small molecules [92]. As shown in Fig.  11b, DNA-phosphatidylcholine 
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2-acetylhydrolase  (PLA2) conjugates were immobilized onto the surface of mag-
netic beads together with aptamer strands. The presence of targets can trigger the 
release of DNA-PLA2 into suspension containing responsive liposomes, breaking 
liposomal containers and releasing loaded signaling agents. By loading with dif-
ferent reporters, such as uranin and gadopentetic acid, the concentration of small 
molecule target cocaine can be determined through multimodal fluorescent and 
MRI detection. Furthermore, they applied the responsive liposome strategy to 
developed thermometer-based small molecule sensor by loading near-IR (NIR) 
photosensitizer into liposomes. The target-triggered release of photosensitizers 
resulted in an increase of temperature upon NIR irradiation, thus enabling the 
quantification of the target using thermometer [99]. Moreover, Ju et al. reported 
an enzyme-powered micromotor as a sensitive and simple DNA sensor [93]. In 
the micromotor design, multilayered DNA–catalase conjugates were immobilized 
on the inner surface of the microtubular structure. The existence of the target 
DNA sequence triggered the release of the DNA–catalase from the micromotor 
and decreased the rate of oxygen generation, resulting in the decrease of motion 
speed (Fig. 11c).

To sum up, enormous achievements have been made by using DNA–protein con-
jugates for diagnostic applications, while challenges still remain to be addressed. 
First, efficient coupling chemistries that can fully preserve both catalytic activity and 
binding affinity of the conjugates are highly desired. Second, the bench-to-bedside 
transition of developed bioassays needs to be accelerated. One possible route is to 
adapt commercially available devices such as PGM for the assay development. By 
addressing the above-mentioned two challenges, we can expect new clinical diag-
nostic tools with better performance based upon DNA–protein conjugates in the 
near future.

4  DNA–Protein Nanoassemblies

Introduced by Seeman in 1982, DNA has been recognized as one of the most prom-
ising structural materials which can programmably assemble into almost any shaped 
nanostructures with a single base pair spatial control, known later as the structural 
DNA nanotechnology [100]. In addition to the broad range of diagnostic applica-
tions enabled by DNA–protein conjugates, increasing research interests in this field 
have been attracted to use structural DNA nanotechnology to construct 3D protein 
structures. The synergistic incorporation of both DNA and protein molecules into 
a highly ordered nanostructure can generate advanced functional nanomaterials for 
biochemistry, bioimaging, and drug delivery applications. In this section, we firstly 
survey studies using versatile structural DNA nanotechnology tools to arrange pro-
teins in 3D environments with sub-nanometer spatial resolution, including dsDNA 
scaffold, DNA tile structure, and DNA origami. Then, the studies of using DNA-
tethered proteins to form 3D protein crystals or 2D protein polymers are reviewed. 
Lastly, we highlight some of the latest work using DNA–protein nanomaterials for 
in vitro and in vivo drug delivery applications.
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4.1  Arrangement of Proteins on DNA Nanostructures

Taking advantage of structural DNA nanotechnology, proteins have been precisely 
arranged onto different DNA scaffolds with high spatial resolution. These attempts 
further lead to the study of protein–protein interactions with spatial proximity and 
the development of assembled nanostructures responsive to external stimuli.

4.1.1  Protein on dsDNA Scaffolds and DNA Tile Structures

One of the earliest attempts to position proteins on dsDNA-based scaffold was 
reported by Niemeyer et al. using biotin–STV interaction in 1994 [5]. DNA–STV 
hybrids served as connectors to conjugate biotinylated IgG or alkaline phosphatase 
on DNA backbone. Since STV molecules are tetravalent, the biotin-binding sites 
can be easily used for functionalization of different biotinylated components, such 
as enzymes and antibodies. This simple approach based on the interactions between 
STV and biotinylated ssDNA was widely used to form randomly assembled and sto-
chastic DNA–protein networks in some early studies. In 1999, Niemeyer et al. used 
STV molecules to bridge adjacent DNA fragments to form linear nanostructures for 
competitive immunoassay, which is more sensitive than conventional methods [14]. 
Since then, different types of constructs based on DNA–protein conjugates have 
been reported, including linear chain, DNA–STV nanocircles, and ion-switchable 
structure, which can switch between branched and circular structures [101].

Nanostructures based on linear dsDNAs or branched DNA junctions are usu-
ally flexible, which are difficult to assemble into more complicated nanostructures. 
Inspired by the pioneering work from Seeman et  al. in designing DNA tile struc-
tures in the 1980s, much effort has been made to programmably decorate proteins 
onto highly ordered DNA tile nanostructures. DNA tiles consist of two or multi-
ple DNA duplexes with exchange strands, exhibiting enhanced rigidity and stability 
compared to that of linear DNAs. Thus, the use of DNA tile structures significantly 
extends the scope and addressability of DNA–protein assemblies. An early example 
was reported in 2003 by Yan et  al., whereby they designed a 2D biotin-modified 
lattice from 4 × 4 DNA tiles (Fig. 12a). DNA-templated STV arrays were achieved 
by using biotin–STV interactions, which were further used as scaffold for produc-
ing highly conductive silver nanowire arrays [102]. DNA tile strategy was further 
applied to fabricate linear protein-nanoparticle hybrid arrays [103], “nanotape” 
with uniform wells for STV fixation [104], and symmetric finite grid with the size 
around 200 nm [105]. Using a three-way DNA junction design, single protein imag-
ing was successfully demonstrated by Selmi et al. They showed that  His6 tag modi-
fied guanine nucleotide binding protein GRi1 formed densely packed protein arrays 
on Tris–NTA-functionalized DNA templates without protein aggregation, enabling 
analysis of GRi1 structure using cryo-EM [106]. In addition, Xu et al. reported a 3D 
tetrahedral cage consisting of a trivalent homotrimeric KDPG aldolase top and a tri-
angular DNA nanostructure base with complementary handles [107].

To extend the functionality and application of DNA–protein nanoarrays, 
conjugation methods have been developed to incorporate different types of 
proteins onto one nanostructure. Lu and colleagues used DNA strands with 
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phosphorothioate (PS)-modified backbone to achieve bioorthogonal positioning 
of STV and myoglobin on dsDNA backbone via biotin- and maleimide-contain-
ing bifunctional linkers [108]. A similar strategy was further used to decorate 
proteins onto the corners of a 3D DNA tetrahedron [109]. Meyer et al. extended 
the bioorthogonal conjugation to attach four different proteins onto a four-way 
junction X-tile motif using four different small-molecule tags [110]. In addition 
to small molecules, biomacromolecules such as aptamers and peptides, which can 
selectively capture target proteins, have also been used to recruit multiple dif-
ferent proteins onto DNA nanostructures. Using this approach, nanoarrays have 
been decorated with multiple different proteins, including antibody, thrombin, 
and platelet-derived growth factor. Furthermore, the ability to arrange enzymes 
onto DNA nanostructure in a controlled manner enables the study of enzyme cas-
cade reactions. Since the diffusion rate of the substrate at the active center of 
an enzyme is a limiting step in a catalytic reaction, spatially ordered enzymes 
are demonstrated to have dramatically increased reaction rates. An enzyme cas-
cade consisting of NAD(P)H-dependent FMN oxidoreductase (NFOR) and lucif-
erase (LUC) on biotinylated dsDNA via biotin–STV interactions was developed 
in an early work [111]. Wilner and colleagues attached a pair of two enzymes, 
either glucose oxidase (GOx) and HRP pair or nicotinamide adenine dinucleo-
tide (NAD+) cofactor and glucose dehydrogenase pair, onto a hexagon-like DNA 

Fig. 12  Two examples of DNA–protein nanoassemblies via positioning protein on DNA tile structure 
or dsDNA scaffold. a Assembly of 2D STV lattices on top of DNA tile structure [102]. b Using TALs 
with DNA-recognizing repeat subunits as staple proteins to realize different dsDNA-based nanostruc-
tures [115]

106 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:41 

strip, showing that the enzyme cascade reaction or cofactor-mediated biocatalysis 
can proceed more effectively [112].

In addition to simply templating proteins onto DNA arrays, it is also possible 
to regulate the geometry of a pre-formed DNA nanostructure using DNA-binding 
proteins. For example, Seeman and colleagues constructed a DNA tile-based nano-
mechanical device by using E. coli integration host factor (IHF) as the trigger. The 
binding of IHF changed the rectangular DNA tile structure to a bend shape [113]. 
Another DNA-binding protein used for regulating DNA nanostructure is RuvA, 
which binds to four-stranded DNA in the Holliday junction and unwinds the duplex 
DNA. Malo et  al. demonstrated that both connectivity and symmetry of a 2D 
DNA–protein lattice can be changed by adding RuvA during the self-assembly pro-
cess [114]. A recent example was reported by Dietz and colleagues who used tran-
scription activator-like (TAL) effector, a protein that can bind to major grooves of 
dsDNA, to fold dsDNA into different shapes (Fig. 12b) [115]. They systematically 
designed a series of TALs with DNA-recognizing repeat subunits as staple proteins 
for dsDNA template. A variety of nanostructures, including square, triangle, double-
ring circle, and multilayer nanostructures can be realized using a cell-free expres-
sion system.

4.1.2  Protein on DNA Origami Structures

In 2006, Paul Rothemund developed a computer-assisted DNA nanostructure design 
principle, coined as DNA origami, to assemble ssDNAs into any predefined nano-
structures [116]. The structure design is based on a 7-kb M13mp18 single-stranded 
viral DNA as backbone and hundreds of well-designed short ssDNAs as staples. 
By designing the sequences of the staple strands, M13mp18 can be folded into 
almost any shape, including world map and the iconic smiling face. Compared with 
dsDNA scaffold and DNA tile structure, DNA origami structure is thermodynam-
ically more stable and more programmable, thus enabling better control over the 
protein immobilization process. Due to the high programmability and addressability 
of DNA origami, significant efforts have been applied to organize proteins onto a 
variety of DNA origami patterns since 2008 [27]. Some well-practiced strategies 
previously used in the formation of protein arrays on dsDNA scaffold and DNA tile 
structure can be easily adapted to this new platform with improved spatial resolu-
tion. For example, His-tagged fluorescent proteins can be immobilized onto DNA 
origami modified with NTA groups, demonstrating the ability to arrange proteins 
in a site-specific manner [23]. Other examples used the purified cowpea chlorotic 
mottle virus capsid proteins (CCMV CPs) to decorate DNA origami surface through 
non-specific electrostatic interactions, improving the intracellular delivery efficiency 
of DNA origami-CCMV complex to HEK293 cell [117].

Similar to using DNA tile structures to study protein interactions, DNA ori-
gami–protein assemblies have also been applied to investigate the distance-
dependent protein interactions and enzyme cascade reactions. Yan and col-
leagues pioneered early studies in this field. They designed and arranged a pair of 
enzymes, GOx and HRP, onto a 2D rectangular origami tile with controlled inter-
enzyme distances ranging from 10 to 65  nm. They observed that the catalytic 
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efficiency was negatively correlated with the inter-enzyme distance and the over-
all reaction efficiency significantly increased by decreasing the distance [118]. 
They further used a similar design to study the diffusion kinetics of intermedi-
ary metabolic products in an artificial multi-enzyme system with three dehydro-
genases in 2016 [119]. They incorporated glucose-6-phosphate dehydrogenase 
(G6pDH), malate dehydrogenase (MDH), lactate dehydrogenase (LDH), and a 
cofactor NAD+ onto a 2D origami tile (Fig. 13a). By controlling the position of 
the substrate, it is possible to regulate multi-enzyme pathways with fast response. 
In addition to aligning enzymes onto 1D or 2D origami tiles, confining enzymes 
within 3D DNA origami structures can also be achieved using the same principle. 
By decorating the inner surface of a 3D tubular structure with multiple protein-
binding ligands, proteins can be encapsulated inside the hollow structure with 
controlled location and orientation [120]. Restricting diffusion of intermediates in 
an assembled DNA hollow chamber was also demonstrated to increase the GOx/
HRP enzyme cascade efficiency [121].

Because of the ability to incorporate versatile coupling chemistries to DNA 
strands, dynamic and reversible modifications of proteins onto DNA origami are 
able to be achieved. Gothelf and colleagues used responsive linker with disulfide 
bond or 1,2-bis(alkylthio)ethene to pattern proteins onto specific locations in a 2D 
origami rectangle [122]. Since disulfide bond and 1,2-bis(alkylthio)ethene can be 
cleaved by dithiothreitol (DTT) and singlet oxygen generated by eosin, respectively, 
the introduction of DTT or eosin leads to release of proteins and change of the pat-
tern. The bond cleavage and forming reactions can be investigated by AFM at the 
single-molecule level. Another reversible approach was demonstrated by Lu and col-
leagues [17]. They took advantage of the binding affinity differences between biotin 
and desthiobiotin toward STV, demonstrating a reversible STV decoration process 
on DNA origami structure. They successfully applied this approach to create an 
encrypted Morse code “NANO” on a single origami tile (Fig. 13b). The selectivity 
and reversibility of the dynamic chemistries demonstrated in these reports indicate 
their potential use in responsive nanomaterials.

In addition to responsive immobilization chemistries, DNA origami structures 
as protein templates have also been installed with dynamic and reversible motifs 
in order to activate and inactivate the activity of the enzyme in a controlled man-
ner. An example of such a concept is the construction of tweezer-like DNA nan-
odevice. Liu et al. designed a DNA tweezer structure and attached a dehydrogenase 
and its NAD+ cofactor to different arms of the tweezer [125]. By adding a specific 
DNA sequence as the trigger, the switch of the DNA tweezer from an open state to a 
closed state decreased the enzyme-cofactor distance, thus resulting in the change the 
enzymatic kinetics. Grossi et al. designed a DNA origami “nanovault” to encapsu-
late a single endopeptidase alpha-Chymotrypsin inside [126]. The enzymatic activ-
ity can be turned on and off through reversible DNA hairpin “locks”. Despite all 
these achievements, the mechanism of how DNA scaffolds interact with enzyme 
activity is still under debate. Some hypotheses, including the proximity between cat-
alysts and substrates, stabilizing effect of the negatively charged DNA strands, local-
ized optimal pH environment, have been proposed and partially supported by some 
observations, calling for further investigations [127, 128]. Each of these studies 
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Fig. 13  Four examples of nanoassemblies based on proteins and DNA origami structures. a Assembly 
of G6pDH, MDH, and LDH on a 2D origami tile to study the enzyme cascade [119]. b Design of a 
reversible STV decoration process on DNA origami based on biotin and desthiobiotin modifications 
[17]. c Cryo-EM reconstruction of the membrane protein by trapping a single membrane protein within a 
DNA origami nanobarrel [123]. d Design of a DNA origami rotor with fluorescent dye to study the DNA 
unwinding process mediated by RecBCD helicase at the single-molecule level [124]
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offers opportunities for investigating the distance-dependent substrate diffusion and 
mimicking the catalytic process of natural enzymes.

Furthermore, recent explorations of potential applications enabled by pro-
tein–DNA origami nanocomplexes have led to creative studies in single-molecule 
imaging. One of the examples is the use of DNA origami scaffolds to accurate the 
cryogenic electron microscopy (cryo-EM) imaging of membrane protein, which is 
difficult to crystallize. A recent study reported the use of a hollow DNA origami 
cage to control the orientation of a dsDNA-binding protein p53, improving the 
identification of single protein particle and the alignment during cryo-EM imaging 
process [129]. The center of the hollow origami structure was designed to local-
ize p53-binding sequence at different positions to align p53 in different tilt angles, 
thus benefiting the computer-assisted tomographic reconstruction. A similar strategy 
to trap a single membrane protein α-hemolysin within a lipid-modified DNA ori-
gami nanobarrel was reported by Dong et al. The hydrophobic interactions between 
α-hemolysin and lipids helped the alignment and cryo-EM reconstruction of the 
membrane protein (Fig. 13c) [123]. Zhuang and colleagues developed a DNA ori-
gami-rotor-based imaging and tracking (ORBIT) method to study the DNA unwind-
ing process mediated by RecBCD helicase at the single-molecule level [124]. A 
DNA origami rotor with fluorophore labeling was attached to a RecBCD-binding 
dsDNA, enabling the DNA rotation measurement at a time resolution of millisec-
onds (Fig. 13d). Altogether, these studies indicate the potential of DNA origami as 
promising toolboxes for exploring important biological questions that are difficult to 
approach using conventional strategies.

4.2  Protein Superlattices and Protein Polymers Enabled by DNA

In the previous section, we surveyed DNA–protein nanoassemblies based on DNA 
nanostructures including dsDNA scaffold, DNA tile, and DNA origami. In these 
cases, DNA structures serve as the principal framework to template protein mol-
ecules, determining the final topology and organization of proteins. While DNA 
nanostructure offers precisely spatial control over protein position and orientation, 
generating extended protein nanoassemblies up to micrometer scale is still challeng-
ing. Unlike origami approach which decorates protein “cherries” onto a finite DNA 
nanostructure “cake”, Mirkin and other researchers utilize complementary DNA 
base pairing as the “glue” to program the protein–protein interface, forming well-
defined protein polymers or 3D superlattices.

In nature, proteins bind to each other on specific epitopes through a combina-
tion of van der Waals forces, hydrophobic interactions, and salt bridges. Alterna-
tively, native protein–protein interactions can be exchanged with programmable 
DNA–DNA hybridizations to direct the assembly of DNA-modified proteins. The 
concept of surface-driven DNA-mediated protein assembly was firstly reported in 
2004, where Cowpea mosaic virus (CPMV) particles were crosslinked by 20-bp 
surface DNA strands into disordered aggregates [130]. By introducing short “sticky 
ends” of 4–10 bp to surface DNA strands on protein, an ordered NaTl lattice struc-
ture was reported to form from DNA-modified inorganic particles and Qβ virus 
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capsid particles [131]. The introduction of short “sticky ends” enables reorgani-
zation of the lattice into a thermodynamically stable structure, thus leading to an 
ordered crystal. A more thorough work to investigate the design principles of DNA-
mediated protein crystallization was reported by Bordin et al. in 2015 [132]. They 
chose a tetrameric catalase of D2 symmetry as the model system and functionalized 
DNA strands onto protein through surface lysine residues (Fig. 14a). As lysine resi-
dues are relatively evenly distributed on catalase surface, DNA modifications can be 
considered as isotropic. By applying the DNA-mediated design rules Mirkin’s group 
established for inorganic systems [133], catalase can be deliberately constructed into 
six unique lattices consisting of either pure proteins or a combination of proteins 
and AuNPs. Importantly, catalase retained its catalytic activity after DNA modifica-
tion. Some lattice structures even showed well-defined rhombic dodecahedral crys-
tal habits.

So far, DNA-functionalized proteins are relatively isotropic, which normally gen-
erate cubic lattice like spherical building blocks behave. In 2017, Mirkin and col-
leagues used β-galactosidase (βGal) to demonstrate a residue-specific DNA modi-
fication approach to decrease symmetry of surface chemistry [134]. βGal presents 
ca. 32 lysine residues and eight cysteine residues at different positions on surface, 
which can be functionalized with DNA through different conjugation chemistries. 
βGal with DNA modifications on evenly distributed lysine residues generated cubic 
CsCl lattice with complementary AuNPs, while βGal with DNA modifications on 
cysteine residues resulted in low-symmetry  AB2 lattice because of the decreased 
binding sites (Fig. 14b). They further designed a protein–DNA Janus particle con-
sisting of two GFP molecules modified with orthogonal DNA strands as asym-
metric building block for crystal engineering [135]. The GFP molecule contains a 
single surface cysteine mutation and 18 native surface lysine residues and thus can 
be installed with two different DNA strands. Two GFP molecules can be dimerized 
into one Janus protein particle through the complementary DNA strands attached 
to cysteine, exposing orthogonal lysine strands on the opposite faces. The Janus 
protein–DNA particle of low symmetry can crystallize with two sets of AuNPs of 
different sizes, generating low-symmetry, hexagonal layered lattices. The ability to 
incorporate site-specific DNA modifications onto a protein surface to generate ani-
sotropic building blocks significantly expands the scope of DNA-mediated colloidal 
crystal engineering.

In addition to 3D crystals, protein polymers engineered with DNA have also 
been explored recently. To design linear protein polymer structures from DNA–pro-
tein conjugates, it requires well-defined directional DNA modifications on the pro-
tein surface. Similar to the modification approach used in developing Janus pro-
tein–DNA particles, McMillan et al. introduced short DNAs at the desired sites on 
the surface of a βGal through genetic mutation [136]. By designing the DNA modi-
fication sites closely positioned on βGal, DNA-βGal can assemble into segmented 
wire-like polymers via face-to-face cooperative hybridization (Fig. 14c). A similar 
strategy to form DNA-mediated 1D protein structure was demonstrated by Aida and 
colleagues using a heptamer GroEL protein with central cavity [137]. They modified 
two sets of GroELs with complementary DNA strands at their apical domains, form-
ing 1D stable GroEL nanotubes. McMillan et al. further investigated two types of 
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Fig. 14  Representative protein 3D superlattices or protein polymers. a Catalase evenly functionalized 
with DNA assembled into CsCl lattice [132]. b βGal can be modified through either lysine or cysteine 
residues. Selective DNA modification on βGal alters the crystallization of proteins with complementary 
AuNPs [134]. c Linear βGal polymer chain from two sets of βGal molecules modified with complemen-
tary DNA strands [136]. d Step-growth polymerization of mGFP–DNA monomers [138]
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protein polymerization modes mediated by DNA [138]. They synthesized two sets 
of DNA-monofunctionalized mutant GFP (mGFP-DNA) as monomers for polym-
erization (Fig. 14d). By attaching ssDNA or hairpin DNA onto mGFP, it is possible 
to tune polymerization pathways of mGFP-DNA into step-growth or chain growth, 
respectively. As demonstrated by cryo-EM images, the step-growth process provided 
cyclic and linear polymer distributions, while the chain-growth pathway generated 
mostly 1D linear chains. The approach of using DNA to interface protein–protein 
interactions provides a potentially generalizable strategy to construct protein-based 
oligomers, polymers, and even 3D crystalline materials with exceptional control 
over their structures.

4.3  DNA–Protein Nanoassemblies for Biomedical Applications

So far, we have discussed the formation of different types of DNA–protein 
nanoassemblies. We have learned that proteins can be decorated onto DNA nano-
structures with spatial control and DNA can also program protein–protein inter-
actions forming polymers or crystals. Recently, emerging studies have focused on 
developing DNA–protein nanoassemblies for biomedical applications [139]. Though 
both DNA and proteins are important biomolecules for gene therapy and targeted 
medication, the efficient delivery of them in vivo is still challenging. DNA can be 
rapidly cleared by the kidneys through filtration because of the small size. Protein 
can be easily inactivated and degraded in blood vessels. Both of them also suffer 
from inefficient intracellular uptake issues. Therefore, a DNA–protein nanoassembly 
as a new type of delivery vehicle has been studied to overcome these challenges.

One strategy is to use spherical nucleic acid structures with a protein core, termed 
as ProSNA, to facilitate the intracellular delivery of both protein and DNA [140]. 
ProSNA with a highly oriented DNA shell exhibits some intriguing properties 
including low toxicity, minimum immune response, enhanced ability to penetrate 
biological barriers, and efficient delivery of nucleic acids and enzymes [141]. Bro-
din et al. used βgal as model enzyme and attached 25 DNA strands onto one protein 
to form a ProSNA structure [140]. The βgal ProSNA showed up to 280 times higher 
cellular uptake efficiency than the native βgal in several mammalian cell lines, pos-
sessing good stability to catalyze the hydrolysis of β-glycosidic linkages in live cells 
(Fig. 15a). Another promising approach is to use DNA origami structures loading 
with enzyme cargo for cellular delivery [142]. Ora et al. used tubular DNA origami 
to deliver Lucia luciferase into cells, facilitating the endocytosis process and pro-
tecting the enzyme activity during transportation process. In 2017, Nikolov et  al. 
used DNA origami for the delivery of multiprotein complexes. In contrast to con-
ventional nanomaterial endosome–lysosome uptake process, which may decrease 
protein activity and induce protein degradation, they used microfluidic “cell squeez-
ing” to create transient holes on cell membrane, enabling multiprotein–origami 
complexes to directly enter cytoplasm [143]. Furthermore, Douglas et al. reported 
a unique aptamer-gated nanorobot loaded with combination of antibody fragments 
[144]. The aptamer locks can be opened by protein-induced displacement, activating 
the antibody within. The nanorobots were demonstrated to suppress Jun N-terminal 
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Fig. 15  Four examples of DNA–protein nanoassemblies for biomedical applications. a βgal ProSNA 
showed higher cellular uptake efficiency in several cell lines [140]. b An aptamer-gated nanorobot trig-
gered by protein-induced displacement can be used to tune signaling pathway [144]. c A DNA origami-
based nanorobot can release thrombin cargos at a specific site to inhibit tumor growth [145]. d Self-
assembled DNA nanoclews can deliver CRISPR-Cas9 for gene editing [146]
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kinase (JNK) and Akt (protein kinase B) cell-signaling in tissue culture (Fig. 15b). 
An example of using DNA origami structure loaded with enzymes for in vivo antitu-
mor therapy has been reported by Li et al. [145]. They constructed a nanorobot con-
sisting of thrombin-loaded origami structure and AS1411 DNA aptamer “lock” that 
binds nucleolin. At the initial state, nanorobot was in a closed conformation with 
loaded thrombin protected. When approaching the tumor site in vivo, overexpressed 
nucleolin bound to AS1411 and opened the aptamer “lock”, exposing the loaded 
thrombin molecules (Fig.  15c). The exposed thrombin induced the coagulation at 
the tumor site, resulting in intravascular thrombosis and inhibition of tumor growth.

Furthermore, DNA–protein nanoassemblies have been applied to deliver the 
CRISPR-Cas9 system, which is a revolutionary gene editing tool. One of the major 
barriers restricting its further clinical translation is the lack of safe and effective 
delivery vectors. Recently, DNA nanostructures have emerged as a promising deliv-
ery platform to deliver CRISPR-Cas9 for gene editing in vivo. Gu et al. constructed 
self-assembled DNA nanoclews through rolling-circle amplification [146]. Cas9/
sgRNA is then loaded onto the surface of nanoclew through partial base-pair hybrid-
ization between sgRNA and DNA on nanoclew (Fig. 15d). Further compression of 
Cas9/sgRNA-loaded DNA nanoclew with polyethyleneimine facilitated its endoso-
mal escape, improving gene editing efficiency. A Cas9-AuNP delivery system was 
reported by Murthy et al. [147]. Cas9/sgRNA complex was hybridized onto DNA-
modified AuNP together with donor DNA. The system can simultaneously deliver 
Cas9/sgRNA and donor DNA to the target tissue through local administration, 
thereby achieving homology-mediated directional repair of dsDNA. They demon-
strated the correction of the DNA mutation causing Duchenne muscular dystrophy 
in a mice model with minimal off-target effects.

In summary, the nanostructures reviewed here not only protect protein and DNA 
cargos from denaturation but also enhance the cellular uptake efficiency and in vivo 
efficacy. It is foreseeable that DNA–protein nanostructures of superior programma-
bility and biocompatibility are promising drug delivery platforms with broad bio-
medical application prospects.

5  Conclusions and Perspectives

We have reviewed the research progress of synthetic DNA–protein conjugates over 
the past decades. Synthetic methods to efficiently conjugate nucleic acid with pro-
tein are summarized, including covalent coupling chemistries and non-covalent 
interactions. DNAs as well as proteins can both function in target recognition and 
signal transduction process, enabling a vast number of biosensor designs. We have 
surveyed the use of DNA–protein conjugate as an analytical tool for the detection of 
biomarkers, which are important for early diagnosis of diseases. The achievements 
in exploring DNA–protein conjugates for building functional nanostructures as well 
as developing novel therapeutic agents are also summarized. Specific properties of 
DNA–protein conjugates that have been leveraged to enable these applications are 
(1) the diverse conjugation chemistries which are stable in physiological conditions 
and applicable to different types of proteins without impact much on the biological 
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activities; (2) the combination of with both target recognition and signal amplifica-
tion properties into one construct, enabling a variety of biosensors of high sensitiv-
ity; and (3) the ability of Watson–Crick hybridization that can organize proteins in 
3D space with single-base spatial resolution.

Despite all the achievements, challenges still remain in developing and using 
DNA–protein conjugates. For example, non-covalent methods to construct 
DNA–protein conjugates do not have high binding affinity, while the covalent meth-
ods require cumbersome reaction procedures. Thus, a highly robust and facile syn-
thetic approach compatible with native nucleic acids and proteins is still sought after. 
In addition, although DNA–protein conjugates have been used for in vitro clinical 
diagnosis, their applications for therapy and in vivo detection are still at early state. 
Possible reasons could be the batch-to-batch variations in preparing the samples 
and the difficulty in controlling the bioactivity in living systems. To develop opti-
mized DNA–protein conjugates suitable for an even broader range of applications, 
we envision here three potential research strategies that may significantly improve 
the preparation process, the functionality, and the application of the conjugates. The 
first strategy is to employ enzymatic ligation to improve the synthesis process of 
DNA–protein conjugates. The second strategy is to incorporate stimuli-responsive 
motifs into the conjugate to dynamically control the biofunctions. Finally, novel 
synthetic biology and chemical biology tools that may facilitate the development of 
DNA–protein conjugate are needed.

A promising approach to speed up the preparation of DNA–protein conjugates 
is the use of enzymatic ligation method. Conventional conjugation methods based 
on coupling chemistry require the terminal-modified DNA sequences, leading to 
tedious synthesis and purification procedure. The bioactivity may also be largely 
affected. To solve the problems, DNA-binding enzymes in the replication initiator 
protein (Rep) family, such as porcine circovirus type 2 Rep (pRep) and Gene A*, 
can be genetically fused with the protein of interests, serving as binding sites for 
ssDNA [45]. Using this method, the engineered proteins can be covalently linked to 
ssDNA through sequence-dependent cleavage and ligation. The enzymatic ligation 
process is facile and efficient. It does not need any chemical modifications on DNAs 
and the reaction time is normally within 30 min. The enzymatic ligation method can 
be envisioned to be applied to many different types of proteins, revolutionizing the 
preparing of DNA–protein conjugates.

Up to now, using DNA–protein conjugates for sensing and biomedical appli-
cations in living system is still at a very early stage and only a few examples 
have been reported. The lack of spatial and temporal control over bioactivity 
may result in unexpected turn-on of the fluoresce and increased background sig-
nal during the delivery process, affecting the results obtained in vivo. To address 
this issue, stimuli-responsive strategies, which can enable spatial–temporal con-
trolled activation of biofunctions, have been introduced to design DNA–protein 
conjugates. In particular, the DNA nanostructures can adapt photolabile or other 
stimuli-responsive motifs, serving as regulators to tune the activity of the associ-
ated proteins. One of the early works using photoactivation strategy was reported 
by Tan et al. [148]. They introduced azobenzene molecules into DNA duplex base 
pairs. By switching between UV and visible light, the cis–trans transitions of 
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azobenzene lead to duplex structure switching, thus changing the catalytic activi-
ties of GOx and HRP attached to the DNAs. In addition to photo control, some 
emerging studies have also been focusing on using biochemical stimuli to regu-
late the activity of the enzymes. For example, when β-lactamase was attached 
to four λ phage DNA branches, the enzymatic activity can be tuned up or down 
through unfolding or folding of the DNA branches [149]. The activity turn-on 
and turn-off can also be triggered by adding biomolecules such as specific DNA 
strands as “key” to open and close a 3D dynamic DNA origami nanocontainer 
[144]. Nonetheless, strategies to achieve high spatiotemporal control of the activ-
ity are highly required for advanced bioimaging and biosensing in live species.

Furthermore, ways to accelerate the development process of DNA–protein 
conjugates are in high demand. One potential direction is to adapt state-of-art 
chemical biology and synthetic biology tools to genetically express and assemble 
DNA–protein conjugate as a whole product in  vivo. One method to genetically 
encode ssDNA in living bacteria is the use of reverse transcriptase [150]. Geneti-
cally encoded DNA–protein nanostructures have been reported recently using a 
cell-free transcription and translation mixture system [115]. If one can efficiently 
incorporate protein expression together with ssDNA expression in vivo, it is pos-
sible to achieve one-step biosynthesis of versatile DNA–protein conjugates using 
well-established yeast or E. coli systems. In this vein, large-scale, low-cost man-
ufacturing of many different types of DNA–protein conjugates can be possibly 
realized without further purification, which potentially lowers development costs 
and facilitates development cycles. Further high-throughput screening technolo-
gies towards structure and activity optimization can then be developed to identify 
the best formulation for clinical applications.

To sum up, we foresee a bright future for the use of DNA–protein conjugate as 
a dual functional biomaterial that has great potential for diagnostic, therapeutic, 
and nanoassembly applications. We believe that further improvements in enzy-
matic ligation methods, stimuli-responsive structures, and advanced synthetic 
biology tools will facilitate the research and development cycles for DNA–protein 
conjugates. Multifunctional and robust biomaterials could then be achieved by 
integration of the protein libraries and the DNA nanostructures. The improved 
DNA–protein hybrid nanomaterials will afford a broader range of diagnostic 
applications from field tests to in situ single cell analysis. At the same time, the 
ability to create structure–function controlled DNA–protein nanostructures will 
help not only the understanding of biological processes but also the development 
of personalized medications.
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Abstract
Cellular functions rely on a series of organized and regulated multienzyme cascade 
reactions. The catalytic efficiencies of these cascades depend on the precise spatial 
organization of the constituent enzymes, which is optimized to facilitate substrate 
transport and regulate activities. Mimicry of this organization in a non-living, arti-
ficial system would be very useful in a broad range of applications—with impacts 
on both the scientific community and society at large. Self-assembled DNA nano-
structures are promising applications to organize biomolecular components into pre-
scribed, multidimensional patterns. In this review, we focus on recent progress in 
the field of DNA-scaffolded assembly and confinement of multienzyme reactions. 
DNA self-assembly is exploited to build spatially organized multienzyme cascades 
with control over their relative distance, substrate diffusion paths, compartmentali-
zation and activity actuation. The combination of addressable DNA assembly and 
multienzyme cascades can deliver breakthroughs toward the engineering of novel 
synthetic and biomimetic reactors.

Keywords Biomimetic systems · DNA nanotechnology · DNA scaffolded 
assembly · Enzyme encapsulation · Enzyme immobilization · Enzyme regulation · 
Multienzyme cascade · Synthetic reactors
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CH  Chlorohexane
DSS  Disuccinimidyl suberate
DTPC  DNA-templated protein conjugation
DX  Double-crossover DNA tile
G6PDH  Glucose-6-phosphate dehydrogenase
GOx  Glucose oxidase
HRP  Horseradish peroxidase
IDE  Inhibitor–DNA–enzyme
LDH  Lactate dehydrogenase
MDH  Malic dehydrogenase
MTG  Microbial transglutaminase
NHS  N-hydroxysuccinimide
NiR  Nitrite reductase
ORBIT  Origami-rotor-based imaging and tracking
Paz  Pseudoazurin
Pg  Plasminogen
PLP  Pyridoxal 5′-phosphate
SK  Streptokinase
SMCC  Succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate
SPDP  Succinimidyl 3-(2-pyridyldithio) propionate
STVs  Streptavidins
TAL  Transcription activator-like

1 Introduction

Multistep enzyme pathways play critical roles in cellular metabolism that produces 
biomolecules and harvests energy for sustaining and propagating living systems. 
As of 2019, 7727 different enzymes have been recorded in the BRENDA database, 
a comprehensive enzyme information system, including enzymes found in human 
cells and bacteria. These enzymes catalyze more than 5000 different biochemical 
reactions in the human body [1]. Enzyme cascades are highly sophisticated sys-
tems that control and regulate thousands of chemical reactions in cells. Peter Roach 
described chaos reactions with a set of spatio-temporally disorganized enzymes  as 
a symphony without a conductor [2] (Fig.  1a). Enzyme cascades, therefore, can 
behave as a conductor of a symphony, controlling and guiding biochemical reac-
tions into productive and coordinated pathways. The functions of many pathways 
critically depend on the relative position, orientation and number of participating 
enzymes [3, 4]. Living things have evolved several strategies to organize and con-
fine multienzyme reactions. One such strategy is a protein scaffold, such as the 
long, glycoprotein “scaffold” used by cellulosomes to selectively integrate vari-
ous cellulases and xylanases into a proximity complex for the efficient binding and 
degradation of cellulose [5]  (Fig.  1b). Another example is substrate channeling; 
as shown in Fig. 1c, an indole tunnel observed in a tryptophan synthase α2β2 com-
plex passes indole intermediates between active sites of the alpha subunit and beta 
subunit at a very rapid rate of 1000  s−1 or faster [6]. A third biological strategy, 
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compartmentalization, shown in Fig. 1d, is used by bacterial carboxysomes to carry 
out carbon dioxide  (CO2) fixation [7].

The ability to exert control over these biochemical pathways on the nanoscale will 
not only increase our understanding of cellular metabolism, but also provide innova-
tive tools to mimic and translate cellular mechanisms into non-living artificial sys-
tems for novel applications. Recent decades have seen the development of various 
approaches to create artificial multienzyme complexes, including genetic fusion [8], 
chemical crosslinking [9], surface co-immobilization [10], polymer vesicles [11–13] 
and virus-like particles [14, 15]. However, several obstacles remain in terms of their 
broader applications, such as limited control over the spatial arrangement (sizes and 
shapes), low encapsulation yield of large proteins due to steric hindrance, insuffi-
cient access of substrates to enzyme assemblies and aggregation of vesicle shells. It 
also remains challenging to engineer biomimetic functions on nanoreactors, such as 
artificial nanopores that govern the transmembrane diffusion of molecules and the 
feedback regulation of enzyme functions.

Double-stranded DNA (dsDNA) is a self-assembling biopolymer that is directed 
by Watson–Crick base pairing. Ned Seeman first proposed and demonstrated that 
artificially branched DNA tiles could be assembled by rationally designed single-
stranded DNA (ssDNA) [16]. Such structures can have complex shapes beyond 
those attained by biological evolution and can be designed using “simple” ele-
ments, such as the “Holliday” junction (Fig.  2a) and double-crossover (DX) tiles 
(Fig.  2b) [16–19]. Two key breakthroughs in structural DNA nanotechnology are 

Fig. 1  Cellular multienzyme cascade pathways. a A cartoon of symphony performance to describe the 
integrated and regulatory function of enzyme cascades. Reproduced from Roach [2], with permission, 
copyright 1977, Trends in Biochemical Sciences. b The proximity assembly of enzymes on a protein 
scaffold in a cellulosome. Reproduced from Bayor et al. [5], with permission, copyright 2004, Annual 
Review of Microbiology. c Substrate channeling in tryptophan synthase. Reproduced from Miles et  al. 
[6], with permission, copyright 1999, American Society for Biochemistry and Molecular Biology. d 
Confined carbon dioxide  (CO2) fixation in a carboxysome. Reproduced from Yeates et al. [7], with per-
mission, copyright 2010, Annual Review of Biophysics 
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scaffolded DNA origami, invented by Paul Rothemund in 2006 (Fig. 2b) [20], and 
ssDNA tiles (SST), reported by Peng Yin in 2012 (Fig. 2c) [21, 22]. These meth-
ods have empowered the design and fabrication of complex and multidimensional 
nanostructures, including one-dimensional (1D) nanotubes, two-dimensional (2D) 
rectangular or triangular shapes [20], curved containers [23, 24], nanoscale polyhe-
drons [25], polyhedral meshes [26, 27] and periodic DNA crystals [28, 29]. Recent 
progress has been made to scale up DNA assemblies in terms of size and quantity 
[30] and to fold nanostructures with single-stranded nucleic acids [31]. To facilitate 
the design of DNA nanostructures, several computational tools, including TIAMAT 
[32], NUPACK [33], caDNAno [34] and CanDo [35], have been developed that ben-
efit researchers worldwidely.

DNA nanostructures are promising assembly scaffolds for positioning other ele-
ments into diverse patterns at the nanoscale [36, 37]. As shown in Fig.  2d, DNA 
scaffold-directed assembly has the advantages of programmable and prescribed 
geometry, sequence-addressable assembly and adaptability to various bioconjuga-
tions [36]. Utilizing these unique features, Researchers have used DNA nanostruc-
tures to assemble complex biomolecular systems, such as multienzyme complexes, 
protein confinement and biomimetic channeling [37, 38]. They have also been used 
to guide the assembly of synthetic vesicles, including membrane confinement [39, 
40] and transmembrane nanopores [41, 42].

In this review, we summarize and discuss the recent progress in the field of DNA 
scaffold-directed assembly of multienzyme reactions, including proximity assembly, 
confinement, biomimetic substrate channeling and regulation circuits, as well as bio-
conjugation techniques of hybrid DNA–protein structures.

2  Protein–DNA Bioconjugation

A variety of chemical methods have been developed to attach proteins to DNA 
nanostructures [37, 43]. Most DNA–protein conjugations can fall into one of three 
categories: covalent crosslinking, noncovalent binding and fusion tags (summa-
rized in Table 1). Covalent crosslinking usually involves conjugation of an existing 
amino acid group (e.g. primary amine or thiol) on the protein surface to a chemi-
cally modified oligonucleotide. For example, succinimidyl-4-(N-maleimidomethyl) 
cyclohexane-1-carboxylate (SMCC) and succinimidyl 3-(2-pyridyldithio) propion-
ate (SPDP) are two widely used crosslinkers that conjugate a primary amine from 
a lysine residue on an enzyme surface to a thiol-modified oligonucleotide [44, 45]. 
The difference between the two crosslinkers is that the disulfide linkage of SPDP is 

Fig. 2  Overview of structural DNA nanotechnology. a A four-way “Holliday” junction. Reproduced 
from Seeman [19], with permission, copyright 2003, Springer Nature. b DNA double-crossover (left) 
and triple-crossover (right) tiles. Reproduced from Zadegan and Norton [18], with permission, copyright 
2012, MDPI. c DNA origami assembly. Reproduced from Rothemund [20], with permission, copyright 
2006, Springer Nature. d Assembly of single-stranded DNA tiles. Reproduced from Wei et al. [21], with 
permission, copyright 2012, Springer Nature. e DNA scaffold-directed assembly of biomolecular com-
plexes. Reproduced from Fu et al. [36], with permission, copyright 2019, John Wiley and Sons

▸
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cleavable upon the addition of a reducing reagent, such as T-CEP or mercaptoetha-
nol, while the linkage of SMCC is not cleavable. SMCC and SPDP crosslinkers are 
generally not site-specific in their reaction with lysines due to the presence of multi-
ple lysine residues on the protein surface. The product of such non-specific conjuga-
tion is a heterogeneous mixture of DNA-tagged proteins. In some studies, SMCC or 
SPDP was used to conjugate a cysteine residue of a protein with an amine-modified 
DNA strand. This could be site-specific if there were only one cysteine displayed on 
the protein surface, such as cytochrome c [46]. Another commonly used crosslinker 
is disuccinimidyl suberate (DSS) in which the double succinimide ends can react 
with two primary amines to link them together [47]. DSS is especially useful for 
conjugating amine-modified ssDNA with organic cofactors, such as NAD or ATP 
[47–49].

Considerable progress has been made over the past two decades to improve the 
site-specificity of DNA–protein crosslinking. Click reactions (such as copper-cat-
alyzed, azide-alkyne cycloaddition) combined with non-natural amino acid incor-
poration can produce easily purified conjugates with high site-specificity and yield 
[50]. To reduce the toxic damage of copper ions, Khatwani et  al. used a copper-
free click reaction (e.g. strain-promoted [3 + 2] azide-alkyne cycloaddition) to 
produce protein–DNA conjugates [51]. Francis and coworkers reported a protein 
bioconjugation at an N-terminal amino acid via a pyridoxal 5′-phosphate (PLP)-
mediated transamination reaction [52], and Takeda et al. reported the development 
of a method to chemically modify an oligonucleotide to a N-terminal cysteine of a 
protein [53]. Proximity ligation has also been applied to site-specific labeling of an 
oligonucleotide on a protein by affinity binding-mediated conjugation [54]. Rosen 
et  al. developed a DNA-templated protein conjugation (DTPC) technique to cre-
ate site-selective DNA–protein conjugation [55]. In the DTPC technique, a guiding 
DNA strand first co-locates with a metal-binding site of a protein, followed by the 
introduction of a second DNA strand that conjugates to the lysine residues in the 
vicinity of the metal-binding site. For a more detailed discussion of site-selective 
conjugation of native proteins with DNA, the reader is referred to a recent review by 
Trads et al. [56].

Noncovalent binding may also be used to link DNA with proteins. The classic 
example is that of the strong binding of biotin to streptavidin [dissociation constant 
(Kd) < 10−12 M] to attach a biotinylated DNA to a streptavidin [57] or streptavidin-
tagged enzymes [58]. With the development of oligonucleotide aptamers, aptamer-
directed assembly has been adapted to immobilize proteins onto DNA nanostruc-
tures by site-specifically incorporating aptamer sequences into DNA nanostructures. 
This approach has been demonstrated to effectively anchor multiple protein targets 
onto rationally-designed DNA nanoscaffolds, including thrombin [59], platelet-
derived growth factor [60] and cell–cell interactions [61]. More importantly, DNA 
nanostructures can be used to organize multivalent aptamers with optimized spac-
ing distances to enhance their binding affinity [62]. These spatially optimized mul-
tivalent aptamers bind to a protein with low nanomolar—or even picomolar—Kd, 
whereas a single aptamer–protein binding is much weaker with several hundred-fold 
higher Kd [62, 63]. Similarly, short polypeptide ligands can also be positioned onto 
the surface of DNA nanostructures for protein binding (e.g. antibody, tumor necrosis 
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factor-α and transferrin) [64, 65]. In addition to aptamers, reconstituted apoenzymes 
are used to tightly bind to an organic cofactor-modified oligonucleotide [66].

Genetically modified proteins with a short peptide tag or a fusion tag offer more 
control over the site-specificity of any DNA–protein conjugation. Poly(histidine)6 is 
one widely used peptide tag that can be incorporated into either the N- or C-termi-
nus of a protein by binding to a nitrilotriacetic acid (NTA)-modified oligonucleotide 
in the presence of nickel ions [67]. In the last 20 years many techniques have been 
developed for constructing recombinant (terminus fused) proteins that can bind with 
ligand-modified nucleic acids. For example, intein-fused proteins can ligate with 
an N-terminal cysteine-tagged oligonucleotide via the formation of a peptide bond 
linkage [68]. The research group of Niemeyer and coworkers used “Halo-tag”- and 
“SNAP-tag”-modified proteins to conjugate with chlorohexane (CH) or benzylgua-
nine (BG)-modified oligonucleotides, respectively [69]. Similar examples of fusion-
mediated DNA–protein conjugation include a microbial transglutaminase (MTG) 
fusion [70], a CLIP tagging [54], a HUH tagging [71] and a DegP (serine protease) 
fusion [72]. Additionally, Dietz and coworkers recently used transcription activa-
tor–like (TAL) effector proteins to recognize and bind to specific DNA sequences 
for creating DNA–protein hybrid nanostructures [73]. These TAL effectors can be 
genetically introduced into the sequence of other enzymes for anchoring them onto 
DNA nanostructures.

Following conjugation, the purification of DNA-conjugated proteins is espe-
cially important to produce a high-quality sample. The presence of unconjugated 
DNA or free proteins decreases the assembly yield of proteins onto DNA nanostruc-
tures. The most common purification methods include molecular-weight cutoff fil-
tration, gel electrophoresis and chromatography. Due to the negative charge of the 
DNA phosphate backbone, ion-exchange chromatography is the preferred method 
to purify DNA-conjugated proteins while separating proteins labeled with different 
numbers of DNA sidechains. Detailed procedures for purifying DNA-conjugated 
proteins have been summarized in a recently published protocol [38].

3  Spatial Organization of Multienzyme Assemblies on DNA 
Nanostructures

In cellular metabolism, the function of multienzyme cascades largely depends on 
their spatial organization, such as the relative distance, orientation, stoichiometry 
and confinements of the individual protein components [3]. Self-assembled DNA 
nanostructures are promising scaffolds on which to organize macromolecules 
because of the spatial addressability of DNA nanostructures [36]. Through various 
conjugations linking proteins with nucleic acids, DNA nanostructures are capable of 
controlling multienzyme assemblies in 1D, 2D, and three-dimensional (3D) geomet-
ric patterns that can be used to boost catalytic efficiency, improve reaction selectiv-
ity and investigate mechanistic kinetics of multienzyme reactions.

Early efforts in this field started with CM Niemeyer’s work of aligning enzymes 
on linear dsDNA scaffolds [58]. As shown in Fig. 3a, a bienzymatic NAD(P)H:FMN 
oxidoreductase (flavin reductase) and luciferase cascade were assembled together 
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onto a dsDNA scaffold via the strong binding of biotinylated enzymes with DNA-
streptavidins [58]. A similar strategy was later used to assemble a cytochrome P450 
BM3 enzyme on an adjustable dsDNA scaffold that could vary the distance between 
the two chimeras of the BMR reductase domain and the BMP porphyrin domain 
(Fig. 3b) [74]. Linear dsDNA scaffolds have also been used to guide the assembly 
of artificial cellulosomes composed of multiple cellulases [75–78]. As shown in 
Fig. 3c, the research group of Chen and coworkers used zinc-finger protein (ZFP) 
fusion to guide the assembly of two ZFP-appended proteins (an endoglucanase CelA 
and a cellulose-binding module CBM) into a bifunctional cellulosome structure for 
enhanced cellulose hydrolysis [76]. Rolling circle amplification (RCA) can produce 
long ssDNA scaffolds using a circular vector, a primer and a polymerase [77, 79]. 
As shown in Fig. 3d, these long ssDNA scaffolds produced by RCA can be used to 
anchor multiple copies of enzyme cascades via specific hybridizations between the 
section of DNA templates and the anchor DNA on the enzymes [77].

2D and 3D DNA nanostructures offer the ability to design more complex geo-
metric patterns of multienzyme systems. As shown in Fig. 4a, the  Wilner research 
group reported the self-assembly of a two-enzyme cascade array on 2D hexagonal 
DNA tiles with a controlled distance between enzymes [44]. The assembled glucose 
oxidase (GOx)–horseradish peroxidase (HRP) cascade showed a more than tenfold 
activity enhancement compared with unassembled enzymes. To precisely control 
the spacing distance between enzymes, Fu et al. organized a GOx–HRP pair on a 

Fig. 3  Assembly of enzyme cascades on linear double-stranded DNA scaffolds. a NAD(P)H:FMN oxi-
doreductase and luciferase cascade. Reproduced from Niemeyer et al. [58], with permission, copyright 
2002, John Wiley and Sons. b Engineered cytochrome P450 BM3 complex varying the distance between 
the BMR reductase domain and the BMP porphyrin domain. Reproduced from Erkelenz et al. [74],  with 
permission, copyright 2011, American Chemical Society. c Zinc finger protein (ZFP)-appended proteins 
for cellulose degradation. Reproduced from Sun et al. [76], with permission, copyright 2013, Royal Soci-
ety of Chemistry. d Rolling circle amplification (RCA ) assembly of multienzyme nanowires to promote 
cellulose degradation. Reproduced  from Sun and Chen [77], with permission, copyright 2016, Royal 
Society of Chemistry
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rectangular DNA nanostructure with controlled distances between enzymes that 
varied from 10 to 65 nm (Fig. 4b). This spatially organized assembly was used to 
probe the distance-dependent activity of enzyme cascade reactions and to enhance 
the mass transport of the  H2O2 intermediate [45]. Similarly, Morii and coworkers 
reported the assembly of an  NAD+ cofactor-coupled enzyme cascade of xylose 
reductase and xylitol dehydrogenase on a 2D DNA origami for carrying out the con-
version of xylose into xylulose (Fig. 4c) [81]. The close proximity of two enzymes 
was found to facilitate the recycling of  NAD+ to NADH, thereby increasing the xylu-
lose production rate. A subsequent study by the same group extended the assembly 

Fig. 4  Enzyme cascades organized on two-dimensional DNA nanostructures. a A glucose oxidase–
horseradish peroxidase (GOx/HRP) cascade array on two-dimensional (2D) hexagonal DNA strips. 
Reproduced from Wilner et al. [44],  with permission, copyright 2009, Springer Nature. b Organization 
of a GOx/HRP cascade on DNA origami tiles with controlled spacing. Reproduced from Fu et al. [45], 
with permission, copyright 2012, American Chemical Society. c Assembly of an NAD cofactor-coupled 
enzyme cascade (XR xylose reductase, XDH xylitol dehydrogenase). Reproduced from Ngo et al. [81], 
with permission, copyright 2016, American Chemical Society. d A three-enzyme (MDH malic dehydro-
genase, OAD oxaloacetate decarboxylase, LDH lactate dehydrogenase) cascade organized on a triangular 
DNA origami structure. Reproduced from Liu et al. [83], with permission, copyright 2016, John Wiley 
and Sons. e A rectangular DNA origami rolling into a DNA nanotube for assembly of an enzyme cas-
cade. Reproduced from Fu et al. [80], with permission, copyright 2013, American Chemical Society
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of a three-enzyme cascade converting xylose to xylulose 5-phosphate with coupled 
 NAD+ and ATP cofactors [82]. As shown in Fig. 4d, the research group of Yan and 
coworkers demonstrated a three-enzyme pathway involving malic dehydrogenase, 
oxaloacetate decarboxylase and lactate dehydrogenase on a triangular DNA origami 
[83]. The geometric patterns of these assembled enzyme complexes were found to 
affect the overall pathway activities by promoting the recycling rate of cofactors in 
the coupled reactions. Regarding 3D structures, the Fan research group developed 
a one-pot assembly of DNA nanostructures by rolling a rectangular DNA origami 
into a DNA nanotube (Fig. 4e) [80]. Using this strategy, enzyme cascade pairs were 
first anchored onto a rectangular origami, followed by structural rolling to confine 
enzymes to the exterior of a DNA nanotube, enhancing the cascade’s activity.

In addition to DNA, RNA molecules can also be engineered into discrete and 
multidimensional nanostructures [31, 84]. Because RNA structures can be expressed 
inside cells, they offer the capability to organize metabolic pathways for in  vivo 
applications. Delebecque et al. designed and assembled multiple shapes of discrete 
1D and 2D RNA nanostructures that were formed inside cells (Fig. 5a) [85]. Using 
these RNA assemblies, they demonstrated an organized [FeFe]-hydrogenase and 
ferredoxin reaction network which enhanced the biological hydrogen production 
up to 48-fold. A continuous study from the research group of Silver and coworkers 
showed that RNA scaffolds could be used to co-localize proteins and to increase the 

Fig. 5  In vivo assembly of enzyme cascades on RNA nanostructures. a Organization of [FeFe]-hydroge-
nase and ferredoxin on one-dimensional (1D) and 2D RNA nanostructures (top) with enhanced hydrogen 
production in vivo (bottom). Reproduced from Delebecque et al. [85], with permission, copyright 2011, 
The American Association for the Advancement of Science. b Assembly of a two-enzyme pentadecane 
production pathway on RNA scaffolds (top) with enhanced pentadecane output in vivo (bottom). Repro-
duced from Sachdeva et al. [86], with permission, copyright 2014, Oxford University Press
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metabolic output of a two-enzyme pentadecane production pathway in Escherichia 
coli (Fig. 5b) [86]. Nevertheless, potential applications of RNA scaffolds face chal-
lenges in terms of in vivo stability, survival of engineered cells, and loss of RNA 
information during cell division.

DNA nanostructure-organized systems offer an opportunity for investigating the 
detailed kinetics of enzyme cascade reactions. One conception of the past several 
decades is that the proximity of enzymes promotes the mass transport of intermedi-
ate substrates between enzymes, which in turn boosts the overall activity of enzyme 
cascade reactions [6, 87, 88]. This theory/hypothesis seems to be supported by some 
recent studies of assembled enzyme cascades on DNA scaffolds [44, 45, 80, 81, 
85] and metabolon engineering [8, 89], in which multienzyme complexes reacted 
with proximity assembly more actively than did unassembled and freely diffused 
enzymes. However, this hypothesis is problematic if we consider the fact that many 
small-molecule substrates diffuse quite quickly in solution, with diffusion coeffi-
cients ranging from 100 to 1000 µm2/s. To interpret the diffusion, Fu et al. described 
the concentration profile of a  H2O2 intermediate in a coupled GOx–HRP reaction by 
Brownian motion (Fig. 6a), which was simulated based on Eq. (1): [45]

where n(r,  t) is the number of molecules at a distance r from the initial produced 
position of production, D is the diffusion coefficient and t is the time given for dif-
fusion. When the Brownian motion of  H2O2 is considered in a GOx–HRP reaction 
in the given t, τ is the average time between GOx turnovers (τ  = 1/k, where k is the 
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∑
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3
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Fig. 6  Theoretical modeling of distance-dependent enzyme cascade reactions. a Brownian diffusion of 
 H2O2 in a GOx/HRP reaction depending on distance [n(r,  t) Number of molecules at a distance r from 
the initial produced position of production]. Reproduced from Fu et al. [45], with permission, copyright 
2012, American Chemical Society. b Concentration profiles of the reaction product as a function of 
radial distance (r) from an active site under different ratios of turnover frequency to diffusion coefficient 
(k/D). Reproduced from Wheeldon et al. [90], with permission, copyright 2016, Springer Nature
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turnover rate). The simulation of the diffusion profile showed that  H2O2 concentra-
tions varied slightly (< 5%) within a few hundred nanometers of GOx due to the fast 
diffusion of  H2O2 (D  ~ 1000 µm2/s). This simulation result suggests that the proxim-
ity between enzymes has little benefits on the diffusion of  H2O2 from GOx to HRP. 
As shown in Fig. 6b, Wheeldon et al. applied Eq. (1) to simulating the concentra-
tions of product molecules at discrete distances from the active site of an enzyme as 
a function of k/D [90]. For most enzymes, the diffusion coefficients (generally ~ 100 
to 1000 µm2/s) of the small-molecule products were much larger than the turnover 
rates (generally ~ 1–100 s−1), resulting in a small value of k/D (0 <  k/D < 1). Thus, 
product concentration profiles are spanned quite uniformly over a few micrometers 
distance, a result which also indicates the minimal effect of spatial proximity on the 
concentration of intermediates in a cascade reaction. Hess and coworkers mathemat-
ically modeled the reaction–diffusion kinetics of a GOx–HRP cascade reaction [91, 
92]. The simulation of cascade kinetics showed that proximity did not contribute to 
the activity enhancement of the assembled GOx–HRP pairs. Other more recent reac-
tion–diffusion modelings suggested that a close proximity between enzymes could 
only enhance the rate of a cascade reaction under crowding conditions where the dif-
fusion of enzymes and substrates was significantly slowed down [93]. Similar mod-
eling techniques have also been applied to in vivo metabolic pathways, which like-
wise showed that diffusion was not a rate-limiting factor for many enzyme systems 
and, therefore, proximity or substrate channeling would not significantly increase 
the overall rate of the cascade reaction at steady state [88, 93]. Thus, substrate chan-
neling is more likely used to regulate metabolite flux, improve pathway selectivity 
and protect metabolites from degradation or competing side reactions [88, 93].

Since proximity-enhanced mass-transport effect may not contribute to the activ-
ity enhancement of enzyme assemblies directed by DNA/RNA scaffolds or protein 
scaffolds, some recent studies have focused on the effects of assembly scaffolds 
themselves on altering enzyme kinetics, with the aim to provide unique microen-
vironments that favor stronger activity [88, 94, 95]. Such effects include modify-
ing the local pH [96], including a hydration layer [94] and exerting an inhibitory 
effect [97]. Scaffolded microenvironments will be discussed in more detail in next 
section  Enzyme Compartmentalization by DNA Nanocages. For non-freely dif-
fused systems (e.g. constrained diffusion on a surface or within a compartment), the 
appropriate organization of multienzyme systems is still essential to maximize the 
efficiency of the system [47]. Some recent modeling studies have provided novel 
perspectives on enzyme assemblies on surfaces [98, 99] or within compartments 
[100, 101].

4  Enzyme Compartmentalization by DNA Nanocages

Many metabolic pathways are organized by confinement within membrane-delim-
ited or membrane-free compartments, such as mitochondria, lysosomes, peroxi-
somes, carboxysomes and metabolosomes [102]. Compartmentalization affects 
biochemical reactions in many ways: by increasing local concentrations, facilitat-
ing mass transport of reaction intermediates, reducing toxicity of intermediates and 
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protecting encapsulated contents from competing pathways [103]. Compartmentali-
zation also plays a functional role in the chaperone-assisted folding of tertiary and 
quaternary protein structures and by preventing proteins from aggregating under cel-
lular stress conditions [104]. Results from recent studies show that nucleoli could 
promote structure maintenance of nuclear proteins by compartmentalization in the 
presence of stressors [105].

The assembly of a DNA nanocube was first reported by the research group of 
Seeman and coworkers in 1991 (Fig. 7a) [106]. However, the constructed cage was 
not tested for the encapsulation of proteins or other large biomolecules. In 2006, 
Turberfield and coworkers designed a DNA tetrahedron with each edge comprising a 
20-bp double helix (~ 7 nm) (Fig. 7b) [107]. This tetrahedron was shown to encapsu-
late a small protein [cytochrome c (inner diameter ~ 3.5 nm)]. The research group of 
Fan and coworkers very recently reported that the electroactivity of cytochrome c is 
enhanced on tetrahedral DNA frameworks [108]. As shown in Fig. 7c, DNA polyhe-
dra have been used to organize streptavidin proteins into various 3D patterns [109]. 
To encapsulate larger proteins, DNA origami nanocages have been designed with 
larger inner cavities that range from 10 to 50 nm [110]. Zhao et al. developed a gen-
eral approach to encapsulate enzymes within a fully closed DNA nanocage (Fig. 7d) 
[94]. In their method, enzymes are first anchored onto open, half cages at a very 
high yield (> 90%), following which two half cages are combined into a closed cage 
by adding bridge strands [94]. Sprengel et al. reported the selective encapsulation 
of a protein guest into a DNA origami hollow cage by decorating multiple ligands 

Fig. 7  Development of DNA nanocages for enzyme encapsulation. a The first 3D DNA cube. Repro-
duced from Seeman [19], with permission, copyright 2003, Springer Nature. b A DNA tetrahedron for 
encapsulating a protein. Reproduced from Erben et  al. [107], with permission, copyright 2006, John 
Wiley and Sons. c DNA polyhedrons for organizing proteins (STV streptavidin). Reproduced from Zhang 
et  al. [109], with permission, copyright 2019, John Wiley and Sons. d The combination of half DNA 
nanocages for enclosing enzymes. Reproduced from Zhao et al. [94], with permission, copyright 2016, 
Springer Nature. e Protein encapsulation into a DNA host using noncovalent protein–ligand interactions. 
Reproduced from Sprengel et al. [72] under the terms and conditions of the Creative Commons Attribu-
tion 4.0 International License, copyright 2017, Springer Nature
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on the inner surface of the cage to guide supramolecular interactions (Fig. 7e) [72]. 
This noncovalent protein–ligand binding enabled the capture of very large protein 
complexes (up to  DegP24, ~ 1 million Da) into a well-defined DNA host.

Regarding smart nanoreactors, switchable DNA nanocages have been designed 
to regulate the encapsulation and release of protein payloads. As shown in Fig. 8a, 
Fan and coworkers developed a single-step wrap-over of a planar DNA origami 
sheet into nanoribbons and nanotubes  which they used to encapsulate enzyme cas-
cades [80]. The research group of Knudsen and coworkers designed a temperature-
sensitive DNA nanocage which exhibited a closed conformation at 4  °C and an 
open conformation at 37 °C (Fig. 8b) [111]. This switchable nanocage was used to 
encapsulate and release HRP in response to temperature. Kohman et  al. reported 
a light-triggered release of bioactive cargoes of proteins and small molecules from 
a DNA nanocage through the incorporation of a photolabile crosslinker (Fig.  8c) 
[112]. An o-nitrobenzyl motif was photocleavable upon ultraviolet (UV) radiation 
at 240–400 nm to release a linked cargo of protein or small molecules. Kim et al. 
designed a pH-switchable DNA tetrahedron for regulating protein stability against 
protease digestion, protein–antibody binding and enzyme activity (Fig.  8d) [113]. 
Andersen and coworkers designed a DNA nanovault to control the access of sub-
strate molecules to encapsulated enzymes by the reversible opening (accessible to 
substrate) and closing (inaccessible) of the cage (Fig. 8e) [114].

Fig. 8  DNA nanocage-regulated encapsulation and release of protein cargoes. a Single-step folding 
of DNA nanotubes for enzyme encapsulation. Reproduced from Fu et  al. [80], with permission, cop-
yright 2013, American Chemical Society. b A temperature-sensitive DNA nanocage for encapsulating 
and releasing an enzyme. Reproduced from Juul et al. [111], with permission, copyright 2013, Ameri-
can Chemical Society. c A light-triggered release of bioactive cargoes from a DNA nanocage. Repro-
duced from Kohman et  al. [112], with permission, copyright 2016, American Chemical Society. d A 
pH-switchable DNA tetrahedron for regulating protein stability and activity. Reproduced from Kim et al. 
[113], with permission, copyright 2017, American Chemical Society. e A DNA nanovault with revers-
ible opening and closing to regulate enzyme–substrate accessibility. Reproduced from Grossi et al. [114] 
under the terms and conditions of the Creative Commons Attribution 4.0 International License, copy-
right 2017, Springer Nature
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More interestingly, DNA nanoscaffolds have been found to affect the activities of 
the enzymes that were attached onto them. Figure 9 summarizes some of the DNA 
structures that have been reported to enhance enzyme activities [115], including 
a long dsDNA molecule (e.g. λDNA, ~ 1–2 fold improved activity) [116], a DNA 
structure binding to enzyme substrates (~ 1–2 fold) [117], a 2D rectangular DNA ori-
gami (~ 1–3 fold) [45], DNA nanocaged enzymes (~ 3–6 fold) [94, 118] and DNA-
crowded enzyme particles (~ 2–3 fold) [95]. To better understand these effects, sev-
eral mechanisms have been proposed to interpret DNA scaffolds-enhanced enzyme 
activities, including locally decreased pH on the DNA scaffolds [115], the presence 
of a stabilized hydration layer by DNA phosphate backbones [94], nanoconfine-
ment of water [119], enrichment of substrate molecules on DNA scaffolds [117] 
and substrate channeling [45, 47]. However, many questions still remain on just how 
DNA confinements modify the local chemical and physical environment and affect 
enzyme functions. Experiments combining experimental data with molecular mod-
eling may shed light on the chaperone-like function of DNA nanocages.

5  Biomimetic Assembly of Macromolecular Complexes

Biomimetic systems represent one of the most exciting research frontiers in the 
twenty-first century. Life on earth has been diversifying for nearly four billion years, 
evolving into complex and diverse species. All living organisms have developed the 
appropriate functions and solutions to address the challenges of Earth’s environ-
ment. Living systems have inspired humanity and provided the principles to solve 
problems and explore questions both in and out of the laboratory. Biomimetic mate-
rials have shown exciting potential in applications ranging from catalysis and energy 
transformation to smart materials, diagnostic tools and therapeutics [120]. Equally, 
structural DNA nanotechnology has been applied to engineering artificial systems 
mimicking cellular structures and biological functions. In the following paragraphs 
we list several examples of DNA-scaffolded biomimetic assemblies.

The swinging arm, or the covalently attached prosthetic group, is a key functional 
structure in substrate channeling in multistep catalytic transformations within met-
abolic pathways [121]. For example, a lipoyl-lysine arm is found in the pyruvate 

Fig. 9  Enhancement of enzyme activity by DNA nanostructures. Reproduced from Zhang and  Hess 
[115], with permission, copyright 2017, American Chemical Society
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dehydrogenase complex (Fig.  10a); this arm transfers acetyl CoA and carries out 
oxidation and reduction between three enzymes [122]. To mimic this, Fu et  al. 
designed an  NAD+-modified DNA arm that facilitated the hydride transfer between 
two dehydrogenases [47]. As shown in Fig.  10b, a two-enzyme cascade consist-
ing of a glucose-6-phosphate dehydrogenase (G6PDH) and a malate dehydroge-
nase (MDH) was displayed on a DX tile. An  NAD+-modified poly(T)20 was placed 
halfway between G6PDH and MDH. The activity of the cascade was enhanced by 
approximately 90-fold by substrate channeling of one  NAD+ arm (Fig. 10c). Adjust-
ing the number of swinging arms produced even more activity enhancement. As 
shown in Fig. 10d, the reaction specificity of the G6PDH–MDH cascade was also 
increased in the presence of a competing enzyme of lactate dehydrogenase (LDH). 
 NAD+-modified DNA arms have also been successfully used to regulate the path-
way direction between G6PDH–MDH and G6PDH–LDH [123], with the directional 
regulation of enzyme pathways controlled by DNA strand displacement [123] or 
the photo-responsive reaction (Fig.  11a) [124]. Additionally, swinging arms have 
been used to organize  NAD+ transfer in a 2D enzyme array of G6PDH and LDH 
(Fig. 11b) [125].

DNA-based swinging arms can also facilitate electron transfer in bioelectroactive 
systems. The research group of Wilner and coworkers used a DNA scaffold to organ-
ize the spatial interaction of a GOx enzyme with an electrode surface to generate an 

Fig. 10  Biomimetic assembly of swinging arms. a Swinging domains in pyruvate dehydrogenase com-
plex. Reproduced from Perham [121], with permission, copyright 2000, Annual Review of Biochemistry. 
b An artificial swinging arm to transfer  NAD+ cofactor between two dehydrogenases (G6PDH glucose-
6-phosphate dehydrogenase and MDH)  on DNA nanoscaffolds. c Enhanced enzyme cascade activity by 
swinging arms. d Improved reaction selectivity by swinging arms. Reproduced from Fu et al. [47], with 
permission, copyright 2014, Springer Nature
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anodic electrocatalytic current (Fig.  12a) [126]. In this organized system, a ferro-
cene-modified ssDNA served as a relay to transfer electrons between the enzyme 
redox center and the electrode surface. As shown in Fig. 12b, Armand Tepper used 
DNA scaffolds to organize the electrochemical contact of redox enzymes and the 
electrode surface by immobilizing the copper enzyme of nitrite reductase (NiR) and 
its natural electron-exchange partner, pseudoazurin (Paz), onto a gold electrode by 
DNA scaffold-directed assembly [127]. Electron-transfer patches were realized by 
conjugating enzymes to specific ssDNA tags that allowed them to swing and per-
form nitrite reduction by accepting electrons from the gold electrode. As shown in 
Fig. 12c, Cha and coworkers used DNA scaffolds as a structure-directing template 
to organize  TiO2 and CdS nanocrystals [128]. Enhanced hydrogen production was 
achieved when a benzoquinone (BQ)-modified ssDNA was used to transfer electrons 
between a  TiO2 and a CdS.

Fig. 11  Large biomolecular nanostructures organized by artificial swinging arms. a  NAD+ arms for regu-
lating pathway activity between the G6PDH–MDH cascade and the G6PDH–LDH cascade. Reproduced 
from Ke et al. [123], with permission, copyright 2016, John Wiley and Sons. b 2D enzyme arrays of the 
G6PDH–MDH reaction with  NAD+ swinging arms. Reproduced from Yang et  al. [125], with permis-
sion, copyright 2018, John Wiley and Sons

142 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:38  

DNA-based molecular arms have also been useful in engineering nanorobotic 
systems and assembly lines. The research group of Simmel and coworkers studied 
the diffusive transport of DNA cargo strands that were bound to a DNA origami 
surface (Fig. 13a) [129]. These authors concluded that a more rigid DNA arm trans-
ferred cargo more efficiently than a more flexible, hinged arm. Based on this result, 
they developed a nanoscale robotic arm on a rectangular DNA origami tile, the rota-
tion of which was driven and controlled by an electrical field (Fig. 13b) [130]. As 
shown in Fig. 13c, two research groups, namely those of Zhuang and coworkers and 
Yin and coworkers, collaborated to develop a DNA origami rotor that was driven by 
the unwinding function of a helicase (RecBCD complex) during the transcription 
process [131]. These authors introduced a method of origami-rotor-based imaging 
and tracking (ORBIT) to track DNA rotation at the single-molecule level with a time 
resolution of milliseconds.

In addition to swinging arms, DNA nanostructures can also be used to engineer 
artificial membrane transporters to facilitate the diffusion of ions and small mol-
ecules across lipid membranes [36]. Ohmann and co-workers recently designed a 

Fig. 12  DNA swinging arms for facilitating bioelectroactive reactions. a A GOx–ferrocene–electrode 
contact. Reproduced from Piperberg et al. [126], with permission, copyright 2009, American Chemical 
Society. b A nitrite reductase–pseudoazurin (NiR-Paz) system (SAM self-assembled monolayer). Repro-
duced from Tepper [127], with permission, copyright 2010, American Chemical Society. c A  TiO2–CdS 
complex for  H2 production. Reproduced from Ma et  al. [128], with permission, copyright 2015, John 
Wiley and Sons
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synthetic scramblase built from DNA nanostructures [132]. As shown in Fig. 14a, 
the lipid-scrambling DNA nanostructure was made by the self-assembly of eight 
ssDNA with two cholesterol prosthetic groups to stabilize the inserted DNA struc-
ture in the lipid bilayer. Figure  14b shows molecular dynamic simulations of the 
lipid scrambling process catalyzed by DNA nanostructures; this DNA-based scram-
blase could flip  107 lipids per second, which is much faster than a natural enzyme 
(~ 3 × 104 lipids per second).

DNA scaffolding has also shown its value in more complex synthetic systems. 
Photosynthesis, for example, is an essential process that provides energy and oxy-
gen for most living organisms on earth. The development of artificial photosynthetic 
systems, therefore, would present great opportunities in such areas as food and fuel 
production, energy transformation and catalysis, with broad social and economic 
impact. DNA nanostructures have been applied to engineering these artificial pho-
tosynthetic systems, particularly light-harvesting complexes. As shown in Fig. 15a, 

Fig. 13  DNA arm-based nanorobotic system. a Double-stranded DNA (dsDNA) arms for fluorescent 
cargo transport. Reproduced from Kopperger et  al. [129], with permission, copyright 2015, American 
Chemical Society. b A nanoscale robotic arm driven by an electric field. Reproduced from Kopperger 
et al. [130], with permission, copyright 2018, The American Association for the Advancement of Sci-
ence. c DNA origami rotor driven by a motor protein (left), atomic force microscopy images of a DNA 
rotor (middle) and origami-rotor-based imaging and tracking (ORBIT) for tracking DNA rotation (right). 
Reproduced from Kosuri et al. [131], with permission, copyright 2019, Springer Nature

Fig. 14  Synthetic scramblase built from DNA. a The structure of a DNA-based scramblase with two 
cholesterol prosthetic groups. b Molecular dynamic simulation of the lipid scrambling process. Repro-
duced from Ohmann et al. [132] under the terms and conditions of the Creative Commons Attribution 
4.0 International License, copyright 2018, Springer Nature
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Tinnefeld and coworkers were the first to report a multi-fluorophore array on a DNA 
origami tile; these researchers controlled the spacing distance and the position of 
each fluorophore to direct the energy transfer [133]. Yan and  coworkers constructed 
an artificial light-harvesting antenna by assembling multiple donor/acceptor pairs 
on a seven-helix DNA bundle (Fig. 15b) [134]. In this system, stepwise funneling 
of the excitation energy was directed from the primary donor array (pyrylium [Py] 
dye) to the acceptor core (Alexa Fluor® [AF] dye) through the intermediate donor 
(cyanine [Cy3] dye). In a collaboration with the research group of Woodbury and 
coworkers, Yan and coworkers also assembled a tunable artificial light-harvesting 
system which used a three-arm DNA nanostructure instead of a the seven-helix bun-
dle (Fig. 15c). This structure was conjugated to a photosynthetic center protein and 
served as an antenna to transfer energy to the reaction center [135]. Recently, the 
research groups of Bathe and coworkers and Yan and coworkers worked together to 
develop a strategy to organize Cy3 dye aggregates on rigid dsDNA scaffolds. These 
dye/DNA aggregates showed a tunable absorption spectrum and strongly coupled 
exciton dynamics similar to that of natural light-harvesting systems (Fig. 15d) [136]. 
These DNA-templated dye aggregates can be used to engineer long-range, direc-
tional photo-energy transfer and harvest [137].

Fig. 15  Artificial photosynthetic systems organized by DNA nanoscaffolds. a Multicolor fluorophore 
array for photo-energy transfer. Reproduced from Stein et  al. [133], with permission, copyright 2011, 
American Chemical Society. b Artificial light-harvesting network. Reproduced from Dutta et al. [134], 
with permission, copyright 2011, American Chemical Society. c A DNA-directed light-harvesting/reac-
tion center. Reproduced from Dutta et  al. [135], with permission, copyright 2014, American Chemi-
cal Society. d A synthetic DNA-based excitonic circuit based on J-aggregates (PIC pseudoisocyanine). 
Reproduced from Boulais et al. [136], with permission, copyright 2017, Springer Nature
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6  Regulation of Proximity Interactions in Biochemical Reactions

DNA nanostructures can be used to mediate the proximity assembly of enzymes and 
catalytic cofactors in order to regulate their reaction activities. Ghadiri and cowork-
ers engineered an artificial allosteric enzyme by tethering a metalloprotease with 
an inhibitor-conjugated ssDNA, which they called an inhibitor-DNA-enzyme (IDE) 
construct (Fig. 16a) [138]. Due to the flexible ssDNA linker, the inhibitor was able 
to bind to the active site of an enzyme. The activation of this IDE was triggered 
by hybridizing the ssDNA linker with a complimentary ssDNA to form a dsDNA 
segment. The relatively rigid dsDNA blocked the inhibitor from binding to the 
active site, thus permitting the enzyme to function. This IDE structure was subse-
quently used to engineer molecular logic circuits by programmable DNA hybridi-
zations [139]. As shown in Fig. 16b, the IDE was used to regulate the fibrinolytic 
activity that resulted from the binding of a streptokinase (SK) to the plasma proen-
zyme plasminogen (Pg) [140], with the result being a DNA-linked protease inhibi-
tor bound with a SK–Pg complex that inhibited fibrinolytic activity. Specific DNA 
inputs disrupted the inhibited binding complex, releasing an active SK–Pg complex. 
The research group of Merkx and coworkers used DNA-mediated assembly and 
disassembly to regulate enzyme–inhibitor binding to reversibly switching enzyme 
activity on and off (Fig. 16c) [141]. As shown in Fig. 16d, Tan and coworkers used 
a cis–trans photoisomerization of an azobenzene prosthetic group to regulate the 
binding of a thrombin with its aptamer [142]. In the cis-form of azobenzene, a 

Fig. 16  DNA hybridization-regulated enzyme activity. a An enzyme–inhibitor interaction (ssDNA Sin-
gle-stranded DNA). Reproduced from Saghatelian et al. [138], with permission, copyright 2003, Ameri-
can Chemical Society. b Streptokinase–plasminogen (SK–Pg) complex for regulating fibrinolytic activity. 
Reproduced from Mukherjee et al. [140], with permission, copyright 2018, American Chemical Society. 
c Enzyme actuation (E enzyme, I inhibitor). Reproduced from Janssen [141], with permission, copyright 
2015, American Chemical Society. d Photo-regulated thrombin-aptamer complex. Reproduced from Kim 
et al. [142], with permission, copyright 2009, National Academy of Sciences
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thrombin was bound to an DNA aptamer which inhibited thrombin-mediated coagu-
lation. Upon UV irradiation, azobenzene switched the from cis-form to the trans-
form, exposing a regulatory domain that disrupted the thrombin–aptamer complex, 
allowing the unbound thrombin to induce blood coagulation [142].

To engineer more complicated regulatory systems, DNA-based nanomachines 
were developed to regulate the spatial interactions between components of biochem-
ical reactions. Liu and coworkers designed DNA nanotweezers to regulate the spac-
ing distance between a G6PDH and a  NAD+ cofactor that were anchored on the 
two arms of DNA tweezers (Fig. 17a) [48]. By switching the DNA tweezers from 
the open to closed state, the activity of the enzyme and its cofactor was turned on. 
As shown in Fig. 17b, Liu and coworkers used similar DNA tweezers to regulate 
the spacing distance between a GOx and HRP with tunable activities [143], while 
Wilner and coworkers reported DNA nanomachines that could perform “ON/OFF” 
switchable activation and deactivation of a three‐component biocatalytic cascade 
(Fig. 17c) [144]. When the tweezers were closed, the cascade reaction was activated 
by the formation of a hemin/G‐quadruplex‐bridged structure, but when the tweezers 

Fig. 17  DNA nanotweezers-regulated enzyme reaction. a A G6PDH/NAD+ pair. Reproduced from Liu 
et al. [48], with permission. Copyright 2013, Springer Nature. b A GOx/HRP cascade. Reproduced from 
Xin et al. [143], with permission, copyright 2013, John Wiley and Sons. c A three-component biocata-
lytic cascade of β-Gal/GOx/hemin. Reproduced from Hu et al. [144], with permission, copyright 2014, 
John Wiley and Sons. d Distance regulation of a GOx/HRP pair. Reproduced from Kou et al. [145], with 
permission, copyright 2018, American Chemical Society. e A trident-shaped DNA nanomachine with 
several conformational states for regulating an enzyme cascade. Reproduced from Xing et al. [146], with 
permission, copyright 2018, American Chemical Society
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were opened, the hemin/G-quadruplex was disrupted. DNA nanotweezers were also 
used by Kou et  al. [145] to regulate the electrochemical response of a GOx/HRP 
cascade reaction (Fig. 17d). Yang and coworkers constructed a trident-shaped DNA 
nanoactuator that could switch between four distinct structural conformations [146]. 
As shown in Fig.  17e, different GOx/HRP activities could be achieved with each 
conformation of the trident-shaped DNA nanomachine. However, because many 
enzyme cascade reactions (e.g. GOx/HRP cascade) are not sensitive to enzyme 
proximity, as discussed previously [92], only small differences of enzyme cascade 
activities were observed for these four conformations of DNA tweezers. In contrast, 
DNA nanomachines were more efficient in regulating enzyme/cofactor pairs (which 
do rely on proximity interaction), with enhanced activities ranging from a few fold 
up to 100-fold or more [48, 49].

Using a simpler approach, Fu and coworkers reported a method of using a DNA 
hairpin structure to mediate the proximity assembly of biochemical reactions 
(Fig. 18a) [49]. The self-folded DNA hairpin carried a cofactor that was not able to 
interact with its partner enzyme, resulting in very low catalytic activity. A triggered 
opening of the DNA hairpin was subsequently assembled with an enzyme to bring 
together the enzyme/cofactor pair for actuating the reaction with a 100-fold more 
activity. Based on this result, a biochemical sensing circuit was designed which com-
bined a sensing module (made of DNA structural switches) with a triggered proxim-
ity assembly of an enzyme/cofactor pair. When the sensing module was activated 
by a target molecule, the enzyme could bind to the cofactor and catalyze a reaction 
to produce a detectable signal (Fig. 18b). This DNA-based sensing circuit could be 
used either for detecting microRNA (via strand displacement) or small-molecule 
metabolites, such as adenosine (using an aptamer) (Fig. 18c). DNA nanostructure-
regulated enzyme assemblies provide a new approach to programming enzyme 

Fig. 18  DNA hairpin-mediated proximity assembly of an enzyme and a cofactor. a Enzyme activities for 
a hairpin-locked cofactor, opened cofactor and co-assembled enzyme/cofactor pair. b A design chart of 
a biochemical sensing circuit. c Detection of microRNA and adenosine. Reproduced from Oh et al. [49], 
with permission, copyright 2018, John Wiley and Sons
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activities. This may lead to the development of a new generation of enzyme-based 
diagnostic tools and therapeutics. They may also be used as a basis for developing 
protein feedback loops or allosteric regulation as an alternative or complementary 
technology to protein engineering.

7  Conclusions and Future Perspectives

Structural DNA nanotechnology has enabled the design and fabrication of various 
nano-objects with prescribed geometry and regulated spatial interaction. The combi-
nation of DNA nanostructures with enzyme–DNA conjugation provides an efficient 
approach for engineering artificial biomolecule complexes with finely controlled 
spatial arrangement and confinement. Considering these advantages together, it can 
be concluded that DNA nanostructures have the potential to deliver breakthroughs 
toward the engineering of more sophisticated biomimetic systems, such as synthetic 
cells, artificial subcellular components and photosynthetic and energy-harvesting 
structures. For example, DNA scaffolds can be used to organize multilevel assem-
blies for the construction of a synthetic reactor, including membrane confinement, 
artificial transmembrane nanopores and encapsulated biochemical reaction pathways 
[36]. Another potential use of DNA nanotechnology is the design and construc-
tion of dynamic and regulated structures with conformational switches triggered 
by external inputs. Dynamic nanostructures may find utility in the development of 
feedback-regulated biochemical systems. Some early examples have already dem-
onstrated the feasibility of using DNA nanostructures to regulate enzyme activities, 
including inhibitor–DNA–enzyme structures, DNA tweezers and DNA swinging 
arms. It is possible to design substrate cooperativity or product feedback inhibition 
by incorporating aptamer switches into enzyme inhibition and activation complexes. 
Finally, diagnostic applications provide great challenges and opportunities to design 
DNA-based molecular circuits for sensing various molecular targets in  vitro or 
in vivo. Smart DNA circuits can be adapted to various point-of-care diagnosis plat-
forms, such as paper strips and color-change-based assays. This will fit the growing 
need for fast, sensitive and easy detection of infectious diseases, such as the recent 
outbreaks of coronavirus, Ebola and Zika virus that resulted in Public Health Emer-
gencies of International Concern as announced by the World Health Organization. 
Overall, DNA-scaffolded enzyme assemblies will have a bright future and be useful 
in various applications of biocatalysis, functional biomaterials and novel theranostic 
medicine.
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Abstract
In bottom–up self-assembly, DNA nanotechnology plays a vital role in the devel-
opment of novel materials and promises to revolutionize nanoscale manufactur-
ing technologies. DNA shapes exhibit many versatile characteristics, such as their 
addressability and programmability, which can be used for determining the organi-
zation of nanoparticles. Furthermore, the precise design of DNA tiles and origami 
provides a promising technique to synthesize various complex desired architectures. 
These nanoparticle-based structures with targeted organizations open the possibility 
to specific applications in sensing, optics, catalysis, among others. Here we review 
progress in the development and design of DNA shapes for the self-assembly of 
nanoparticles and discuss the broad range of applications for these architectures.

Keywords DNA shapes · DNA tiles · DNA origami · Nanoparticles · Self-
assembly · Nanomaterials

1 Introduction

In the early 1980s, Seeman first proposed the use of DNA as a molecular building 
material for constructing well-defined architectures on the nanoscale [1]. Approx-
imately two decades earlier, Holliday had suggested that a branched DNA struc-
ture can naturally occur as a key intermediate of the chromosome synapses and 
recombination [2]. As opposed to the traditional linear conformation of DNA, 
Seeman realized an opportunity for using these branched DNA architectures, or 
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Holliday junctions, as the basis for crystallizing proteins using the designed peri-
odic DNA structures [1]. These structures are formed through the assembly of 
two-dimensional (2D) and three-dimensional (3D) networks of oligomeric nucleic 
acids. He hypothesized that there is a significant potential for creating non-tradi-
tional nucleic acid architectures that possess a high degree of spatial orientation 
and addressability. The initial vision of self-assembled DNA shapes came with 
three over-arching goals: (1) development of individual DNA constructs with 
designed architecture, (2) establishing methods for creating large-scale organized 
assemblies from DNA, and (3) using DNA-based assembly approaches for guid-
ing the organization of nano-objects into finite and periodic structures.

As a direct result of this vision, the field of DNA nanotechnology has emerged 
as an active field of research. While the challenges outlined in the original vision 
are not yet fully resolved, the current state of the field and its fast progress show 
the feasibility of using DNA nanotechnology methods for solving them, as well 
as for addressing many other scientifically and technologically important prob-
lems across a wide range of  disciplines, from material science to sensing, and 
from nanomedicine to information storage. Efforts over the last few decades 
have been accompanied by the development of various methods for the design 
and synthesis of complex DNA shapes ranging from DNA tiles, designed using 
branched junctions [3], double-crossover molecules [4], and triple crossover mol-
ecules [5], to three-dimensional DNA shapes, including cubes [6], an octahedron 
[7], and many others, using a technique known as DNA origami [8]. The abil-
ity to generate complex DNA shapes has been used as the basis of various DNA 
architectures and nano-structuring platforms. Concurrently, efforts were made to 
integrate inorganic nanoparticles with DNA through the use of chemically modi-
fied DNA sequences that are grafted to nanoparticle (NP) surfaces, as was first 
demonstrated in 1996 by Mirkin and Alivisatos [9, 10]. The ability to form DNA 
shells of spherical or other morphologies through grafting to NPs directly led to 
strategies for the self-assembly of NP superlattices, as was demonstrated by the 
research groups of Gang and Mirkin, respectively, and coworkers in their pioneer-
ing 2008 studies [11–13] and expanded upon in later NP-based systems [14–17]. 
On the other hand, there has been tremendous progress on combining vari-
ous strategies for guiding DNA-functionalized NPs into one-dimensional (1D), 
2D, and 3D assemblies using DNA-based objects. Recent demonstrations of the 
integration of complex designed 3D DNA constructs with NPs with the aim to 
produce designed 3D NP organizations [18–20] merged NPs with DNA shaped 
direction and opens up enormous possibilities for creating designed 3D NP-based 
materials.

In this review we begin with a detailed discussion of the design of DNA shapes, 
and the origin and development of DNA tiles for guiding NP organization through 
scaffolding. We then summarize the development of DNA origami and its applica-
tion for the programmable organization of NPs, followed by a detailed discussion of 
3D polyhedral DNA frames for the assembly of periodic 3D NP organizations [19]. 
The latter strategy utilizes 3D polyhedral origami, rather than 2D DNA origami 
motifs, commonly either rectangular [8] or triangular [21], and allows for the guid-
ing of NPs into 3D periodic structures. We conclude the review with a discussion 
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of applications of these assemblies of NPs based on DNA shapes and the overall 
impact of these shapes on structural DNA nanotechnology.

2  DNA Tiles

2.1  DNA Tiles: Fundamental Design and Development

The Holliday junction, a branched conformation of DNA, was used as the basis for 
synthesizing the first generation of DNA structures, known as DNA tiles. This led 
to the leveraging of more sophisticated designs of DNA tiles, with the realization of 
larger and more complex DNA architectures [22–25]. Advancements in the design 
of DNA tiles stemmed from the introduction of so-called “sticky ends,” which are 
unbound regions of single-stranded DNA (ssDNA) used at the site of linking to 
induce the binding of DNA shapes and structures, as shown in Fig. 1. Due to the 
accuracy of connection and the programmability of the location of the sticky ends, 
this became a crucial strategy for the construction of complex architectures from 
various DNA constructs. The initial immobile junction used was a tetrameric junc-
tion formed with oligonucleotides by combining sequence symmetry constraints 
with equilibrium calculations (Fig. 2a) [3], and the three-arm junction was designed 
in the same manner (Fig. 2b) [26]. With the development of branched DNA junc-
tions, a set of 3D assemblies were designed, such as a cube [6] (Fig. 2e) and a trun-
cated octahedron (Fig. 2f) [7]. Building upon these design principles, junctions with 
a higher degree of branching were developed [22], as shown in Fig. 2c. Researchers 
noted that increasing the degree of branching would reduce the structural stability 
of the structure and proposed increasing the number of nucleotide base pairings in 
each arm to mitigate this resultant structural instability. Leveraging this strategy of 
DNA branched junctions with a greater number of arms, it was possible to design 

Fig. 1  The core concept of DNA nanotechnology. a An immobile Holliday junction and its combina-
tion. The junction structure (left) consists of four different single-stranded DNA sequences distinguished 
by the four colors, and it was designed with four sticky ends: X, Y, and their complements X′ and Y′. 
Through hybridization, the junction structure can be extended into a two-dimensional (2D) array. b Sche-
matic diagram of a three-dimensional (3D) DNA crystal for protein crystallization
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a wide range of 3D polygons, including those from more than ten space-filling net-
works with 432 symmetries, through the selection and control of the of sticky end 
design [22]. Continued efforts related to these highly branched junctions resulted 
in the development of 8- and 12-arm junctions without any branch migration [27] 
(Fig. 2d). However, it remained vital to stabilize the structure by tuning the number 
of nucleotide pairs per arm. The 8- and 12-arm connected networks could be used 
to achieve an N-connected network, which represents highly complex 3D organiza-
tions, such as a series of connected cuboctahedra [27]. The development of branched 
DNA structures enriched the library of elements that could be used for the assembly 
of DNA architectures and for guiding nano-objects. 

Seeman later proposed the use of an alternative DNA shape or motif, named 
a DNA double-crossover (DX) molecule [4], which could be used as the basis of 
structural design using DNA (Fig. 3a). In order to assemble crystalline structures or 
guide the organization of NPs, the fundamental units of the DNA structure require 
definable intermolecular interactions and sufficient rigidity to ensure the formation 
of the desired architecture. In the DX motif, two DNA strands follow an approx-
imately continuous helical trajectory, while two additional strands form a crosso-
ver to bind the two original sequences together. This strategy results in increased 
mechanical stability, where the stiffness is twofold higher than that of a conven-
tional linear duplex [double-stranded DNA (dsDNA)]. The DX motif was used to 
design five structurally unique arrangements, all of which were used as building 
blocks to assemble 2D structures; this method was then used to produce 2D crys-
tals with specified patterning. A DNA hairpin was incorporated into the design of a 
DX molecule as a topographic label (Fig. 3a), the periodic spacing of which could 
be controlled and used to tether nanomaterials  of interest [23]. A different motif, 
a 4 × 4 branched tile, was later used to generate 2D crystals with a programmable 

Fig. 2  Library of branched DNA junction structures and their typical assemblies. a–d Branched junction 
structures: a Four-arm branched junction, b three-arm branched junction, c five- and six-arm branched 
junction, d 8- and 12-arm branched junction. e, f Typical assemblies. e Molecule with the connectivity 
of a cube. Reproduced with permission from Seeman et al. [134], copyright 2017, Materials Research 
Society. f Molecule with the connectivity of a truncated octahedron. Reproduced with permission from 
Seeman et al. [134], copyright 2017, Materials Research Society

160 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:36 

designation for proteins and was metallized to demonstrate the assembled structure’s 
functionality as a nanowire [28]. A high-order 2D array that was assembled with 
the proper designation of sticky ends is shown in Fig. 3b [28]. Additional structures 
were generated on the basis of these branched units, such as the three-arm branched 
junction analogue named the three-point-star [29] that can assemble 2D hexagonal 
arrays (Fig. 3c). The balance of flexibility and stress in the design of DNA motifs, 
particularly for the three-point-star, was investigated, and it was shown that this bal-
ance is critical to the assembly of well-ordered 2D arrays [29, 30]. Based on the 
same strategy, other DNA shapes were designed for the assembly of 2D crystalline 
organizations. These included a DNA six-point-star that assembled highly connec-
tive 2D arrays, as shown in Fig. 3d [24] and, as shown in Fig. 3e, a new motif that 
can generate trigonal arrays using the DX triangle whose stiffness had been sig-
nificantly improved by the geometry of the design [31]. However, there was still a 
need to develop a platform or design that would allow for assembly in 3D space. 
It was with this in mind that Zheng et al. introduced key concepts for the synthesis 
of 3D architectures using DNA shapes [25]. The three simple principles that these 
researchers introduced to produce precisely designed 3D macroscopic objects were: 
(1) a robust motif with 3D structure, (2) introduction of affinity interactions to the 
interior of the motif, and (3) the use of predictable structures that can be assembled 
based on these interactions. The proposed design was a tensegrity triangle consisting 
of three helices not in the same plane with six exposed sticky ends. The interactions 
of these prescribed sticky ends was the basis for the assembly of a 3D periodic lat-
tice [25]. There was an introduction of additional motifs, including the triple-cross-
over (TX) [5], the DNA parallelogram [32], and layered crossovers (LX) [33], all of 
which became vital elements for self-assembly in future studies. Meanwhile, efforts 

Fig. 3  Library of motifs basing on the double-crossover (DX) structure and their assemblies. a DX struc-
ture. Reproduced from Winfree at al. [23], with permission, copyright 1998, Nature Publishing Group. 
b 4 × 4 branched tile. Reproduced from Yan et  al. [28], with permission, copyright 2003, Science. c 
Three-point-star. Reproduced from He et al. [29], with permission, copyright 2005, American Chemical 
Society. d Six-point-star. Reproduced from He et  al. [24], with permission, copyright 2006, American 
Chemical Society. e DX triangle. Reproduced from Ding et  al. [31], with permission, copyright 2004, 
American Chemical Society
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continued on the development of strategies to access additional architectures. One 
of these efforts consisted of the assembly of DNA nanotubes with half-tube compo-
nents. Two half-tube species were designed using two different bent TX (BTX) mol-
ecules and a single arched four-helix [4-helix bundle (4HB)] component to assemble 
a 6HB nanotube and an 8HB nanotube array, respectively. This work included an 
investigation of the influence of the external environment on the self-assembly of 
these objects into 1D arrays and reported the assemblies of DNA nanotubes with 
lengths of up to 500 nm [34].

The two important concepts in structural DNA nanotechnology, namely, branched 
DNA structures and the DNA crossover design, were then combined to self-assem-
ble a 1.7-kb nucleotide sequence into a 3D octahedron, as shown in Fig. 4a. In the 
presence of five 40-mer synthetic oligodeoxynucleotides, the long ssDNA mole-
cule can be folded into the octahedron structure using a denaturation–renaturation 
procedure. The programmability of this 3D object, which is related to the design 
of the oligodeoxynucleotides, can also be utilized to position the NPs with preci-
sion [35]. It was later proposed that the assembly of many distinct DNA strands 
could become quite difficult to achieve due to the increased number of DNA strands 
needed for the assembly of large, complex structures. It can also become quite dif-
ficult to design large numbers of unique DNA sequences, which is done in an effort 
to minimize any parasitic crosstalk and unintentional interactions between the DNA 
sequences used in a particular design. These difficulties result in a reduction in the 
overall addressability of the design and can affect the assembly and fidelity of the 
structure. To simplify the overall design, He et al. used symmetric three-point-star 
motif as the building block [29]. In subsequent studies, researchers investigated sev-
eral factors to promote polyhedron formation, and through adjusting the length of 

Fig. 4  a An octahedron structure folded by a 1669-nucleotide single-stranded DNA and its cryo-elec-
tron micrograph. Reproduced from Shih et al. [35], with permission, copyright 2004, Nature Publishing 
Group. b Diagram showing the formation of the symmetric three-point-star motif (left) and the DNA 
polyhedron (right). Top to bottom: tetrahedron, dodecahedron, and buckyball, respectively. Reproduced 
from He et al. [36], with permission, copyright 2008, Nature Publishing Group
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loops and DNA concentration they were able to synthesize three distinct polyhedral 
objects (Fig. 4b), a tetrahedron, a dodecahedron, and a buckyball [36]. It was then 
shown that a modification of this star motif in which there is an increase in the num-
ber of points can serve as a building block to assemble an icosahedra [37]. Subse-
quent comprehensive exploration has resulted in the construction of a wide variety 
of architectures through the assembly of branched DNA building units becoming a 
robust strategy for the formation of complex structures. In 2012, Ke et al. proposed a 
different method to construct 3D architectures. These researchers designed and fab-
ricated a series of short synthetic DNA strands, which were termed “DNA bricks.” 
In a procedure that is analogous to building a structure out of Lego bricks, they 
fabricated diverse discretionary architectures by using DNA bricks as the building 
block. With precise design of the functional DNA sticky ends, Ke et al. realized the 
guidance of NP assembly, which further expanded on structural fabrication and the 
guiding of nano-objects [38–40].

2.2  Organization of NPs with DNA Tiles

Since the emergence of the research field referred to as DNA nanotechnology, the 
development of DNA-based approaches for creating ordered materials has been very 
rapid. These complex structures, composed entirely of DNA, can be leveraged for 
the organization of nanomaterials into either clusters or crystalline architectures. By 
appling the methodology proposed for the hierarchical self-assembly of polyhedra 
from the three-point-star DNA tile motif [36], it was therefore possible to success-
fully synthesize  a wide-range of DNA polyhedrons and utilize these as nanoscale 
cages for the programmable encapsulation of NPs. The inherit addressability of the 
design allowed for controlled variation in the number of DNA-functionalized gold 
NPs (AuNPs) and encapsulation of these AuNPs into correlated DNA cages via 
hybridization, as shown in Fig. 5a. The reversibility of this system was also demon-
strated, whereby the AuNPs could be released from the DNA cages [41]. In another 
study, DNA polyhedrons were utilized to interrupt the symmetry of spherical NPs 
and coordinate these with defined valences [42]. The resultant valency of the object 
would dictate directional bonds for further architectural assembly. These program-
mable clusters of AuNPs were viewed as atomic and molecular analogs, with a 
defined valence and bonding direction. Researchers were able to demonstrate vari-
ous geometries using distinct DNA cages, including a tetrahedron, an octahedron, 
a trigonal prism, and a  D3 symmetry structure. In the case of the tetrahedral cage, 
a NP was encapsulated and fixed at the center of the cage and it could only inter-
act with complementary NPs, based on the complementarity of the DNA shells that 
were grafted onto the surfaces of the respective particles through the faces of the 
polyhedral cage. These interparticle interactions would organize the NPs into their 
desired positions. Thus, the five-NP structure can be seen as a molecular analog 
of methane  (CH4). Additional work with this strategy showed the viability of this 
structure to generate a sulfur hexafluoride  (SF6)-like structure, hexamethyltungsten 
[W(CH3)]6-like structure, and even ethane  (C2H6)-like structures with two cores 
(Fig. 5b) [42].
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The successful fabrication of DNA tiles and subsequent assembly into periodic 
structures opened up  the possibility to organize NPs beyond finite size structures 
and clusters and enable the organization of low-dimensional arrays. For example, 
the TX structure was used as a template for guiding NPs into linear arrays, whereby 
the tiles were modified with two DNA stem loops located at the upper and lower 
sections of the helices, respectively. The modification of one or both of the two stem 
loops for the association of the streptavidin molecule resulted in linear arrays of 
streptavidin, including single- and double-layer designs, as shown in Fig. 6a [43]. 
Additional efforts made to guide the organization of other nanomaterials via DNA 
tile assemblies. A 2D array was assembled using the DX molecule design and was 
used to align AuNPs. Four different DX molecules were integrated and investigated 
as the scaffold for the 2D crystal. Small AuNPs (diameter 1.4 nm) were arranged 
into 2D arrays through covalent attachment with controllable interparticle spacings 
of 4 and 64 nm (Fig. 6b) [44]. As an extension of this work, AuNPs were organ-
ized onto arrays of DNA tiles via hybridization rather than covalent bonding. Using 
DNA hybridization as the method of attachment to the 2D array, the crystal growth 
conditions and the component synthesis could be independently optimized. Efforts 
were also made to guide more than one kind of nanomaterial onto a single surface 
and then to subsequently assemble that unit into periodic 2D arrays. By designing 
distinct binding sequences, the research group of Kiehl and coworkers success-
fully guided the positioning of two sizes of AuNPs (diameters 5 and 10 nm) onto a 
2D multi-nanocomponent array (Fig. 6c) [45, 46]. In another study, the previously 

Fig. 5  a Schematic diagram of gold nanoparticle–DNA conjugate (AuNP@DNA) cage structures fab-
ricated through DNA polyhedrons used to encapsulate AuNPs. Three different DNA polyhedrons are 
shown: a tetrahedron (TET) (top), an octahedron (OCT) (middle), and an icosahedron (ICO) (bottom). 
The size of the icosahedron is sufficiently large for encapsulating three AuNPs (bottom), while the other 
two can only accommodate one AuNP (top and middle). Reproduced from Zhang et al. [41], with per-
mission, copyright 2014, American Chemical Society. b Diagram showing the self-assembly of mole-
cule-like NPs directed by DNA polyhedron nanocages. With different polyhedrons, a set of molecule-like 
nanoparticles are assembled, including methane  (CH4)-like (i), sulfur hexafluoride  (SF6)-like (ii), hexam-
ethyltungsten [W(CH3)6]-like (iii), and ethane  (C2H6)-like (iv) structures. Reproduced from Li et al. [42], 
with permission, copyright 2015, American Chemical Society
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mentioned four-arm tiles were used to assemble 2D arrays with precise AuNP posi-
tioning whereby the distance between neighboring particles was designed to be 
~ 38  nm [47]. The factors influencing the formation of these 2D arrays were also 
being studied, including the number of sticky ends, the symmetry and size of the 
DNA tile, and the programmable distances between the AuNPs relative to the size 
of the DNA tiles and 2D arrays. Various tiles were mixed together to diversify the 
types of 2D assemblies that could be obtained, and this mixing resulted in the gen-
eration of three different 2D arrays (Fig. 7a) [48]. At approximately the same time, a 
research group also demonstrated that multiple 2D arrays of NPs could be obtained 
by using more than one triangular DNA motif in the same design. In particular, the 
two triangular motifs, based on stiff DX molecules, used could each capture a par-
ticle independent of the other tile and then assemble into 2D arrays of ordered NPs 
(Fig. 7b) [49]. 

Efforts continued on constructing 3D assemblies based on methods developed 
for ordering NPs via DNA tiles organized in well-ordered 2D arrays. As such, 
the 2D assembly method was modified to develop a strategy for the generation 
of 3D architectures. This strategy consisted of the programmable rolling of a 2D 
sheet into a variety of 3D tube conformations. Four variants of DX tiles were 
designed to assemble 2D arrays, including one that had a site ready to associate 
AuNPs (denoted as “A”) and another that had a DNA stem loop located on the 
opposite side (denoted as “B”). When the arrays were assembled, 5-nm AuNPs 
were aligned in parallel lines. However, the chosen tiles were packed side by side 

Fig. 6  One-dimensional (1D) and 2D NP arrays assembled by DNA structures. a Streptavidin linear 
arrays fabricated with TX DNA template. i–iii Structure diagram of the TX molecule (i), design and 
formation of the linear array (ii), and atomic force microscopy (AFM) images of the single-layer and 
double-layer arrays (iii). Reproduced from Li et  al. [43], with permission, copyright 2004, American 
Chemical Society. b Schematic diagram and transmission electron microscopy (TEM) image of 1.4 nm-
AuNP 2D array assembled with DX DNA template. Reproduced from Xiao et al. [44], with permission, 
copyright 2002, Nature Publishing Group. c Process of two different size AuNPs arranging into a com-
mon 2D array, with the AFM and TEM images shown at the bottom left and bottom right, respectively. 
Reproduced from Le et al. [45], with permission, copyright 2004, American Chemical Society
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at distances of < 5 nm and, consequently, the 2D arrays began to curl due to the 
strong electrostatic and steric repulsions between the neighboring AuNPs. This 
design was deemed useful for tuning the 2D NP organization with either neigh-
boring or alternating NP positions. It was noted that when the 2D sheet is rolled 
into a tube, a variety of 3D NPs can be designed, including stacked rings, single 
spirals, double spirals, and nested spiral tubes, as shown in Fig. 7c. A follow-up 
study revealed that the ultimate dominant tube conformation is related to the size 
of the AuNPs and the design of the DX tiles. In that study, three different sizes of 
AuNPs were used, and it was discovered that with increasing AuNP size, from 5 
to 15 nm, the stacked-ring conformation dominated. For example, in the system 
with 10-nm AuNPs, 92% of the formed tubes were stacked rings [50]. Significant 
efforts have since have been made to use DNA tiles for the organization of NPs 
into complex 2D architectures. However, reliable methods to assemble 3D assem-
blies of NPs using DNA tiles remain very limited.

Fig. 7  Schematic representations of 2D AuNP arrays assembled with 4 × 4 tiles and tensegrity triangles.  
a Diagram showing three different assembly of periodical AuNP nanoarrays. The different forms of the 
three lattices depends on the design of the tile structure, including size and sticky ends. Reproduced from 
Sharma et al. [48], with permission, copyright 2006, Wiley-VCH Verlag GmbH and Co. KGaA. b Dia-
gram showing the schematic and TEM images of three different AuNP arrays with varying number and 
size of AuNPs. Reproduced from Zheng et al. [49], with permission, copyright 2006, American Chemi-
cal Society. c Diagram of 3D DNA nanostructures fabricated with DX tiles showing the design of the DX 
tiles for AuNPs arranging (top left), two of which are specifically designed, including one that carries 
a 5-nm AuNP pointing upwards (shown in blue) and one that carries a DNA stem loop pointing down-
wards (shown in green). Four different 3D tubular structures were assembled through adjustment of the 
interval of the corresponding edge tiles that associate (top right). The bottom image is the TEM image 
of the tubular nanoscale architectures. Reproduced from Sharma et al. [50], with permission, copyright 
2009, Science 
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3  Shaping DNA strands with NPs

DNA can be shaped not only through the formation of constructs as discussed 
above, but also by organizing DNA strands on NP surfaces, a construct referred to as 
a DNA shell. Concurrent with the efforts expended to design DNA tiles, significant 
work was directed towards diversifying the assemblies of NPs through the tailoring 
of DNA shells grafted onto a NP’s surface. After the first reports of successfully 
grafting synthetic DNA to a AuNP [9, 10], it took over a decade to discover the 
design principles needed to dictate the crystallization of DNA-functionalized NPs 
[11–13]. It has been shown that NPs whose respective surfaces are functionalized 
with DNA can assemble into NP lattices when the designs of the DNA shells are 
favorable for an interaction potential that can stabilize a 3D ordered phase. Moreo-
ver, a specific pathway to crystallization is required for proper hybridization of the 
grafted DNA and for particles repositioning into ordered phases. Two common strat-
egies for directing these interparticle interactions have been direct hybridization 
[11] and linker-mediated hybridization [12, 14]. Many parameters associated with 
the DNA shell and its morphology, including composition of the shell [51–53] and 
length [17] and design of the DNA motifs, with sequence design referring to both a 
Watson–Crick interacting portion or an entropic spacer [11], optimize interactions 
favorable for the formation of ordered phases [54, 55]. It is also possible to diver-
sify the structure of the assembled phase of isotropic NPs by varying the number of 
hybridizing DNA sequences and the hydrodynamic radius [56, 57]. The tuning of 
two key parameters, namely, DNA linker length and the number of linkers per parti-
cle, can dictate the transformations between different ordered and disordered phases 
[14], as shown in Fig. 8a, b.

The conformation of the DNA shell can also be tuned by grafting DNA to ani-
sotropic NPs. It has been shown computationally that solid polyhedral objects can 
assemble into a variety of structures [58]. Researchers have demonstrated the 3D 
assembly of anisotropic NPs grafted with DNA [16] typically favor phases that 
maximize interparticle hybridizations. However, a range of interesting and unex-
pected effects can occur in the multi-strand shell. For example, the spontaneous 
breaking of DNA shell symmetry was observed for nanorods due to the collective 
hybridization and flexibility of the DNA chains [15], which results in the forma-
tion of a ladder-like linear organization rather than smectic or nematic types of 
organization. These DNA shells have complex morphologies, and Lu et  al. dis-
covered for nanocubes that the polymeric effects of DNAs on shaped NPs can 
result in the anisotropic distribution of sequences on particle surfaces and effec-
tive complex shapes [59]. This phenomenon can drastically affect the resultant 
assembly. These researchers noticed that for a specific range of linker lengths, 
DNA functionalized nanocubes packed in a peculiar zigzag arrangement [59], 
which is a breakdown of the orientational symmetry of the underlying nanoscale 
object (Fig. 8c, d). The shape of DNA shells of anisotropic particles plays a key 
role in the self-assembly process, particularly for interactions between dissimi-
larly shaped particles. In one case, functionalized anisotropic particles were used 
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to coordinate isotropic particles. The inherit symmetry of the anisotropic parti-
cles and its respective shell will dictate the organization of the spherical nanopar-
ticles [60]. In this study, Lu et al. showed that cubic NPs can coordinate spherical 
particles through local arrangements in the designed DNA shell that cannot be 
realized for spheres, giving rise to the formation of the unique 3D lattice of alter-
nating cubes and spheres. The particle shape complementarity can be also used 
to promote a formation of 3D lattices [61]. In this respect, the nature of the DNA 
shell can be seen as a tunable DNA shape that can leverage a large diversity of 
existing NP shapes for the prescribed organization of functional nanomaterials. 

Fig. 8  Design and assembly of spherical and cubic NPs with DNA shells. a, b Schematic representation 
of DNA-grafted particles connected by r DNA linkers with length Ln (a) and experimental phase diagram 
showing the transition from the ordered to disordered state as a function of the nominal linker/NP ratio 
and NP volume fraction (b). Dashed line in b represents the boundary between dis-ordered and ordered 
phases. a, b Reproduced from Xiong et  al. [14], with permission, copyright 2009, American Physical 
Society. c Scanning electronic microscopy (SEM) images of nanocube lattices with varying distributions 
of DNA grafted to the particle surface, and phase diagram of assemblies through variations in grafting 
density and DNA sequence length. d Simulations of DNA corona morphologies as a function of grafting 
chain length. A combined computational and experimental phase diagram reveals simple cubic, body-
centred cubic (BCC) or body-centred tetragonal (BCT) phases and a novel, so-called ZZ packing arrange-
ment. c, d Reproduced from Lu et al. [59], with permission, copyright 2019, American Association for 
the Advancement of Science
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At the same time, there is a plethora of new nanoscale effects in this regime that 
remain to be discovered and well understood.

4  DNA Origami

4.1  DNA Origami: Folding by Design

The DNA tile has been demonstrated to be a highly programmable scaffold for guid-
ing NPs into complex architectures. However, The DNA tile has a certain lack of 
design flexibility that limits the number and complexity of possible NP architec-
tures. In 2006, Rothemund proposed a new method to build DNA structures, which 
is known as “DNA origami” [8]. Similar to traditional paper origami, DNA origami 
involves the folding of a long ssDNA sequence, known as the scaffold sequence, 
through prescribed hybridizations with many shorter sequences, known as sta-
ple sequences. The DNA origami technique uses a scaffold sequence, M13mp18, 
derived from the M13 bacteriophage. The specific interactions between the sta-
ple sequences and the scaffold result in the self-assembly of the designed shape, 
as shown in Fig.  9a. As a direct result of this development, many researchers in 
various fields were able to utilize this technique for the development of a number of 
symmetric shapes, such as a square, rectangle, smile face, star, or triangle (Fig. 9b), 
and even highly asymmetric shapes, such as a dolphin [62] or a Chinese map [63]. 
Douglas et al. demonstrated the use of DNA origami for the design of a 6HB [64, 
65] that was developed to facilitate nuclear magnetic resonance studies of membrane 
proteins in solution, and this strategy was later extended to realize a 24-helix bun-
dle (24HB) for guiding NPs [66]. This type of tubular structure was also utilized to 
assemble NPs in a 3D chiral architecture [67].

The cornerstone of DNA nanotechnology is the ability to reliably design and 
generate target 2D and 3D structures with the prescribed nanoscale features. The 

Fig. 9  a Schematic representation of the design of DNA origami, b 2D patterns designed by the DNA 
origami technique. a, b Reproduced from Rothemund [8], with permission, copyright 2006, Nature Pub-
lishing Group
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introduction of the DNA origami technique enabled research related to a variety of 
fields and applications as it was a simpler platform to utilize. One example is the 
work carried out to design a 2D DNA origami sheet subsequently folded into a DNA 
tetrahedron that could be used as a molecular container [68]. A similar strategy was 
reported with the development of a nanoscale DNA box with a programmable lid 
that can open based on a specific DNA input signal [69]. The research group of 
Shih and coworkers conducted comprehensive studies on the formation of 3D DNA 
origami that resulted in the successful design and assembly of complex shapes 
using a honeycomb lattice as the basis of the designs [70–72], as shown in Fig. 10a. 
These origami shapes included the monolith, square nut, railed bridge, genie bottle, 
stacked cross, and slotted cross, with precisely controlled dimensions ranging from 
10 to 100  nm. To make the design of DNA origami more accessible, a software 
package, named caDNAno, was developed to aid with scaffold sequence routing 
and staple sequence design [71, 72]. Ke et al. subsequently reported assembled 3D 
objects whereby the origami design consisted of double helices with the four nearest 
neighbors separated by 8 bp and the staple strand positioned to cross over one of its 
four neighbors, as shown in Fig. 10b. Using this design, the helices were arranged 
as a square lattice, forming overall a cuboid structure from the successful stack-
ing of two to eight repeating layers [73]. Efforts were also made to design origami 
and multilayered structures based on hexagonal and hybrid arrangements of heli-
ces (Fig. 10c), resulting in four different origami structures. This strategy took full 
advantage of the three different arrangements of DNA helices within the designed 
objects, including the honeycomb, square, and the hexagonal lattice of helices, to 
build a hybrid-lattice origami [74].

The development of additional design strategies and thorough investigation of 
the origami technique contributed to the increasing number of possible DNA struc-
tures, such as a nanotube, a helix bundle, and even more complex 3D structures, 
each of which could serve as the basis of guiding complex organizations of NPs. An 

Fig. 10  Three different designs of 3D helices in lattice arrangements within DNA origami and the typi-
cal products. a Honeycomb lattice. Reproduced from Douglas et al. [72], under the terms of the Crea-
tive Commons Attribution Non-Commercial License, copyright 2009, the Authors, published by Nucleic 
Acids Research. b Square lattice. Reproduced from Ke et  al. [73], with permission, copyright 2009, 
American Chemical Society. c Hexagonal lattice. Reproduced from Ke et al. [74], with permission, copy-
right 2012, American Chemical Society
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example of such a complex DNA origami design is the DNA-origami ball, reported 
by Han et al. [75], which can be used as a vessel for drug delivery. Building upon 
this work, the same research group went on to design square, triangle, and 24HB 
structures of larger sizes but only after incorporating more than one scaffold into 
the design [76]. Additional efforts have been made to improve the folding efficiency 
or experimental yield of DNA origami, as this is necessary for DNA origami to 
become a viable platform for application purposes or use in large-scale manufactur-
ing. Recent studies have shown that DNA can be efficiently folded at constant tem-
perature, which is preferable to the long and complex annealing protocols tradition-
ally performed to achieve DNA origami folding [77, 78].

Using the caDNAno software, Tian et al. successfully synthesized an octahedron 
frame [79] (Fig. 11a), similar to the nanoscale octahedron assembled from the 1.7-
kb scaffold [35], except that each strut of the octahedron of this design was a 6HB. 
Compared to the previous strategy used to form an octahedron, the DNA origami 
technique enabled a much more straightforward design of a nanoscale octahedron 
with high yield. This octahedron frame comprised twelve 6HBs and was assem-
bled from a single scaffold sequence and 144 staple sequences. The overall design 
is highly programmable, whereby sticky ends can be positioned virtually anywhere 
along the struts of the octahedron. In this case, researchers constructed the octahe-
dron with sticky ends at the vertices of the frame, as well as sticky ends that could 
be placed facing towards the interior of the frame for the programmable capture of a 
nanomaterial. This modification in the design of the origami facilitated the assembly 
of this object and AuNPs into a 3D superlattice. Meanwhile, several other kinds of 
3D frames were designed with different symmetries, as shown in Fig. 11b, includ-
ing a cube, a prism, a triangular bipyramid, and an extended octahedron [19]. The 
programmability of the DNA origami technique allowed these frames to be incorpo-
rated into a library of building blocks for crystal assembly and NP guiding, which 

Fig. 11  DNA origami frame structures. a Diagram of the octahedron frame (left top) and a detailed view 
of the design of the vertexes (left bottom). To the right are cryo-electron microscopy images and the 
reconstructed structures. Reproduced from Tian et  al. [79], with permission, copyright 2015, Nature 
Publishing Group. Additional designs of DNA frames, including the cube, elongated square bipyramid 
(ESB), prism, and triangular bipyramid (TBP). Reproduced from Tian et al. [19], with permission, copy-
right 2016, Nature Publishing Group
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was a significant development in the field of structural DNA nanotechnology [19, 
79]. The research groups of Bathe and coworkers and Yan and coworkers together 
developed sophisticated software packages for the design of complex DNA struc-
tures [80]. The accuracy of this method will enable the expansion of the overall 
library of DNA shapes and make many desired shapes easily accessible. Simultane-
ously, there has been rapid progress in mineralizing DNA structures [81, 82] and 
expanding the structure size [38, 76], which will enable DNA-based material to be 
transferred into a broad range of environments and applications.

4.2  Organization of NPs with DNA Origami

As a straightforward strategy for the fabrication of complex architectures, the 
DNA origami technique has been used to develop a variety of building blocks for 
assemblies, templating, and bio-applications. Researchers worked on combining 
two maturing subsets of DNA nanotechnology, namely, the tailoring of the DNA 
shell grafted to NPs and the use of DNA origami to assemble structures in one, 
two, and three dimensions to achieve well-ordered NP architectures. The high 
degree of programmability and addressability of DNA origami allowed access to 
many desired structures. One example of a programmable DNA origami motif 
was the “nanoflower” [83], a DNA origami that could host a NP at its center and 
had tunable interactions at its exterior surface to direct the assembly of either 1D 
or 2D structures depending on the angles of the prescribed sites of the inter-frame 
interactions or sticky ends (Fig. 13b). It is also possible to achieve the same com-
plex structures assembled with DNA tiles using DNA origami. The DNA origami 

Fig. 12  a Design of the DNA nanocage for interrupting the symmetry of AuNPs, and schematic diagram 
of the site-specific AuNP attachment. TEM images of the DNA nanocages are shown at bottom. Repro-
duced from Zhao et al. [84], with permission, copyright 2011, Wiley-VCH Verlag GmbH and Co. KGaA. 
b Diagram showing the function of a gold nanorod (AuNR) and the arrangement of AuNPs. TEM images 
at bottom show the actual state of the nanocage and the functioned AuNR. Reproduced from Shen et al. 
[85], with permission, copyright 2016, American Chemical Society
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technique can be used to design structures for the purpose of breaking the symme-
try of spherical NPs and to guide the arrangement of NPs with defined orientation 
and interparticle distances, one of which was a hollow rectangular prism based 
on the honeycomb lattice [84], as shown in Fig. 12a. The targeted attachment of 
distinct particles showed the ability to position particles both inside and outside 
of the origami cage with designed symmetry. Similar work was done utilizing a 
hollow, rod-like DNA origami (Fig. 12b) [85]. The realization of DNA nanotubes 
and N-helix bundles served as additional templates for the high-ordered organiza-
tion of NPs. Before the introduction of DNA origami in 2006, DNA AuNPs were 
extensively organized into complex structures with DNA tiles. DNA origami was 
used by Stearns et al. [86] to direct the in situ nucleation and growth of AuNPs. 
These researchers designed and synthesized a 380-nm 6HB and chose an A3 pep-
tide as the means to guide the positioning of the generated NPs; following the 
addition of soluble gold ions, the AuNPs grew 5–10 nm at the designated growth 
sites (Fig. 13a) [86]. In an effort to expand the number of available materials that 
can be organized via DNA origami, semiconductor nanocrystals or quantum dots 
(QDs) were organized into 1D arrays utilizing DNA origami [87]. More complex 

Fig. 13  One-dimensional  (1D) and 2D NP arrays fabricated with DNA origami. a Schematic diagram 
and TEM image of linear array of AuNPs arranged with a 380-nm six-helix bundle (6HB). Reproduced 
from Stearns et al. [86], with permission, copyright 2009, Wiley-VCH Verlag GmbH and Co. KGaA. b 
Diagram showing the design of the “nanoflower” origami motif. With different ssDNA exposed, vari-
ous AuNP arrays could be fabricated. Reproduced from Schreiber et  al. [83], with permission, copy-
right 2016, American Chemical Society. c Fabrication of the DNA-framed NPs and corresponding AFM 
images. A nanoscale analog of Leonardo da Vinci’s Vitruvian Man was assembled with various types of 
DNA-framed NPs. Reproduced from Liu et al. [92], with permission, copyright 2016, Nature Publishing 
Group. d 2D AuNP arrays fabricated with octahedron frames. Reproduced from Tian et  al. [79], with 
permission, copyright 2015, Nature Publishing Group
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assemblies were achieved, as evidenced by the helical assembly of AuNPs onto a 
DNA origami template [66]. Similarly, helical assemblies of AuNPs were made 
by first organizing 15-nm AuNPs onto the surface of a rectangular sheet and then 
rolling the sheet, which resulted in a helical assembly of particles [67].

Based on nanoarrays assembled using DNA tiles, which were used as a means 
to organize 2D arrays of proteins, a rectangular-shaped DNA origami was shown to 
exhibit a high degree of flexibility and programmability. This design was no longer 
bound by the conventional sticky end designation specific to DNA tiles, and the ori-
gami could be modified to designate the location of an aptamer at any location on 
the origami surface. The programmable nature of the origami was used to position 
proteins in an “S” shape, and these protein arrays could be assembled with high 
efficiency. Aptamers were used to retain their specific functionality, even after the 
assembly of complex structures [88]. Supplementary to these efforts, work was done 
to investigate alternative methods to bind AuNPs to these assembled structures. The 
use of AuNPs monofunctionalized with lipoic acid-modified DNA sequences was 
shown to increase functionality and binding efficiency, which rose from 45 to 91% 
with reduced errors in NP positioning [89]. Work continued on the organization of 
nanomaterials other than gold. A triangular DNA origami motif was designed to 
organize silver nanoparticles (AgNPs) at specified positions. Three variations of 
dimeric AgNP structures were designed, each with specified interparticle spacings, 
as well as an asymmetric trimetric AgNP structure and a heterodimer of a AuNP and 
AgNP [21]. Complex clusters from metallic NPs were assembled using rigid lin-
ear DNA origami linkers that were used to define large interparticle distances [90]. 
Recently, Lin et al. demonstrated the use of a site-specific covalent binding, instead 
of base-pairing, enables the fabrication of supra-architectures from shaped origami 
and NPs [91].

The research group of Gang and coworkers explored the possibility of using 
different types of building blocks that could be co-assembled into a complex yet 
designed cluster and with periodic planar architectures. These researchers realized 
this aim by using the so-called polychromatic 2D origami frames [92], which pos-
sess multiple types of distinguishable bonds arranged in defined anisotropic con-
figuration, resulting in “colored” valence of these building blocks. Different types 
of these polychromatic frames exhibit differently colored valence, which allows for 
the building of complex architectures through the selection of a specific set of the 
polychromatic building blocks. These researchers developed a planar DNA origami 
structure that had a fourfold valency with respect to its programmable binding inter-
actions, and an empty square window in the interior of the origami was used to hold 
a DNA-functionalized AuNP, as shown in Fig. 13c [92]. Each of the four exterior 
faces were decorated with distinct binding interactions, labeled with different colors, 
resulting in the various species of polychromatic 2D frames. Through the selection 
of polychromatic building blocks and their valence, it was possible to achieve pro-
grammable connectivity of the blocks. By controlling the types of different blocks 
and their ratio in the multi-component assembly, different periodic and non-periodic 
structures can be rationally formed, including clusters of different shapes, 1D linear 
structures, the zig-zag chain, and 2D arrays. This strategy was used to assemble a 
nanoscale analogue of Leonardo da Vinci’s Vitruvian Man [92].
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In an effort to achieve designed 3D NP clusters with controlled placement of par-
ticles, Tian et al. used polyhedral DNA origami, as discussed in detail in an earlier 
publication [79]. In this design, the six distinct vertices of the octahedron were used 
to encode the binding locations for particles of varying size. Using this method, 
these researchers assembled an octahedral cluster, a square-shape cluster, and non-
chiral and chiral hetero-clusters, all based on three types of NPs. Furthermore, 1D 
and 2D arrays of AuNPs (Fig. 13d) were assembled with the octahedral frames and 
NPs serving as connectors between the frames [79].

In order to gain further control over NP organization in three dimensions, the 
research group of Gang and coworkers proposed a strategy in which designed 
DNA constructs of different shapes could serve as programable topological linkers 
between NPs [18, 19, 93, 94]. The overall strategy is powerful since it permits the 
building of different lattice types for the same type of particles; thus, it addresses 
a major problem in nanotechnology—that of creating different materials from the 
same type of functional nanoblocks. For example, the octahedron frame was used 
to assemble 3D superlattices of AuNPs, and this technique was expanded to include 
a variety of lattice symmetries using multiple polyhedral frames [19], inspiring 
the development of a set of 3D nanoscale molecular frames and their use in this 

Fig. 14  Schematic diagram of four different DNA origami frames guiding NPs into the ordered 3D lat-
tice. Models of DNA origami shape are shown. a1–d1 Octahedron (a1), elongated square bipyramid 
(b1), cube (c1), and prism (d1). a2–d2 Reconstruction of DNA origami frames from cyro-electron 
microscopy. a3–d3 X-ray scattering (SAXS) results of different architectures. a4–d4 Models of ordered 
3D lattices. Reproduced from Tian et al. [19] with permission, copyright 2016, Nature Publishing Group
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self-assembly approach. The structure of these assemblies was investigated using 
small angle X-ray scattering (SAXS) and shown to have a long-range order with 
structural characteristics matching their respective designs, as shown in Fig. 14 [19]. 
This strategy was combined with encapsulation of the NP inside frames to assemble 
a series of NP superlattices from the cubic diamond family [18], which had up to that 
point been a considerable challenge in the field of colloidal self-assembly. In this 
case, tetrahedral DNA origami frames were used to coordinate DNA-functionalized 
AuNPs (Fig. 15a). Moreover, several design requirements with respect to the par-
ticles and origami frames were revealed [95]. The resultant structure could also be 
tuned by adjusting the size of the NPs, resulting in a zinc blende structure or a “wan-
dering” zinc blende structure [18]. In addition to 3D nanoscale frames, there are a 
few other viable strategies for the assembly of complex 3D structures. For crystal-
line assemblies and NP organization, the prerequisites of high rigidity and sufficient 

Fig. 15  Three-dimensional  (3D) AuNP lattice assembled with 3D DNA origami frames. a Schematic 
diagram of FCC lattice and diamond lattice of AuNP fabricated with tetrahedron DNA origami. Repro-
duced from Liu et  al. [18], with permission, copyright 2016, American Association for the Advance-
ment of Science. b Rhombohedral lattices fabricated with the DNA origami tensegrity triangle structure. 
Reproduced from Zhang et al. [20], with permission, copyright 2018 Wiley-VCH Verlag GmbH and Co. 
KGaA. c Schematic of the broadly applicable platform for 3D lattice assembly from material voxels, 
showing 3D origami frames of different shapes  (tetrahedron, octahedron, cube) that can be integrated 
with NPs and proteins as desired. Reproduced from Tian et al. [94], with permission, copyright 2020, 
Nature Publishing Group
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open guest space are essential for the design of the building blocks. However, with 
increasing size, DNA structures become more flexible and lose their ability to pre-
cisely control distances at the nanoscale. Recently, a DNA–origami-based tenseg-
rity with a triangle structure was synthesized by the research group of Liedl and 
coworkers for the purpose of assembling a 3D architecture entirely from DNA [20]. 
This design yielded a rhombohedral lattice that was constructed using this tensegrity 
triangle motif that had both sufficient rigidity and available space (Fig. 15b). In this 
work, these researchers show that this motif can host NPs with a diameter of 20 nm, 
thereby greatly expanding the application of DNA nanotechnology.

A broadly applicable platform for the assembly of 3D nanomaterials from so-
called material voxels, which are 3D origami frames of different shapes that can be 
integrated with NPs, proteins and enzymes, was recently demonstrated by Tian et al. 
[94]. This strategy decouples the assembly process, governed by DNA programma-
ble bonds between origami, from nano-object details, as shown in Fig.  15c. This 
decoupling allows for the assembly of 3D designed, functional arrays from NPs, 
proteins and enzymes using the same assembly approach. Novel optical and chemi-
cal properties were shown in this study for QDs and enzymatic arrays, respectively.

5  Applications of DNA Architectures for Nanomaterials

Despite the field of DNA nanotechnology emerging from the concept of specifically 
crystallizing proteins into ordered 3D structures, there have been tremendous efforts 
to utilize numerous functional nanomaterials in a variety of real-life applications. A 
significant portion of this review has been dedicated to the organization of metal-
lic NPs through the use of DNA tiles and origami, and these studies are of par-
ticular interest because the optical properties of plasmonic NPs can be controlled 
based on their structure. Researchers used dsDNA to fabricate chiral nanostructures 
in which the DNA was folded into a pyramid so that the vertices of the pyramid 
designated a particle binding site [96]. Additional study was directed towards inves-
tigating this design while incorporating various materials into the structure [97]. 
This strategy proved to be highly effective for the generation of single- or multi-
component chiral isomers with strong R/S optical activity. The incorporation of gold 
nanorods (AuNRs) with DNA origami assembly strategies has also been a popu-
lar strategy in the research field of plasmonic properties. Pal et al. used a triangu-
lar DNA origami motif to immobilize anisotropic AuNRs onto the origami surface 
and demonstrate the control of NR orientation in dimer structures (Fig. 16a) and in 
AuNP–AuNR heterodimers [98]. A 2D DNA origami can have two programmable 
surfaces, and both can be utilized to immobilize AuNRs to fabricate chiral structures 
(Fig. 16b) [99, 100]. This dual-faced functionalization of the 2D origami was also 
used to assemble the AuNR helix structure shown in Fig. 16c [101]. The strategy 
of using planar origami plates tor assemble complex supra-NP linear architectures 
from AuNPs and QDs was recently demonstrated by Tian et al. [102]. This approach 
allowed these researchers to investigate plasmonic effects in linear meso-structures 
[102]. Recently, the research group of Gang and coworkers demonstrated single 
QD polarized emitters that were assembled by 3D origami from plasmonic and 
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light-emitting NPs (Fig. 16d) [103]. This integration permitted the control of active 
optical elements at the nanoscale, thereby providing opportunities for the manipula-
tion of emitted light.

Assemblies of AuNRs organized by DNA origami motifs have been developed 
to have dynamic properties. Based on the same AuNR–DNA origami design, one 
of the AuNRs was stationary (“stator”) while the AuNR bound to the opposite side 
of the DNA origami could move across the origami in one direction in programma-
ble intervals (“walker”) based on DNA strand displacement reactions. This type of 
AuNR walking was also achieved using a DNA origami design with a more complex 
topology (Fig. 17a) [104]. This research was built upon to include multiple walk-
ers relative to a single stator, where the walkers could walk either independently or 
together (Fig. 17b) [105]. The orientations of the AuNRs could also be programmed 
through the use of a pair of 14HB origami. The relative angle of the rods was con-
trolled by two DNA locks, and these locks could be reconfigured to tune this angle 
based on strand displacement reactions (Fig. 17c) [106]. This lock design was modi-
fied to be tuned by UV-light when azobenzene-modified DNA oligonucleotides 
[107] were used or by changes in pH based on Hoogsteen interactions whereby a 
duplex and ssDNA could hybridize into triplets [108]. This design has recently been 
utilized as a platform to detect viral RNA at picomolar concentrations [109].

DNA origami has also been leveraged in multiple ways for the chiral assem-
bly of spherical gold NPs (Fig. 18). To achieve this goal, various DNA origami 
templates have been used, such as 14HB [66], DNA origami sheet subsequently 
rolled up into a tube [67], tubular DNA origami for prescribed AuNR and AuNP 
helixes [110], a DNA origami toroid [111], or a bifacial DNA origami [112]. 

Fig. 16  Plasmonic structures assembled with 2D DNA origami. a AuNR dimer structures with different 
angles (180° and 60°) between AuNPs based on a triangular origami. Reproduced from Pal et al. [98], 
with permission, copyright 2011, American Chemical Society. b AuNR dimer structures with various 
relative positions were fabricated with a bifacial DNA origami. Reproduced from Lan et al. [99], with 
permission, copyright 2013, American Chemical Society. c The AuNR helix was assembled with bifacial 
DNA origami as template. Reproduced from Lan et al. [101], with permission, copyright 2015, Ameri-
can Chemical Society. d Light-emitting (PL photoluminescence) clusters with polarized emission were 
assembled from 3D octahedral origami, AuNPs and quantum dots (QDs). Reproduced from Zhang et al. 
[103], with permission, copyright 2019, American Chemical Society
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Subsequent work with the 14HB template design resulted in a dynamic two-
state plasmonic material in which the optical response of the system is switch-
able [113]. DNA origami was also used to construct plasmonic nano-antennas to 
enhance the fluorescence intensity in a plasmonic hotspot [114]. Similar efforts 
were made to probe surface-enhanced Raman spectroscopy and future sensing 
applications [115–117]. The nanometer precision of DNA origami was utilized 
to prescribe the relative positions of QDs and AuNPs in various geometries to 
control the average photon count rate and lifetime of the QD [118]. A triangular 
DNA origami was used to study long-range quenching of QDs based on its dis-
tance to a AuNP [119].

The stability and rigidity of DNA origami allowed these structures to be used 
as molds with desired cavity morphologies. A branched DNA origami structure 
was metallized in a two-step process that was a significant development towards 
DNA-templated nanocircuits [120]. Origami templates were also used to synthe-
size gold structures with arbitrary shapes, including rings, pairs of parallel bars, 
H shapes, gold nanocuboids and nanodonuts (Fig.  19a) [121, 122]. The same 
strategy was employed to adjust the size of AuNPs for further application, such 
as optoelectronics [66, 90]. A new concept was introduced to seed AuNPs inside 
of 3D DNA origami nanostructures to nucleate the growth of gold structures into 

Fig. 17  Dynamic chiral plasmonic devices assembled by DNA origami. a A plasmonic AuNR can walk 
on a triangular prism origami using DNA strand displacement reactions. The TEM images and the cir-
cular dichroism (CD) spectra show the movement of the AuNR (Movement of AuNRs shown from I–VI 
positions). Reproduced from Zhou et al. [104] under a Creative Commons Attribution 4.0 International 
License, copyright 2015, Nature Publishing Group. b Diagram showing that two AuNRs could walk 
stepwise on DNA origami separately or together. Movements are shown by the CD spectra. Reproduced 
from Urban et al. [105], with permission, copyright 2015, American Chemical Society. c 3D plasmonic 
metamolecule could tune the angle of two bundles and switch between the left-handed and right-handed 
states through the strand displacement reaction. The change in angle is shownby CD spectra. Reproduced 
from Kuzyk et al. [106], with permission, copyright 2014, Nature Publishing Group
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shapes whose resultant structure would be determined by the DNA origami mold 
(for example, see Fig. 19b) [123]. In another study, a series of shape-controlled 
inorganic nanostructures were reported, including gold and silver nanostructures, 
using DNA origami structures with different cavities; examples of the shape of 
these cavities are cuboid, triangle, sphere and Y-shape. Silver and QDs were also 
combined to fabricate a novel structure (Fig.  19c). To meet the demand of the 
casting highly stiff DNA origami molds were created [124]. Recently, there have 
been reports of the mineralization of DNA origami shapes and structures through 
a sol–gel chemistry that results in biomimetic silica nanostructures that are more 
robust. Compared to their precursor DNA nanostructure, these DNA–silica hybrid 
materials possess greater stability against a variety of factors, including tempera-
ture, pressure, salt concentration, and other buffer conditions [81, 82].

DNA shapes have also shown potential for utilization in biomedical applica-
tions as chemical nanoreactors and for drug delivery. One study reported a hexag-
onal barrel made using DNA origami capable of carrying nanoscale cargo, with 
a lock and key mechanism whereby the lock consisted of a DNA aptamer and 

Fig. 18  Anisotropic chiral plasmonic structures assembled by DNA origami. a Diagram showing a chiral 
AuNP helix assembled with a 24HB. In designing different sites, right-handed and left-handed struc-
tures are obtained. Various sizes of AuNPs are assembled, and a peak shift is captured by CD spectra 
(i–iv). Reproduced from Kuzyk et al. [66], with permission, copyright 2012, Nature Publishing Group. 
b An AuNP helix structure assembled through rolling up a rectangular origami. Reproduced from Shen 
et  al. [67], with permission, copyright 2012, American Chemical Society. c Schematic diagram of the 
AuNP@AuNR structure and its CD spectra (RH right-handed, LH left-handed). Reproduced from Shen 
et al. [110], with permission, copyright 2017, Wiley-VCH Verlag GmbH and Co. KGaA. d Diagram of 
toroidal super-chiral plasmonic structure assembled with DNA origami and its TEM images. Reproduced 
from Urban et al. [111], with permission, copyright 2016, American Chemical Society. e Four AuNPs 
arranged into RH and LH structures with bifacial DNA origami. Reproduced from Shen et al. [112], with 
permission, copyright 2013, American Chemical Society
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complementary strand and the key was the corresponding antigen [125]. DNA 
tiles were used to design a tweezer-like structure that is used to actuate the activ-
ity of an enzyme–cofactor pair [126]. 3D DNA origami structures were developed 
as nanoscale reactor vessels; in one case a hexagonal cylinder origami was used 
as a nanoreactor to confine a cascading enzymatic reaction between glucose oxi-
dase and horseradish peroxidase [127]. DNA origami was also used in efforts to 
compartmentalize enzyme to enhance their catalytic activity and stability [128] 
and was also studied as a molecular delivery system for targeted therapeutics 
[129].

DNA nanotechnology is considered to be a powerful method for the develop-
ment nanoelectronics. However, during the past decade, the guiding and fabricat-
ing reactions of NPs have always occurred in the liquid phase, and the organiza-
tion or aggregation is formless and difficult to predict. Kershner et al. proposed a 
strategy to construct controllable and predictable DNA architectures [130]. These 
researchers designed a template involving the self-assembly of DNA origami and 
a top–down microfabrication technique known as lithography to pattern a sub-
strate. After the triangular origami was arranged on the templated-substrate, the 
desired architecture was obtained, as shown in Fig. 20. The final positions of the 
AuNPs could be determined and were found to be quite accurate according to the 
design. This methodology can be applied to a wide range of application in the 
fabrication of functional devices [131].

Fig. 19  Shaped-controlled growth of inorganic nanostructures. a Schematic diagram of a AuNP cluster 
assembled by DNA origami and growth of NPs. The TEM images (bottom) show the structures in differ-
ent states. Reproduced from Schreiber et al. [121], with permission, copyright 2011, Wiley-VCH Verlag 
GmbH and Co. KGaA. b Cuboid gold nanostructure is synthesized using DNA origami with a rectangu-
lar cavity. The diagram shows the process and the TEM images of each step (bottom). Reproduced from 
Helmi et al. [123], with permission, copyright 2014, American Chemical Society. c Schematic diagram 
showing the design of the DNA origami and various shape-controlled growth of inorganic nanostruc-
tures. Reproduced from Sun et al. [124], with permission, copyright 2014, American Association for the 
Advancement of Science
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6  Summary and Outlook

DNA nanotechnology was originally proposed to address a problem in protein crys-
tallography, but in only a few decades it has become a powerful methodology for 
building at nanoscale. DNA nanotechnology has become a rapidly maturing field 
that extends to many new conventional and nonconventional applications in mate-
rial science, chemistry, biotechnology, and nanomedicine. The development of DNA 
tiles [4, 6, 32, 65] and DNA origami [33, 62, 71–73, 130] enabled the realization 
of complex architectures, from low-dimension arrays [18, 46, 48, 79, 98] to com-
plex structures [18–20, 50, 92, 132, 133], and from static structures [98–101] to 
dynamic architectures [104–108]. The programmability of DNA shapes provided a 
new nanotechnology toolbox for establishing platform approaches for the designed 
NP organizations [18, 19, 134, 135], particularly in three dimensions, where conven-
tional nanofabrication methods are limited. These advances in DNA nanotechnology 
have been applied to the development of materials with specific function. Even with 

Fig. 20  a Diagram shows that results from combining the lithography technique and DNA origami with 
NPs attached could be predictable arranged. Reproduced from Hung et al. [131], with permission, copy-
right 2010, Nature Publishing Group. b Method for creating silica nanostructures from DNA templates 
by a sol–gel chemistry shown for triangular origami with height mapping and corresponding energy-
dispersive X-ray spectroscopy (EDS) spectra [81]. Reproduced with permission. Copyright 2018, Nature 
Publishing Group
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complex programmable characteristics, DNA structures might retain their stability 
in the bio-environment, which is an attractive feature for emerging biomedical appli-
cations [125–128].

The discovery and design of functional nanomaterials for a diverse application 
require the design and synthesis of specifically designed DNA structures, the ability 
to integrate them with nanoscale building blocks, and the ability to assemble them 
into the desired structures.
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Abstract
DNA exhibits many attractive properties, such as programmability, precise self-
assembly, sequence-coded biomedical functions, and good biocompatibility; there-
fore, DNA has been used extensively as a building block to construct novel nano-
materials. Recently, studies on oligonucleotide–polymer conjugates (OPCs) have 
attracted increasing attention. As hybrid molecules, OPCs exhibit novel properties, 
e.g., sophisticated self-assembly behaviors, which are distinct from the simple com-
bination of the functions of DNA and polymer, making OPCs interesting and useful. 
The synthesis and applications of OPCs are highly dependent on the choice of the 
polymer block, but a systematic summary of OPCs based on their molecular struc-
tures is still lacking. In order to design OPCs for further applications, it is neces-
sary to thoroughly understand the structure–function relationship of OPCs. In this 
review, we carefully categorize recently developed OPCs by the structures of the 
polymer blocks, and discuss the synthesis, purification, and applications for each 
category. Finally, we will comment on future prospects for OPCs.
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Abbreviations
DNA  Deoxyribonucleic acid
ODN  Oligonucleotide
OPC  Oligonucleotide–polymer conjugate
DX  Double-crossover
siRNA  Small interference RNA
RISC  RNA-induced silencing complex
PLA  Polylactic acid
PGA  Polyglycolic acid
PLGA  Poly (lactic-co-glycolic acid)
PCL  Polycaprolactone
PASP  Polyaspartic acid
PNIPAM  Poly[N-isopropylacrylamide]
PEG  Polyethylene glycol
DMSO  Dimethyl sulfoxide
DMF  Dimethylformamide
PS  Polystyrene
CPG  Controlled pore glass
PPE  Poly-(phenylene–ethynylene)
HE  Dodecanediol phosphoramidite
ATRP  Atom transfer radical polymerization
RAFT  Reversible addition-fragmentation chain transfer polymerization
CPADB  4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid
BTPA  2-(Butylthiocarbonothioyl) propionic acid
EY  Eosin Y
AscA  Ascorbic acid
APS  Ammonium persulfate
TEMED  Tetramethylethylenediamine
PAGE  Polyacrylamide gel electrophoresis
FDA  Food and Drug Administration
PEI  Polyethyleneimine
SNA  Spherical nucleic acid
shRNA  Short hairpin RNAs
RCT   Rolling circle transcription
MDR1  Multidrug resistance protein 1
DOX  Doxorubicin
PPT-g-PEG  Peptide-grafted poly (ethylene glycol)
Fc  Ferrocene
MNP  Magnetic nanoparticle
PNB  Polynorbornene
PPO  Polypropylene oxide
LCST  Low critical solution temperature
VPTT  Volume phase transition temperature
DMT  Dimethoxytrityl
HPLC  High performance liquid chromatography
PPE  Poly (phenyleneethynylene)
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HEX  Hexachlorofluorescein
FRET  Fluorescence Resonance Energy Transfer
SWNT  Single-walled carbon nanotube
PFO  Polyfluorene
PT  Polythiophene
PFP  Poly [fluorine-co-phenylene fluorene]
ACQ  Aggregation caused quenching
APPV  (2,5-Dialkoxy) paraphenylene vinylene
PAM  Polyacrylamide
ROMP  Ring-opening metathesis polymerization
pRNA  Passenger-stranded RNA

1 Introduction

Nucleic acids are bio-macromolecules that encode genetic information for living 
organisms. As solid-phase nucleic acid synthesis techniques are now well devel-
oped, their unique molecular structure and conformation make nucleic acids inter-
esting molecules in the field of materials science. Due to specific Watson–Crick 
base pair interactions, nucleic acids not only specifically recognize complemen-
tary sequences, but can also conduct precise self-assembly and organize other mol-
ecules or nanomaterials in a well-defined manner at the nanoscale [1–4]. Therefore, 
nucleic acid-based nanotechnology has attracted significant attention in recent years 
(Fig. 1) [5, 6]. For instance, as a kind of DNA self-support nanostructure, DNA ori-
gami shows unparalleled advantages in precise controlling size and position at the 
nanoscale. However, DNA origami depends on a complicated and costly fabrication 
technique, which also exhibits susceptible stability (most structures require an envi-
ronment with a high concentration of  Mg2+). Moreover, a large number of drugs and 
contrast agents with low-solubility in water need to be incorporated into nanostruc-
tures with hydrophobic domains—a feature lacking in DNA origami. Therefore, the 
application of DNA origami in certain directions will be limited.

Oligodeoxynucletide (ODN) is a general term for a class of short-chain nucleic 
acids. Plenty of functional ODNs have been screened and well investigated, and 
show sequence-dependent functions, such as CpG islands (DNA sequences con-
taining a large amount of “-C-phosphate-G-”) for immune activation [7], aptam-
ers for targeted recognition [8], DNAzymes for catalysis [9], antisense ODNs and 
small interference RNAs (siRNA) for gene silencing (Fig. 2a, b) [10, 11]. Addition-
ally, certain sequences can undergo conformational changes in reaction to external 
stimuli, including the quadruplex folding of cytosine-rich sequences at low pH [12] 
and G-quadruplex formation in the presence of monocations (Fig.  2c) [13]. More 
importantly, ODNs can be modified easily by well-developed chemical methods to 
increase their functionality and intelligence. These excellent properties of ODNs 
make them attractive in the fields of controllable self-assembly, diagnostics, and 
therapeutics. However, as for free functional nucleic acids, they display some inher-
ent disadvantages for biomedical applications, including poor biological stability, 
non-specific immunogenicity, and unsatisfactory cellular uptake.
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Fig. 1  Nucleic acid-based nanotechnology [5]. a The schematic diagram from left to right represents: 
linear, Y-shaped, X-shaped nucleic acid tiles. Nucleic acid tiles with single-stranded ends (“sticky ends”) 
can self-assemble into complex structures. b The schematic diagram from left to right represents rectan-
gular double-crossover (DX) tiles, a Y-shaped DX tile, and an X-shaped DX tile. Unlike the structures in 
a, these double-crossover nucleic acid tiles have enhanced rigidity and highly planar structures that can 
assemble into a higher-order structure. c Three-dimensional nucleic acid structures. Left A nucleic acid 
tetrahedron constructed from four single strands. Right Nucleic acid cube constructed from five single 
stands. d Schematic representation of DNA origami. Long genomic DNA is folded with the help of small 
staple strands to give the desired, computationally designed, structure

194 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:24 

Synthetic polymers are attractive to researchers because of their enriched chemi-
cal structure and tunable properties. To avoid confusion, in this review, “polymers” 
are defined as chemically synthesized macromolecules, while “DNA” is a naturally 
occurring biomacromolecule; although DNA can be chemically synthesized nowa-
days, it originally exists in nature, whereas synthetic “polymers” do not. Polymers, 

Fig. 2  Functional nucleic acids. a A CpG oligodeoxynucletide (ODN) containing a “C–G” sequence 
can elicit an immune response in a mammal through the TLR9 signaling pathway, thereby enhancing 
immunotherapy as an immunological adjuvant [7]. The nucleic acid aptamer is referred to as a “chemical 
antibody” that can specifically bind to a target substance for targeted delivery and therapeutic purposes 
[8]. With the aid of metal ions, specific nucleic acid sequences have a catalytic effect [9]. b Both the 
antisense ODN and the small interfering RNA (siRNA) can regulate gene expression in a target cell [10, 
11]. The most common mechanism of action is that RNase H or RISC (RNA-induced silencing complex) 
complexes inhibit expression of target genes. c Some specific sequences can form stable quadruplex 
structures under acidic conditions or under metal ion-mediated conditions [12, 13]
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including biodegradable polymers, amphiphilic block copolymers, graft copolymers, 
and π-conjugated conductive polymers, have been well developed in recent years. 
Research into these polymers is changing rapidly in the fields of macromolecular 
self-assembly [14], drug delivery [15], biosensing [16], bioimaging [17], photo-
therapy [18], and polymer solar cells (Fig. 3) [19]. However, conventional synthetic 
polymers are used mainly as passive matrix materials to deliver hydrophobic drugs 
and contrast agents, which generally lack biological functions, such as targeting and 
stimuli-responsiveness to biomolecules.

Because of the attractive properties of both nucleic acids and polymers, the idea 
of integrating the two naturally came into being. Compared with pure DNA nano-
structures or polymer self-assemblies, oligonucleotide–polymer conjugates (OPCs) 
can combine the advantages of both and result in more capable nanomaterials due to 
the synergetic effects: (1) in addition to providing programmability, the DNA block 

Fig. 3  Synthetic polymers and their self-assembly. a Chemical structure of biodegradable polymers. 
There are two main types: polyester and polyamine. PLA Polylactic acid, PGA polyglycolic acid, PLGA 
poly (lactic-co-glycolic acid), PCL polycaprolactone, PASP polyaspartic acid. b Structure of two com-
mon copolymers: block copolymers and graft copolymers. c Some interesting macromolecular self-
assemblies
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also renders many distinctive biological functionalities to OPCs, such as gene regu-
lation, targeting, and stimuli-responsiveness. (2) The polymer block provides diverse 
interactions, including, but not limited to, hydrophobic interactions, π–π stacking, 
and host–guest interactions, which will bring many other organic functional mate-
rials into OPCs. (3) In particular, amphiphilic OPCs will self-assemble into stable 
nanostructures through hierarchical supramolecular interactions. On the one hand, 
the self-assembly structure will drive DNA blocks to be closely packed together, 
which will make DNA more resistant to nuclease degradation and enhance the cellu-
lar penetration capability. On the other hand, the self-assembly structures may show 
more intelligent stimuli-responsive properties; for instance, both the conformational 
changes of DNA blocks (e.g., pH-sensitive DNA i-motifs) and phase-transition of 
the synthetic polymer blocks (e.g., temperature-sensitive polyNIPAM) will change 
the amphiphilicity of OPCs, and result in morphological or functional variations. 
Therefore, OPCs will surely set off a revolutionary wave in the fields of supramolec-
ular chemistry and biomedicine. In recent years, plenty of excellent related work has 
been reported. Although several reviews have reported on OPC research [20–26], 
this comprehensive review will first classify OPCs through the coupled polymer 
block, and then systematically summarize the synthesis and purification methods of 
various OPCs. A perspective for the future development of OPCs is also provided.

2  Synthesis of OPCs

2.1  Direct Coupling of Polymer and ODN

Obviously, the most straightforward method to synthesize OPCs is through direct 
coupling reactions between functionalized ODNs and polymers. Various ODNs with 
reactive functional groups (“X” in Fig. 4) can be synthesized on a DNA synthesizer 
via phosphoramidite chemistry; polymers with reactive functional groups (“Y” in 
Fig. 4) can be synthesized by certain chemical methods. The two kinds of functional 
groups (X and Y) can react with each other to form the desired OPCs (“X–Y” in 
Fig. 4).

To date, a number of coupling reactions have been applied to the synthesis of 
OPCs (Fig. 4). Each coupling reaction has its own characteristics: (1) for the amida-
tion reaction between the amine group and the carboxyl group, the two functional 
groups are easy to introduce to ODN and the polymer, and the coupling condition is 
mild [27, 28]; however, the resultant amide bond is unstable and easily hydrolyzed. 
(2) The OPCs prepared by disulfide bonds are responsive to the reducing environ-
ment, and this characteristic can be used to realize stimuli-responsiveness in tumor 
environments [29, 30]. (3) The chemical bonds formed by other reactions, includ-
ing Michael addition [31, 32] and copper-catalyzed [33] (or copper-free [34, 35]) 
cycloaddition reactions, are relatively stable. Overall, a proper coupling reaction can 
be selected according to different research priorities and purposes.

The coupling reaction in Fig. 4 can be broadly classified into two types: (1) reac-
tions in solution; (2) reactions on solid supports.
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2.1.1  Reactions in Solution

A high coupling efficiency generally results from the reaction in a homogeneous sys-
tem. DNA is a fully hydrophilic molecule, which readily couples with hydrophilic 
polymers, such as polypeptide chains [36, 37], polyethylene glycol (PEG) [38], and 
polyacrylamide [39], resulting in fully hydrophilic OPCs.

Due to the heterogeneity of the reaction, coupling hydrophobic polymer to hydro-
philic ODN becomes more difficult. Herrmann’s group has attempted to introduce 
surfactants to transfer ODN into the organic phase to promote the coupling reactions 
with hydrophobic polymers [40]; however, additional steps are needed to remove 
the organic surfactant, which may induce biosafety risks. Another attempt was to 
synthesize OPCs in a mixed solvent that can dissolve both ODNs and organic poly-
mers. Generally, ODN has the highest solubility in water, high solubility in DMSO 
(dimethyl sulfoxide), and moderate solubility in DMF (dimethylformamide). Some 
hydrophobic polymers, such as PCL, PLA, or PS (polystyrene), have good solubility 

Fig. 4  Various synthetic methods for direct coupling of ODNs and polymers. a Amidation of amine and 
carboxyl groups [27, 28]. b Direct coupling of amine and NHS (N-hydroxysuccinimide) ester-activated 
polymers [67]. c 2-Pyridyldithiol and sulfhydryl groups can form cleavable disulfide bonds [29, 30]. d 
Michael addition reaction of mercapto and maleimide [31, 32, 125]. e Copper-catalyzed cycloaddition 
reaction of alkynyl and azide [33]. f Copper-free “click” reaction of cyclooctyne and azide [34]
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in DMSO or DMF. Therefore, mixed solvents, such as DMSO/water [34], DMSO/
DMF mixed solvents [41], and even pure DMF solvents [33], were used in the syn-
thesis of amphiphilic OPCs with satisfactory yields.

2.1.2  Reactions on Solid Support

The solid phase support, controlled pore glass (CPG), is a carrier for synthesizing 
ODN on a DNA synthesizer. After synthesizing the ODN with a reactive functional 
group, the polymer to be coupled can be conjugated to the ODN on the CPG. Com-
pared with the solution-phase reaction, the solid-phase reaction shows advantages in 
wider solvent choice and more convenience in the subsequent purification.

The most classic solid-phase reaction is based on phosphoramidite chemistry 
[42–44], as shown in Fig. 5a, b, which is highly efficient with no need for any cata-
lysts. However, such reactions are sensitive to water; the incorporation of a small 
amount of water will greatly reduce the efficiency of the reaction. Therefore, phos-
phoramidite synthesis is generally performed “on-line” on a DNA synthesizer that 
can provide a highly anhydrous environment [45, 46]. “Click” (Fig.  5c) [47, 48] 
and amidation reactions (Fig. 5d) [49, 50] are also widely used solid-phase synthe-
sis methods. However, as solid-phase synthesis involves an aminolysis step to cut 
ODNs from CPG supports, reaction products with chemical bonds that are sensitive 
to the alkaline conditions, are not suitable for solid-phase methods.

2.2  In Situ Polymerization from the End of ODN

According to the collision theory of reaction kinetics, conjugation reactions from 
the single end of a polymer will be less efficient. In order to improve conjugation 
yields, new polymerization strategies have been developed to prepare OPCs, one of 
which is to perform polymerization in situ from the end of the ODN/polymer with a 
functionalized group.

Yang et  al. [51] carried out the direct polymerization of poly-(phenylene–ethy-
nylene) (PPE) derivatives from the end of the ODN (Fig.  6a), which was capped 
with a 5I-dU functional group to initiate PPE polymerization and finally obtain 
ODN–PPE conjugates. It is worth mentioning that the reaction was carried out on 
a CPG solid support, which has convenient advantages in product synthesis and 
purification.

Also to take advantage of the solid-phase phosphoramidite chemistry, Sleiman’s 
group developed a method for the synthesis of sequence-defined polymers appended 
to ODNs (Fig.  6b) [52, 53]. They used a commercially available DMT-protected 
dodecanediol phosphoramidite (HE), which is sequentially coupled to the 5′ termi-
nus of an ODN strand. The resulting OPCs consisted of ODN portions conjugated 
with 1–12 HE units punctuated by phosphate moieties, showing distinct amphiphilic 
properties.

Matyjaszewski’s group [54–56] utilized atom transfer radical polymerization 
(ATRP) reactions to polymerize polymer from the end of an ODN. In their method, 
an ATRP initiator was bonded to an ODN during solid-phase synthesis, from 
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which a polymer chain was grown to produce OPCs (Fig. 6c). The authors claimed 
that ATRP polymerization can be carried out in solution after the ODN-initiator 
sequence is cut from the solid support, or directly on the solid support. Therefore, it 
is a versatile and high-yield method of preparing OPCs, wherein both fully hydro-
philic polymers and amphiphilic polymers can be applied.

Reversible addition-fragmentation chain transfer polymerization (RAFT) is 
another kind of controlled radical polymerization method, which provides similar 
flexibility in monomer scope and end-group functionalization. Moreover, unlike 
ATRP methods that rely on toxic transition metal catalysts, the RAFT approach 
typically does not require metal catalysts and can be photo-initiated, which can 
offer a biocompatible polymerization platform for the synthesis of OPCs. Weil and 

Fig. 5  a Schematic diagram of the synthesis of ODN by a DNA synthesizer. b The polymer with a 
hydroxyl group may be modified with a phosphoramidite; further, OPCs are chemically synthesized by 
phosphoramidite chemistry. c A copper-catalyzed cycloaddition reaction carried out on solid support [47, 
48]. d Amidation reaction carried out on solid support [49, 50]
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colleagues [57] developed a new “graft-from” approach based on photo-induced 
RAFT polymerization, by which OPCs can be prepared in solution (Fig.  6d). 
First, ODNs were functionalized by the established RAFT agents 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPADB) and 2-(butylthiocarbonothioyl) 
propionic acid (BTPA), and then subjected to light-induced RAFT polymerization. 
It should be noted that: (1) RAFT reagents are unstable in alkaline media and can-
not be synthesized directly on CPG solid support. (2) The deoxygenation of this 

Fig. 6  Polymers were polymerized directly at the end of the ODN to prepare OPCs. a Polymerization 
of water-soluble PPE on controlled pore glass (CPG) solid support [51]. b Sequence synthesis of well-
defined OPCs on a DNA synthesizer [52, 53]. c The atom transfer radical polymerization (ATRP) reac-
tion was directly carried out at the end of the ODN to synthesize OPCs [54–56]. d In the solution, the 
ODN containing the reversible addition-fragmentation chain transfer polymerization (RAFT) initiator 
was subjected to RAFT polymerization to prepare OPCs [57]

201Reprinted from the journal   



Topics in Current Chemistry (2020) 378:24

1 3

ultra-small-volume reaction system is a challenge. The use of Eosin Y (EY) and 
ascorbic acid (AscA) as reducing agents can replace the deoxygenation step in the 
polymerization process [57].

2.3  Acrydite‑Functionalized ODN for Free‑Radical Polymerization

In order to efficiently obtain ODN-graft polymer conjugates, one approach is to pre-
pare polymerizable macromonomers containing ODNs and then copolymerize the 
macromonomers with other functional monomers (Fig. 7). Acrydite-functionalized 
ODN is the macromonomer used most widely to prepare OPCs such as ODN-g-
PNIPAM (poly[N-isopropylacrylamide]) [58], and ODN-g-polyacrylamide [39, 59, 
60]. These OPCs are used widely for preparing stimuli-responsive DNA hydrogels.

3  Separation and Purification of OPCs

Whether used in therapeutic, diagnostic, or self-assembly research, the purity of 
OPCs is critical. The unreacted hydrophobic polymer in the crude product can be 
removed by centrifugation due to its low solubility in aqueous solution. Another 
impurity is the unreacted ODNs. Briefly, there are several methods that can be used 
to remove free ODNs (Fig. 8): (1) dialysis [41, 61]; (2) ultrafiltration [27, 62]; (3) 
electrophoresis-cutting [48]; (4) reversed-phase column chromatography [34, 53]; 
(5) size exclusion chromatography [63–66]; and (6) anion exchange chromatography 
[46].

Most of the free ODN can be removed by selecting a dialysis bag or ultrafil-
tration tube with a suitable molecular weight cutoff. However, inevitably, there 

Fig. 7  Synthetic route of two representative ODN-graft polymer conjugates. a ODN-g-PNIPAM [58]. b 
ODN-g-Polyacrylamide [39, 59, 60]. APS Ammonium persulfate, TEMED tetramethylethylenediamine
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Fig. 8  Separation and purification of OPCs. a Dialysis. ODNs with small molecular weights will pass 
through the dialysis bag, while OPCs with large molecular weights will be trapped in the dialysis bag 
[41, 61]. b Ultrafiltration. Its separation principle is similar to dialysis, but the processing time is shorter 
compared with dialysis [27, 62]. c Electrophoresis-cutting purification. Separation by polyacrylamide gel 
electrophoresis (PAGE) or agarose gel electrophoresis, then cutting the target bands to obtain the puri-
fied OPCs [48]. d Purification by reversed-phase column chromatography. Separation and purification 
via differences in hydrophilicity [34, 53]. e Size exclusion chromatography purification: separation and 
purification by the difference in size [63–66]. f Anion exchange chromatography purification: separation 
and purification by the difference in charge density [46]
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will still be a portion of the residual ODN in the sample of OPCs. These residual 
ODNs can potentially affect the properties of OPCs in subsequent studies.

Gel electrophoresis is the most common method for nucleic acid purification, 
and can separate products with very small differences in molecular weight. How-
ever, it requires the use of nucleic acid dyes to trace nucleic acids, which intro-
duces new impurities to the OPCs.

Purification of OPCs by column chromatography is the most ideal separa-
tion method. For reversed-phase column chromatography, OPCs consisting of a 
hydrophobic-polymer-block will show longer retention time compared with the 
hydrophilic ODNs. Using this principle, we can get relatively pure OPCs. Nota-
bly, when separating OPCs using such methods, the hydrophobicity of the cou-
pled polymer should not be too strong, otherwise the OPCs will not be eluted in 
the reversed-phase chromatographic column.

Another type of column chromatography that can be used for OPC purification 
is size exclusion chromatography. The principle of this method is that the sub-
stance with a larger size is eluted first, and the small-size one is eluted later. For 
highly hydrophobic polymers, the corresponding OPCs are likely to form large 
assembled structures due to the hydrophobic interactions, which will have larger 
sizes than the free ODNs. Using this principle, OPCs can be purified thoroughly.

The principle of anion exchange chromatography is to use the differences in 
charge densities of the substances to be separated. Amphiphilic OPCs containing 
hydrophobic moieties will form aggregates in aqueous solution. These aggregates 
have higher charge densities than free ODNs. Thus, free ODNs show shorter 
retention time in the anion exchange column compared to OPCs.

4  Classification of OPCs

Many types of OPCs have been reported. In the past, most review articles clas-
sify OPCs by their application directions. Here, we summarized various OPCs 
according to their coupled polymers. So far, the coupled polymers can be divided 
roughly into the following categories: biodegradable polymers, strong hydropho-
bic polymers, polymers with weak hydrophobicity, π-conjugated polymers, and 
other polymers. These polymers with different structures show very different 
properties; therefore, the research priorities and applications of the corresponding 
OPCs will be very different.

4.1  Biodegradable Polymer‑Based OPCs

When applying OPCs to therapeutics, there is no doubt that biodegradable pol-
ymers are preferred. Currently, biodegradable polymers coupled with ODNs 
include mainly PLGA, PCL, and PLA.
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4.1.1  ODN–PLGA Conjugates

PLGA is approved for clinical use by the Food and Drug Administration (FDA) of 
many countries due to its good biocompatibility and tunable degradation rate. PLGA 
contains two repeating units: lactic acid and glycolic acid. The degradation rate of 
PLGA can be regulated by adjusting the molecular weight of PLGA or the ratio 
between the lactic acid and glycolic acid units. Compared to PLA and PCL, PLGA 
has a faster degradation rate due to its good hydrophilicity. These excellent proper-
ties make PLGA a promising material in the biomedical field.

Antisense ODN can block the expression of specific proteins to treat a particular 
disease, but its most serious problem is its low cell permeability. In 2001, Park’s 
group reported the coupling of antisense ODN and PLGA (Fig. 9a) [67]. The amphi-
philic ODN-b-PLGA block copolymers could self-assemble into stable micelles in 
aqueous solution. More importantly, these ODN-b-PLGA micelles can enter cells 
via endocytosis without the need for a cationic transfection agent. In addition, the 
controlled degradation of PLGA allows the sustainable release of antisense DNA to 
efficiently inhibit the expression of certain genes [67].

siRNA can target mRNA and mediate the degradation of the target mRNA to 
realize gene silencing. Likewise, intracellular delivery of siRNA also requires the 
utilization of toxic cationic polymeric carriers. In order to realize self-delivery, 
siRNA was chemically conjugated to PLGA via a cleavable disulfide bond [29, 30] 
to form siRNA–PLGA conjugates, which would subsequently self-assemble into 
micelles in aqueous solution with a high density of siRNAs at the surface (Fig. 9a, 

Fig. 9  a Structural formula of two common ODN–PLGA conjugates. b Self-assembled siRNA–PLGA 
conjugates for intracellular delivery of siRNA (adapted with permission from [30])
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b). Compared to the free siRNA, siRNA-b-PLGA was more readily complexed 
by linear-low-molecular-weight PEI (polyethyleneimine), which shows compara-
tively lower cytotoxicity. In addition, the siRNA-b-PLGA/PEI complex exhibited 
improved cell permeability and gene silencing efficiency than the siRNA/PEI com-
plex [30].

4.1.2  ODN–PCL Conjugates

PCL is also a biodegradable polymer that is approved by the FDA for biomedi-
cal applications. PCL can be prepared by the ring-opening polymerization of 
ε-caprolactone monomers catalyzed by a metal anion complex. By optimizing the 
polymerization conditions, PCL of different molecular weights can be synthesized. 
Compared to PLGA and PLA, modifications of PCL are more readily performed.

According to the theory of spherical nucleic acids (SNAs) [68, 69], densely 
packed and highly oriented nucleic acids in a spherical geometry show proper-
ties that differ markedly from their linear cousins. SNAs can enter cells more effi-
ciently to induce gene regulation or detect biological targets in live cells. Gener-
ally, SNAs are constructed on spherical nanoparticle cores, to the surfaces of which 
ODNs were covalently attached; in addition to this, the self-assembled OPCs can 
also build SNA structures. In 2015, Zhang et al. [61] reported two ODN–PCL con-
jugates: linear ODN-b-PCL and ODN-g-PCL conjugates (Fig. 10a, b). They believe 
that the nucleic acid micelles formed by ODN-g-PCL conjugates have a higher sur-
face density of ODNs than the micelles formed by linear ODN-b-PCL. Compared 
with ODN-b-PCL, ODN-g-PCL showed more negative surface charge, higher melt-
ing temperatures, higher cell uptake efficiency, and more efficient gene suppression 
efficiency [61].

In a follow-up work, Zhang’s group developed a method of using siRNA as a 
cross-linker to mediate further self-assembly of the ODN-g-PCL conjugates, form-
ing spherical and nanosized hydrogels. The siRNAs were fully embedded in the 
nanogel, which showed good bio-stability during the systemic delivery. This size-
adjustable cross-linked siRNA@DNA-g-PCL nanogel could deliver siRNAs effi-
ciently to different cells without the need for any transfection agents, and achieved 
efficient gene silencing both in vitro and in vivo. Through this, significant inhibition 
of tumor growth was realized in the anticancer treatment (Fig. 10a, c) [41].

4.1.3  ODN–PLA Conjugates

PLA is also an FDA-approved biodegradable material that degrades at a slower rate 
than PLGA. PLA can be synthesized by the controlled ring-opening polymeriza-
tion of lactide. To synthesize ODN–PLA conjugates, a “Click” reaction can be per-
formed using azide-terminated PLA and alkynyl-terminated ODN [33]. Similarly, 
ODN–PLA conjugates could self-assemble into spherical micelles in aqueous solu-
tion. Chen’s group used in  situ rolling circle transcription (RCT) to prepare short 
hairpin RNAs (shRNA) from the amphiphilic ODN–PLA micelles, using the periph-
eral ODNs as primers. The shRNAs were applied to inhibit the expression of mul-
tidrug resistance protein 1 (MDR1) in breast cancer. In addition, the hydrophobic 
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Fig. 10  Assembly and application of ODN–PCL conjugates. a The chemical structures of two typical 
ODN–PCL conjugates [61]. b Two ODN–PCL micelles with different surface nucleic acid densities are 
used for intracellular gene silencing (reproduced with permission from [61]). c siRNA@ODN-g-PCL 
nanogel prepared using siRNA as a crosslinker for siRNA delivery and anti-tumor therapy (reproduced 
with permission from [41])
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PLA core can carry hydrophobic drugs, such as doxorubicin (DOX). The product of 
shRNA@ODN–PLA was then condensed by positively charged peptide-grafted poly 
(ethylene glycol) (PPT-g-PEG) into nanoparticles. This multifunctional composite 
nanoparticle could be efficiently delivered to cancer cells and accumulate in xeno-
graft tumors, enabling multi-modal therapy for MDR breast cancer (Fig. 11) [33].

4.2  DNA–Strong Hydrophobic Polymer Conjugates

Generally, polymers bearing hydrocarbon chains (–CH2) and aromatic units (ben-
zene, etc.) show strong hydrophobic properties. Examples of this include polysty-
rene and polynorbornene. When these highly hydrophobic polymers are coupled 
to hydrophilic ODNs, the resulting amphiphilic OPCs typically form compact and 
small micelles with “solid” cores. This type of micelle is more suitable for encapsu-
lating substances that we do not want to leak from the micelles, such as toxic con-
trast agents and organic dyes.

4.2.1  ODN–Polystyrene Conjugates

The strong hydrophobicity of polystyrene (PS) makes the synthesis of ODN–PS 
conjugates difficult. Several approaches that have been applied to the synthesis of 

Fig. 11  Assembly and application of ODN–PLA conjugates (reproduced with permission from [33]). 
a Self-assembly of ODN-b-PLA synthesized by a copper-catalyzed “click” reaction to form spherical 
micelles. Rolling circle transcription (RCT) was then performed in situ on the micelles to prepare a large 
amount of shRNA. b shRNA@ODN–PLA encapsulates hydrophobic doxorubicin (DOX) and is further 
condensed by PTT-g-PEG to obtain nanoparticles for the synergistic treatment of multidrug-resistant 
breast cancer (c)
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ODN–PS conjugates include phosphoramidite chemistry [70, 71], amidation reac-
tions [72, 73], Michael addition reactions [32], and copper-catalyzed Click reactions 
[48].

Due to the strong hydrophobicity of PS, ODN–PS conjugates are able to self-
assemble into very stable micelles, which can be used to encapsulate hydrophobic 
dyes and drugs with high efficiency and stability. Park’s group co-assembled mag-
netic nanoparticles (MNP) and ODN–PS conjugates into hybrid nanostructures, 
which show potential applications in magnetic separation and handling of DNA 
molecules, magnetic resonance imaging, local drug delivery, and treatment of dis-
eases by magnetic hyperthermia therapy. The surfaces of such nanostructure con-
sist of high-density ODN chains, resulting in SNAs-like properties. Therefore, these 
hybrid nanostructures display excellent DNA hybridization properties including a 

Fig. 12  Assembly and application study of ODN–PS conjugates (reproduced with permission from 
[71]). a Chemical structure of ODN–PS conjugates prepared by phosphoramidite chemistry. b Prepara-
tion of ODN–PS assembly with magnetic nanoparticles. c Cy3-labeled target DNA preferentially binds 
to MNP@ODN–PS in the presence of Cy5-labeled competing ODN (i.e., the free ODN having the same 
sequence as that on MNP@PS–DNA)
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high DNA binding constant for DNA detection and delivery applications (Fig. 12) 
[71].

In addition, Herrmann’s group [32] incorporated ferrocene (Fc) into micelles 
formed by ODN–PS conjugates. They found that the introduction of Fc molecules 
into the hydrophobic core would not affect the micellar morphology. Moreover, Fc 
encapsulation significantly changes the electrical properties of the micelles, which 
are expected to be applied to nanoelectronics or biosensing [32].

4.2.2  ODN–Hydrophobic PNB Conjugates

In order to build a polymer micellar SNA to improve the biostability of ODN for 
intracellular and in vivo applications, Gianneschi’s group conjugated a carboxylic 

Fig. 13  a Chemical structure of ODN–PNB conjugates. b Amphiphilic ODN–PNB conjugates self-
assemble into micellar nanoparticles for intracellular gene regulation (reproduced with permission from 
[65]). c Micellar thrombin-binding aptamers for anticoagulation (reproduced with permission from [64])
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acid terminated polynorbornene (PNB) with an amine-modified ODN through 
solid-phase coupling reaction (Fig. 13a). Due to the strong hydrophobicity of PNB, 
ODN–PNB conjugates self-assembled into solid micelles [63–66]. Initially, they 
grafted long ODNs to the side chain of PNB to form an amphiphilic brush copoly-
mer. When the long ODN strand is cleaved by the DNAzyme, the assembly of the 
amphiphilic copolymer is converts from a spherical to a cylindrical structure. This 
cylindrical structure could reconvert into a spherical structure by adding a long com-
plementary strand, which was a reversible process by strand competition [49]. The 
same group also explored a variety of applications for these kinds of ODN–PNB 
based SNAs including gene regulation (Fig. 13a, b) [63, 65] and micellar thrombin-
binding aptamers (Fig. 13c) [64].

4.3  ODN–Dynamic Polymer Conjugates

Polymers show tunable hydrophobicity upon response to environmental changes, 
and are thus defined as “dynamic polymers”. These polymers generally have low 
glass transition temperatures; therefore, the corresponding OPCs could form 
micelles showing properties different from “solid” micelles, which could go through 
dynamic changes under different conditions. Therefore, smart micelles fabricated 
from this kind of OPCsshow interesting application potentials in the biomedical 
field, and are able to respond to pH, enzymes, and temperature.

4.3.1  ODN–PPO Conjugates

Polypropylene oxide (PPO) shows a glass transition temperature (Tg = − 70  °C) 
much lower than that of PLGA and PS. PPO is a polymer that shows temperature-
dependent properties: it is hydrophilic at low temperatures (below 20  °C) and 
changes to hydrophobic at room temperature. Therefore, OPC micelles with PPO 
as the hydrophobic core show “dynamic” characteristics. Moreover, the synthesis 
of ODN–PPO conjugates is very accessible, as PPO polymers with hydroxyl end 
groups can be readily coupled with ODN through the phosphoramidite chemistry on 
a DNA synthesizer (Fig. 14a).

The amphiphilic block copolymer ODN-b-PPO can self-assemble in aqueous 
solution to form dynamic spherical micelles. Thus, these micelles, which display 
a recognition function at the ODN shell and an encapsulation function at the PPO 
core, were applied to DNA-templated organic synthesis [45], targeted drug deliv-
ery (Fig. 14b) [74, 75], and virus loading [76]. In addition, ODN-b-PPO could be 
inserted into the lipid vesicle layer [77], or co-assembled with other amphiphilic 
micelles [78] to prepare hybrid materials. Making use of the hydrophilicity of PPO 
at low temperatures, ODN-b-PPO was inserted into the network of a DNA hydro-
gel to study the process of molecular self-collapse (due to the phase transition of 
PPO) [79]. In another work, the authors claimed that the dynamic micelles of ODN-
b-PPO could switch from spherical to rod-shaped structures via hybridization with 
cDNA (Fig. 14c) [80]. In addition, the use of a stimuli-responsive ODN sequence 
could also induce the dynamic change of ODN-b-PPO micelles. For example, the 
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pH-responsive “i-motif” sequence will fold at acidic pH conditions, which would 
drive the morphology change of the self-assembly from spherical micelles to long 
fibers [81]. The biological methods, such as enzymatic polymerization or ligation 
[82–84], can also be used to change the properties of ODNs and subsequenty control 
the morphology changes of the OPC self-assemblies.

4.3.2  ODN–PNIPAM Conjugates

Poly(N-isopropylacrylamide) (PNIPAM) is a widely studied temperature-sensitive 
polymer. At room temperature, linear PNIPAM dissolves well in aqueous solution, 
but when the temperature reaches a certain temperature, PNIPAM will undergo a 
transition from hydrophilic to hydrophobic  in nature. The critical temperature 
for hydrophilic–hydrophobic transition is called low critical solution temperature 
(LCST). Accordingly, a PNIPAM-based microgel exhibits a high degree of swell-
ing (hydration state) at room temperature, and, when the temperature is raised to 
about 32 °C, the PNIPAM microgel will convert into a dehydrated state, resulting 
in significant shrinkage. The transition temperature of PNIPAM microgel is defined 
by the volume phase transition temperature (VPTT). The fast-response and temper-
ature-sensitive properties of PNIPAM make it suitable for biomedical applications 
such as controlled drug delivery and biosensing.

Based on the reversible phase-transition properties of PNIPAM, ODN–PNI-
PAM conjugates are expected to show new and interesting properties (Fig.  15a). 

Fig. 14  a Structures of ODN-b-PPO [74] and ODN-b-PPO–ODN [79]. b Micelles formed by the self-
assembly of ODN-b-PPO amphiphilic block copolymer are used for the treatment of cancer (reproduced 
with permission from [74]). (Green ball hydrophobic drug, red ball targeting group.) c Morphological 
changes of ODN-b-PPO with thermodynamic equilibrium induced by long-chain DNA hybridization 
(reproduced with permission from [80])
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For example, the charge of ODN would affect the phase transition behavior of 
ODN–PNIPAM conjugates [85], and the molecular recognition capability, stimuli-
responsiveness, and therapeutic functions of ODNs would greatly broaden the prop-
erties of PNIPAM. Various materials (such as hydrogels [86]) have been developed 

Fig. 15  Application and assembly behavior of ODN–PNIPAM conjugates. a Structures of ODN-g-
PNIPAM [86] and ODN-b-PNIPAM [91]. b A multifunctional poly-N-isopropylacrylamide/DNAzyme 
microgel as a highly efficient and recyclable catalyst for biosensing (reproduced with permission from 
[58]). c Multimodal shape transformation of a dual responsive ODN block copolymer (reproduced with 
permission from [91])
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based on ODN–PNIPAM conjugates, which have been applied in the separation 
of nucleic acids [87, 88] and proteins [89], as well as recyclable biocatalysts [58] 
(Fig.  15b). ODN–PNIPAM conjugates also showed more versatile self-assembly 
properties. For example, the molecular hybridization capability of ODN allows 
PNIPAM to form layer-by-layer assemblies [90] or aggregate by non-covalent 
crosslinking [31]; Some switchable self-assemblies can also be prepared by using 
the phase-transition properties of PNIPAM (Fig.  15c) [91]. In addition, PNIPAM 
can be combined with classical DNA nanostructures (such as DNA tetrahedral [92]) 
to produce smart nano-materials.

4.3.3  ODN–HEn Conjugates

The structure and properties of DNA can be well-defined by its sequence. Inspired 
by this, synthesized organic molecules can be coupled sequentially to the ODN 
strand on the solid support using a DNA synthesizer. Sleiman’s group [53] used 
commercially available dimethoxytrityl (DMT)-protected dodecanediol phospho-
ramidite, which corresponds to the hexamer portion of polyethylene (HE) for the 
synthesis of sequence-controlled OPCs. Due to highly efficient phosphoramidite 
chemistry reactions, the degree of polymerization can be fully controlled (up to 72 
units). Upon purification by reverse-phase high-performance liquid chromatogra-
phy (HPLC), monodispersed ODN–HEn conjugates can be obtained (Fig. 16a) [53]. 
The presence of the phosphate moiety in the polymer backbone does not affect the 
hydrophobic nature of the HE moiety. Moreover, the hydrophobicity of the OPCs 
increased as the degree of polymerization increased. When the number of HE 
units reached six, ODN–HE6 conjugates formed spherical micelles in the presence 
of magnesium ions  (Mg2+). The more HE units incorporated, the more stable the 
resultant micelles became, with a higher loading capability for hydrophobic guest 
molecules. It should be noted that all ODN–HEn conjugates retained hybridization 
capability to cDNAs. Taking advantage of the controlled self-assembled proper-
ties of ODN–HEn conjugates, as well as the precise hybridization of ODNs, a large 
number of newly assembled structures or materials were prepared [93]. Examples 
include the superstructure formed by DNA nanocages (Fig.  16b) [94] and DNA 
cage-based ring structures formed through hydrophobic interactions (Fig. 16c) [95]. 
With regard to the application, the micelles of ODN–HEn conjugates were used as 
nano-reactors to improve the efficiency of the coupling reaction between hydropho-
bic molecules and ODNs [96]. Similar to other OPCs, ODN–HEn conjugates were 
also applied to drug delivery [97, 98] and gene regulation [99, 100].

4.4  ODN–Conjugated Polymer Conjugates

The π-conjugated polymer is one of the most important organic functional materials, 
which shows extended π-conjugation along the molecular backbone with delocal-
ized π-electrons. Due to their excellent light-harvesting and light-amplifying proper-
ties, π-conjugated polymers have been used widely in the biomedical and biosensing 
fields [101]. In addition, π-conjugated polymer-based OPCs show strong π–π and 
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Fig. 16  Self-assembly of sequence-defined ODN–HEn conjugates. a Chemical structure of ODN–HEn 
and ODN–HEGn conjugates [53]. b Precision assembly of ODN–HEn conjugates with 3D DNA cages 
into DNA cage-micelles or hierarchical superstructures (reproduced with permission from [94]), as well 
as the ring structure of DNA cages (c) (reproduced with permission from [95])
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hydrophobic interactions, which would result in unique self-assembly behaviors and 
interesting optical and electronic properties [102].

4.4.1  ODN–PPE Conjugates

Water-soluble poly(phenyleneethynylene) (PPE) is easy to synthesize and has a high 
fluorescence quantum yield in aqueous solution, so it has been applied widely to flu-
orescence biosensing. Yang et al. [51] developed a molecular beacon system using 
PPE polymer as the fluorescence reporter. Due to the super-quenching property of 
their π-conjugated polymer, the fluorescence of PPE was completely quenched when 
the molecular beacon was folded to a hairpin structure. When hybridized with the 
target DNA, the hairpin structure was opened to generate fluorescence signal. This 
molecular beacon based on a π-conjugated polymer shows a high sensitivity for 
nucleic acid detection [51], due to the good light-harvesting capability and efficient 
energy transfer along the molecular backbone of PPE. A DNA molecular beacon 
modified with PPE as the energy donor and the HEX (hexachlorofluorescein) dye 
as the energy acceptor has also been developed, which would detect nucleic acids 
through FRET (fluorescence resonance energy transfer) signals, resulting in a more 
specific and quantitative detection capability (Fig. 17) [27].

4.4.2  ODN–PFO Conjugates

The single-walled carbon nanotube (SWNT) is one of the most important carbon 
nanomaterials, exhibiting excellent mechanical, electrical, thermal and optical prop-
erties. SWNTs intrinsically tend to bundle together due to van der Waals interac-
tions. Surface functionalization with amphiphilic dispersant provides an efficient 
method to disperse and purify SWNTs with minimal introduction of defects. It is 
interesting to note that polyfluorene (PFO) can selectively dissolve semiconducting 
SWNTs rather than the conductive counterpart with a narrow size distribution.

Herrmann’s group [46] coupled PFO and ODN to synthesize ODN–PFO con-
jugates (Fig. 18), which could effectively and selectively disperse SWNTs as well 
as provide a platform for precise operation. Using the ODN–PFO conjugates, elec-
tronic devices can be fabricated by the bottom-up method on an extended surface, 
resulting in high yields. Electrostatic repulsion between ODNs and the strong inter-
action between PFO and the sidewalls of the SWNTs make ODN–PFO a good dis-
persion agent for SWNTs. In addition, ODN-modified gold nanoparticles could be 
readily functionalized to the surface of the nanodevice through hybridization with 
ODN–PFO dispersed SWNTs [46].

4.4.3  ODN–PT Conjugates

Due to the liquid crystal properties of rigid–rod type polymers, rod–coil type 
block copolymers show higher structural diversity than conventional coil–coil 
type polymers. Conjugates of ODN and rigid–rod polymers were thus predicted 
to have unusual assembly behaviors; they could be either rod–coil type block 
copolymers (single-stranded ODN with a flexible structure) or rod–rod type 
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block copolymers (duplex nucleic acid with a relatively rigid structure). Park’s 
group coupled the rigid–rod polymer PT (polythiophene) with ODN to synthesize 
ODN-b-PT conjugates (Fig. 19). In general, ODN amphiphilic block copolymers 
tend to form simple spherical micelles. However, due to the rigid structure of 
PT and its strong π–π interaction, ODN-b-PT conjugates formed a hollow vesicle 
structure. It should be noted that, due to the dense stacking of PTs, the vesicles 
formed by ODN-b-PT show very weak fluorescent signals in water. The size of 
the vesicles formed by self-assembly is regulated by adjusting the concentration 

Fig. 17  a Chemical structure of water-soluble poly(phenyleneethynylene) (PPE)–ODN conjugates. b 
Molecular beacons and signal amplification systems based on conjugated polymers (reproduced with 
permission from [27])
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of ODN-b-PT in aqueous solution. In addition, increasing the salt concentration 
in solution converted ODN-b-PT from a vesicular morphology to a sheet struc-
ture; this change was reversible. Interestingly, the researchers incorporated ODN-
b-PT into a one-dimensional nanoribbon assembled from PEG-b-PT to function-
alize the nanoribbon with AuNPs. The ODN-conjugated polymer prepared by 
coupling ODN with a rigid conjugated polymer show interesting morphologies 
due to the strong π–π interactions, and new properties due to the optoelectronic 
properties of conjugated polymers [103].

Fig. 18  a Chemical structure of ODN–PFO conjugates. b Co-assembly of ODN–PFO conjugates and 
single-walled carbon nanotubes (SWNTs) and their application in nanoelectronics (reproduced with per-
mission from [46])
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Fig. 19  a Chemical structure of ODN–PT conjugates. b ODN–PT conjugates self-assemble into vesicles 
in water; transmission electron microscopy (TEM) images of vesicles at the right. c ODN-b-PT conju-
gates can be co-assembled with PEG-b-PT to achieve the functionalization of the nanoribbons. TEM 
images at the right. Insets b, c are adapted with permission from [103]
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4.4.4  ODN–PFP Conjugates

PFP (poly[fluorine-co-phenylene fluorene]) is a typical fluorescent polymer that dis-
plays an effect called “aggregation caused quenching” (ACQ). Xia’s group [28] pre-
pared ODN-b-PFP conjugates by coupling ODN and PFP via amidation reactions. 
Due to the hydrophobicity of the benzene ring on the PFP backbone and the hydro-
philicity of the ODN phosphate backbone, ODN-b-PFO formed a micellar structure 
in aqueous solution. In the presence of  Hg2+ ions, the formation of T-Hg2+-T com-
plex leads to the further aggregation of the micelles, which would quench the fluo-
rescence of the PFP due to the ACQ effect. After addition of the chloride anion, the 
formation of  HgCl2 reduced the concentration of  Hg2+ in solution, which could effi-
ciently recover the ODN-b-PFP conjugates. In another study, a strand of ODN that 
could be recognized by telomerase was used, and the resultant ODN-b-PFP tightly 
self-assembled into micelles showing quenched fluorescence. In the presence of tel-
omerase, the length of ODN increased via the addition of GGG TTA  repeats, which 
increased the hydrophilicity of the ODN-b-PFP conjugates. Due to this, the aggrega-
tion state of the micelles became unstable and loose, and the PFP fluorescence was 
increased. These interesting ODN–PFP conjugates can be applied in bioassays and 
environmental analysis (Fig. 20) [28].

4.4.5  ODN–APPV Conjugates

Molecular conformation is crucial to the performance of nanodevices based on 
single polymers; however, this needs precise control at the molecular scale and is 
still very challenging for recent techniques. Gothelf et al. [104] prepared hydroxyl-
group-modified (2,5-dialkoxy) paraphenylene vinylene (APPV) conjugated poly-
mers. ODNs were directly synthesized on the side chains of APPV by automated 
solid-phase synthesis to obtain ODN-grafted APPV (ODN-g-APPV; Fig. 21a). DNA 
origami technology can produce unique two- or three-dimensional nanostructures 
with very precise addressable capability. Anchor DNA chains with a specific shape 
were predesigned on the DNA origami template, and then the conformation of the 
individual APPV was controlled at the nanoscale by DNA hybridization manipula-
tion. By virtue of this method, an individual APPV can be assembled into arbitrary 
shapes in 2D or 3D geometry (Fig. 21b). Therefore, this method was the first to  use 
a DNA origami technique to control the geometry of a π-conjugated polymer at the 
molecular scale, which may generate interesting electric or optical properties.

4.5  ODN–Other Polymer Conjugates

4.5.1  ODN–PAM Conjugates

Polyacrylamide (PAM) was initially used in electrophoresis. More recently, due 
to its low cost and availability, PAM has been usedwidely  in enzyme immo-
bilization, drug delivery, and other biomedical applications. Acrylamide can 
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Fig. 20  a Chemical structure of ODN–PFP conjugates. b Detection of telomerase by prolonging the 
ODN chain to release the fluorescence of PFP. c Decreased fluorescence due to increased aggregation by 
the addition of  Hg2+ (adapted with permission from [28])
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polymerize into linear polyacrylamide, and can also copolymerize with many bi-
functional crosslinking agents (the most commonly used is diacrylamide) to give 
gelation. Gel polymerization is usually initiated by ammonium persulfate (APS), 
and the reaction rate can be accelerated by adding catalysts such as N,N,N′,N′-
tetramethylethylenediamine (TEMED) [105]. Since PAM can be prepared eas-
ily, among many OPCs, ODN–PAM conjugates were readily synthesized and 
processed.

Fig. 21   a Chemical structure of ODN-g-(2,5-dialkoxy) paraphenylene vinylene (APPV). b Illustration of 
the organization of an individual ODN-g-APPV by DNA origami template

Fig. 22  Synthesis of polymeric aptamers via ODN–PAM conjugates (reproduced with permission from 
[39])
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Based on the stability and biocompatibility of PAM, Tan’s group [39] incor-
porated acrydite-modified ODN into the PAM backbone by copolymerization 
(Fig. 22). The three components are copolymerized into ODN–PAM conjugates 
by a one-step process: 5′-acrydite-T10-dye was used for tracking cell internaliza-
tion; multiple targeting aptamers on the polymer chain can promote intracellular 
delivery through multivalent effects [39].

ODN–PAM conjugates also show unparalleled potential for the preparation of 
smart hydrogels. ODN–PAM hydrogels are more economical and adaptable than 
expensive full-DNA hydrogels [106]. In addition, by regulating the diversity of 
ODN, pH-responsive [107, 108], specific DNA sequence-responsive [109], or 
shape-memory hydrogels [59, 110, 111] were prepared. As for hydrogel swell-
ing, the conformational change of the DNA chain can cause ODN–PAM hydro-
gels to swell by 10–15% of their original size, which is usually insufficient to 
alter the shape of the macroscopic gel system; thus Schulman’s group prepared 
a DNA-triggered, deformable hydrogel with a significant degree of swelling, in 
which multiple DNA strands were inserted into the duplex. Moreover, a “ter-
minator hairpin” can be created by modifying the sequence of the polymeriz-
ing hairpins. By adjusting the relative concentrations of polymerizing hairpins 
and terminator hairpins, the hydrogel swell could be well controlled to a certain 
degree [60].

4.5.2  Brush PNB‑Based OPCs

Ring-opening metathesis polymerization (ROMP) is a living polymerization 
reaction, in which a carbon–carbon double bond in a cyclic olefin is broken 
to form a new chemical bond in the presence of a metal catalyst. Norbornene 
and its derivatives are the monomers most studied and widely used for ROMP 
because of their high reactivity, abundant sources, and low price [112]. Moreo-
ver, many functional molecules can be coupled easily to the norbornene mono-
mer, such as hydrophilic PEG [113], hydrophobic drugs [114], or charged ferro-
cene [115, 116], etc., to explore different possibilities for research.

Zhang’s group designed and synthesized a new brush polymer/ODN conju-
gate [117–120]. The dense PEG side chain protects the ODN from protein deg-
radation but allows accessibility of DNA hybridization. This ODN conjugate, 
protected by the dense PEG side chain, exhibits better biopharmaceutical prop-
erties compared to naked ODN, including better gene silencing efficiency and 
better physiological stability (Fig. 23a) [117].

More stable and controllable drug delivery effect can be obtained by chemi-
cally conjugating hydrophobic drug molecules to the micelles instead of physi-
cally encapsulation. Therefore, Zhang’s group chemically conjugated paclitaxel 
to polynorbornene to form amphiphiles with hydrophilic ODN, which formed 
stable micelle nanoparticles enabling simultaneous intracellular delivery of drug 
molecules and therapeutic ODNs (Fig. 23b) [114].
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4.5.3  ODN–ATRPolymer Conjugates

ATRP has been applied successfully to the preparation of various materi-
als with controlled structures [121]. Using ATRP, it is possible to synthesize a 
variety of well-defined, multi-component polymers, such as block copolymers, 
graft copolymers, and hyper-branched polymers. In addition, the polymers syn-
thesized by ATRP can be further functionalized by three synthetic strategies: 
(1) using functional ATRP initiators; (2) direct polymerization of functional 
monomers; (3) coupling chemistry utilizing end groups. Due to the attractive 

Fig. 23  a Compact brush-polymers provide steric selectivity to the ODN (reproduced with permission 
from [117]). b Chemical conjugation of paclitaxel to the polynorbornene side chain for stable and con-
trolled intracellular delivery (adapted with permission from [114])
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nature of ATRPolymers, the combination of ATRPolymers with ODN makes it 
easy to prepare special polymers with interesting structures or for some unusual 
applications.

In 2013, Das’s group [122] used activators generated by electron ATRP to prepare 
a series of well-defined azide-terminated polymers for chemical conjugation with 
di-alkyne-functionalized passenger-stranded RNA (pRNA). This polymer-pRNA-
polymer can escort the sense strand into the cell to realize RNA interference, and 
the polymer-pRNA-polymer structure could efficiently resist nuclease degradation 
(Fig. 24a, b) [122]. In 2015, the same group synthesized a bottlebrush polymer using 
ATRP, and then chemically conjugated the ODN to the bottlebrush polymer. These 
ODN-bottlebrush polymer conjugates can hold thousands of dye molecules, and, 
thanks to the array of ODN brushes, dye self-quenching could be efficiently avoided, 
resulting in a bright fluorescent signal (Fig. 24c) [123]. In addition, the ODN on this 
bottlebrush polymer, with a high local concentration, still retained its accessibility to 
endonucleases and kept chain displacement capability [124].

Fig. 24  a The chemical structure of ODN brush/bottlebrush polymer conjugates. b Self-transfection of 
siRNA escorted by polymers (reproduced with permission from [122]). c ODN brush/bottlebrush poly-
mer conjugates as a scaffold for functionality organization [123]
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5  Conclusion and Outlook

After nearly a century of development, a wide range of synthetic polymers with 
tunable physical, chemical, and biological properties are available for various 
applications. Since research on nucleic acids has extended from the biological 
applications to the material fields since 1980s, a wide variety of OPCs have been 
synthesized and used in supramolecular self-assembly, drug delivery, and bio-
sensing. Table 1 summarizes the application of different types of OPCs in differ-
ent fields.

Although many synthetic methods to produce OPCs have been developed, 
compared with conventional polymers, the synthesis of OPCs still needs special 
conditions or machines (solid-phase DNA synthesizer) and generally exhibits low 
efficiency due to the high heterogeneity between DNA and synthetic polymers. 
Thus, simple and efficient synthesis strategies that can be commonly applied 
to all kinds of OPCs are still urgently required. In particular, as for amphiphi-
lic OPCs block copolymer, how to control and tune their self-assembly behavior 
by adjusting the ratio between hydrophobic and hydrophilic blocks has not been 
thoroughly investigated. In addition, compared with other blocks that are used to 
construct amphiphilic polymers, DNA shows many unique properties, including 
well-defined molecular weights and conformations, molecular recognition prop-
erties, stimuli-responsiveness, and therapeutic capability. All of these interesting 
properties make OPCs a promising branch of amphiphilic polymers. However, the 
application scope of OPCs is still relatively narrow, and it is necessary to con-
tinually explore more OPCs for new application purposes. As for in vivo appli-
cation, many critical properties of OPCs, such as bio-stability, biocompatibility, 
immunogenicity, and intracellular penetration capability, need more in-depth 
characterization and further improvement. Last, but most importantly, the inte-
gration of DNA functions and polymer characteristics will be the future develop-
ment direction of OPCs. For example, the programmability and molecular rec-
ognition of DNA can be used to regulate the aggregation state of polymers at 
the nanoscale; hydrophobic polymers can contain some functional molecules and 
their properties can be tuned through DNA hybridization; π-conjugated polymers 
with strong light-harvesting and energy transfer capabilities can enrich the appli-
cation of DNA-based biomaterials in the field of optoelectronics. Therefore, we 
believe that there are still many opportunities for investigation of OPCs in future 
research, and that we require further efforts in this direction.
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Abstract
Genetic information and the blueprint of life are stored in the form of nucleic acids. 
The primary sequence of DNA, read from the canonical double helix, provides the 
code for RNA and protein synthesis. Yet these already-information-rich molecules 
have higher-order structures which play critical roles in transcription and translation. 
Uncovering the sequences, parameters, and conditions which govern the formation 
of these structural motifs has allowed researchers to study them and to utilize them 
in biotechnological and therapeutic applications in  vitro and in  vivo. This review 
covers both DNA and RNA structural motifs found naturally in biological systems 
including catalytic nucleic acids, non-coding RNA, aptamers, G-quadruplexes, 
i-motifs, and Holliday junctions. For each category, an overview of the structural 
characteristics, biological prevalence, and function will be discussed. The biotech-
nological and therapeutic applications of these structural motifs are highlighted. 
Future perspectives focus on the addition of proteins and unnatural modifications to 
enhance structural stability for greater applicability.
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1  Introduction: Hierarchy of Interactions and Major Structural Motifs

The discovery of DNA structure in 1953 [1] has quickly evolved from the sim-
plistic, Watson–Crick base-paired double helix to a more complex view. Soon, 
unique base–base or base–backbone interactions and higher-order nucleic acid 
structural states began to be uncovered [2–4]. Though initial structural knowl-
edge provided an understanding of the basics of information storage from nucleic 
acid biomolecules, scientists soon realized there was much more at play than just 
sequence. It is now generally known that both sequence and structure of DNA 
and RNA are implicated in transcription, translation, and nuclear organization. 
This article highlights predominant nucleic acid structural motifs found in natural 
systems, their role in cellular function, and how they may be leveraged in thera-
peutic and biotechnological applications. To understand these higher-order struc-
tures, we must first understand the simplest forms of nucleic acids.

Nucleic acid structure can be broken down into three major hierarchical levels: 
primary, secondary, and tertiary. The primary form of DNA in nature is double 
stranded, while that of RNA is single stranded. Double stranded DNA (dsDNA) is 
formed through hybridization of bases, A–T and G–C (Fig. 1a), which promote an 
antiparallel arrangement of strands. DNA double helices can be found in one of 
three forms: B-DNA, A-DNA, and Z-DNA; they are structurally unique and their 

Fig. 1  Structure of DNA. a Watson–Crick base pairs. b Anti- and syn-conformations which differentiate 
Z- and B-DNA. Structural representation of B-DNA (c), A-DNA (d) and Z-DNA (e), with respective 
helical pitches
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characteristics are summarized in Table 1. B-DNA, being the predominant form 
physiologically, is a right-handed double helix with a major groove of 2.2 nm, a 
minor groove of 1.2 nm, and a helical pitch of 10.5 base pairs (bp) (Fig. 1c) [5]. 
DNA sequences are read from this structural form in the major groove, where a 
distinct pattern of hydrogen bonding accessible from the major groove is formed 
from each base pair. It is therefore this structural form which allows proteins to 
identify sequences for binding, transcription, and gene regulation. A-DNA is the 
double-stranded helix which forms under low humidity conditions. Its character-
istics include a narrower and deeper major groove, a broader and shallower minor 
groove, and a helical pitch of 11 bp (Fig. 1d) [5]. This duplex form is still found 
in natural systems predominantly during DNA–protein complex interactions; it 
is also the form RNA adopts during hybridization (RNA–RNA). Interestingly, 
an RNA–DNA hybrid exhibits an intermediate of both B- and A-form helices in 
solution [6].

Much more distinct from the other two double-stranded forms is the left-handed 
Z-DNA. The purine and pyrimidine bases are usually in the anti position in right-
handed DNA, but in left-handed DNA, the purine flips to the syn position (Fig. 1b) 
[5]. This rotation results in a puckering of the ribose sugar and generates a zig-zag 
pattern along the backbone, the basis for the name “Z-DNA”. Structurally this form 
of DNA is more elongated, with a helical pitch of 12 bases per turn (Fig. 1e) [7]. 
Functionally, its exact role has not been unambiguously identified, though it has 
been implicated in regulating transcription events, following a moving polymerase. 
It is thought that the high energy conformer is able to form as a result of the nega-
tively superhelical stress produced immediately after transcription and the Z-DNA 
that trails a polymerase can therefore block other polymerases from transcribing 
the same region. In other words, the Z-DNA provides control over the kinetics of 
transcription [5, 8]. Many proteins have been identified to bind Z-DNA with high 
affinity and specificity, further suggesting that they play important roles in transcrip-
tional regulation, and therefore growth and development. The negatively superheli-
cal stress also relieves topological strain from intertwining during recombination; 
chromosomal breakpoints in human tumors could arise from potential Z-DNA 
sequences. The secondary structures of DNA are only observed under specific con-
ditions relevant for controlling biological processes and will be discussed in further 
detail in proceeding sections.

While DNA forms duplexes in its primary form, it is unusual that RNA forms 
long stretches of dsRNA. Instead, RNA retains single-stranded nature or folds back 
on itself for short, local dsRNA regions. When in duplex form, RNA resembles the 

Table 1  Feature comparison 
of the different forms of 
biologically relevant duplex 
DNA

Duplex form Handedness Helical pitch 
(bp)

Diameter (Å)

B-DNA Right 10.5 20
A-DNA Right 11 23
Z-DNA Left 12 18
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A-DNA helix structural characteristics. The local dsRNA regions are considered 
secondary structural elements and include structures such as loops, hairpins, bulges, 
and pseudoknots (Fig.  2). Loops are flexible regions that connect two regions of 
secondary structure; they provide flexibility of the overall RNA molecule as well 
as flexibility in local and long-range base pairing [9]. Often, these structures con-
fer specialized stability locally and globally. Hairpins are self-complementary 
sequences, connected by a loop which is usually at least four nucleotides (nt) long. 
The loop sequence UUCG shows special base-stacking interactions that promote 
stability of hairpin secondary structures. The hairpin structure has been heavily uti-
lized in the biotechnological space in strand displacement-based methods of detec-
tion. Bulges provide local flexibility as well as enthalpic control over base pairing. 
A bulge in a region of dsRNA promotes melting to a greater extent than a fully 
duplexed strand; this is advantageous in hairpins and strand displacement events. 
When free distant ends of RNA fold over one another and hybridize with distant 
complementary sequences a pseudoknot structure is formed. Finally, pseudoknots 
result when one strand of RNA containing two stem–loops with one half of one stem 
intercalated between the two. This secondary structure is highly important for ter-
tiary structure formation in vivo [10]. Formation of RNA knots in vivo has recently 
been accomplished to further understanding of RNA topology and development of 
RNA-based structural technologies [11].

DNA and RNA also form tertiary structures, though the greater flexibil-
ity imparted by the ribose sugar of RNA promotes a greater prevalence of non-
Watson–Crick interactions which underscore these tertiary structures [12, 13]. 

Fig. 2  Structural motifs of 
RNA. a Loops and bulges are 
intermittently observed along 
an RNA oligonucleotide, with 
single-stranded and double-
stranded regions. b Certain 
nucleotide sequences in a loop 
confer special stability, such 
as the UUCG tetraloop. The c 
pseudoknot, d junctions, and e 
loop:loop secondary structures 
are prominent in tertiary RNA 
structures
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Interactions such as G–U base pairs, base triples, and base–backbone interactions 
provide a much more diverse landscape of structural possibilities for RNA over 
DNA [13]. These tertiary structures are a result of multiple secondary structures 
which interact to fold the RNA into a highly compact and stable form [12]. Though 
not often mentioned, RNA can form quaternary structures by the assistance of pro-
teins (e.g., ribosome). With this fundamental knowledge of nucleic acid structure, 
we are poised to fully understand higher-order natural structural motifs implicated in 
biological function and disease therapeutics.

2  RNA‑Based Structural Technologies

2.1  Therapeutic Noncoding RNAs

RNA is well known for its crucial role in protein translation. But RNA plays equally 
important roles in many other biological processes. It, commonly called “noncoding 
RNA”, protects and maintains the genome, processes RNA transcripts, is used as 
a defense mechanism against foreign DNA, exhibits enzymatic functions, and acts 
as structural elements which organize nuclear chromatin for gene expression [14, 
15]. These diverse roles are linked by the primary, secondary, and tertiary structural 
elements which underscore proper RNA function. Biotechnological tools have lever-
aged the knowledge of sequence and structure information to control gene expres-
sion. The biochemical and structural background of dominant biotechnological tools 
is discussed in this section.

The well-characterized role of RNA in protein biosynthesis has been a long-
standing target for controlling gene expression. Eukaryotes have a mechanism which 
allows for degradation of RNA (Fig. 3a). During transcription, a sense messenger 
RNA (mRNA) and antisense RNA (asRNA) strand are produced [14]. This asRNA 
hybridizes to the sense mRNA and the resulting dsRNA serves as a nucleation point 
for RNases, facilitating degradation. Specifically, an RNase called DICER degrades 
these transcripts into 20–25-nt-long dsRNAs containing a 2–3-base overhang at their 
3′ end [16]. These are considered small interfering RNA (siRNA), where they are 
recognized by an RNAi-induced silencing complex (RISC) [17]. Current asRNA-
based therapies rely on primary structure (or ssRNA) for effective control over bio-
logical processes. Introducing mRNA-targeted asRNA blocks the translation of the 
protein of interest, decreasing the diseased state cellular viability. In some cases, this 
interference does not directly block translation but rather blocks secondary RNA 
transcripts necessary for protein production. This mechanism is also imperative in 
the degradation of foreign RNA transcripts, resulting in RNA interference (RNAi) 
[18].

The use of primary structure is also observed in other RNA species, which have 
the potential to be targeted in a similar manner as to mRNA. These include small 
RNAs such as piwi-interacting RNA (piRNA) [19], small nuclear RNA (snRNA) 
[20], small nucleolar RNA (snoRNA) [21, 22], and micro RNA (miRNA) [23, 24]. 
For example, the lin-4 RNA from Caenorhabditis elegans forms a dsRNA with mul-
tiple bulges; after processing into its mature form, the miRNA sequences exhibit 
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complementarity to a cell fate determining protein, lin-14, exhibiting the abil-
ity to downregulate protein expression through RNAi mechanisms (Fig.  3b) [25]. 
SnoRNAs contain conserved sequence elements required for the conversion of spe-
cific ribosomal RNA (rRNA) uridines into pseudouridine [26]. These conserved 
sequences are always brought into close proximity to one another through the for-
mation of two stem–loops. The secondary structure of two stem–loops contain-
ing bulges is necessary to allow for binding the rRNA substrate, where the modi-
fied pseudouridine base resides in the unpaired region of the bulge (Fig. 3c) [26]. 
These exemplify how an understanding of secondary structural elements in RNAi-
related species can lead to the development of targeted nucleic acid therapies. Sev-
eral RNAi-based therapies are in clinical trials and, most notably, one developed 
by Alnylam Pharmaceuticals to treat hereditary transthyretin-mediated (hATTR) 

Fig. 3  Mechanism and structures of noncoding RNAs. a Antisense RNA binds mRNA and signals degra-
dation. b The precursor structure of the miRNA lin-4. Mature lin-4 miRNA is highlighted in red; regions 
of lin-4 exhibit dsRNA with bulge regions to many portions of the lin-14 target RNA, which degrades 
upon lin-4 binding. c The structure of a snoRNA hybridized to its target rRNA. The H and ACA boxes 
are conserved sequences brought into proximity by two stem–loops. Base pairing within the stem bulge 
allows for rRNA specificity during pseudouridylation (Ψ)
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amyloidosis in adults was recently approved by the US Food and Drug and Admin-
istration (FDA) [27–29]. Furthermore, longer RNAs such as long noncoding RNAs 
(lncRNA) have just recently been implicated in ability to control gene expression 
and may represent a novel class of RNA as therapeutic targets [15, 30].

Prokaryotes exhibit similar protective strategies. The CRISPR system recognizes 
and removes foreign DNA, and since its discovery has burgeoned into a major thera-
peutic and biotechnology tool [31]. The strategic design of CRISPR RNA (crRNA), 
guide RNA (gRNA), and the combined single guide RNA (sgRNA) incorporates 
both primary sequence and secondary structure [32]. Recognition by the CRISPR-
associated proteins involves specific secondary structures such as stem–loops, and 
targeting gene expression requires specific base pairing for each CRISPR system 
(PAM and NGG). The stem–loop secondary structure of the RNA makes key con-
tacts with the Cas9 protein, allowing for highly efficient cleavage of the target DNA 
[33, 34]. This has been utilized in various genome editing contexts [35, 36].

2.2  Structural RNA Nanotechnology

Beyond its therapeutic applications of targeting gene expression, RNA has garnered 
great traction in the biotechnology space as a controllable nanomaterial for probes 
and tools [37]. Employing the naturally known interactions of RNA bases into 
higher-order structures, researchers have been able to develop large nanoscale RNA 
structures to perform specific tasks [11, 38]. This is executed in the same manner 
as DNA nanostructures (discussed in further detail in Sect. 5), where knowledge of 
the interactions between RNA sequences allows for the programmable formation of 
structures [39].

2.3  Catalytic Nucleic Acids: Ribozymes and DNAzymes

While primary structure underscores RNAi methods, RNA tertiary structure is uti-
lized in quite a different mechanism for gene regulation and disease therapy. Certain 
RNAs in their tertiary form have been shown to catalyze reactions. These RNA-
based enzymes, or ribozymes, are the only molecule known to catalyze their own 
cleavage and have revolutionized the way in which we view the primordial begin-
nings of the universe [40]. Discovered in the early 1980s, ribozymes have since 
become a heavily studied area of research, even developing novel ones [41]. Natural 
ribozymes are found in plants, bacteria, viruses, and lower eukaryotes, and mainly 
catalyze phosphate backbone cleavage (aside from RNase  P which is discussed 
later). They exhibit the principal features of a protein enzyme, containing an active 
site, substrate, and cofactor binding site, yet they are  103-fold slower than proteins 
[42]. The chemical nature of RNA as an enzyme allows for substrate recognition 
through base pairing, conferring specificity for the ribonucleotide sequence to be 
removed.

They are categorized into two classes based on size and reaction mechanism. 
The large ribozymes include RNase  P, group  I and group  II introns, while the 
small ribozymes include the hammerhead, hairpin, hepatitis delta virus (HDV), 
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and Neurospora Varkud satellite (VS) RNA [43]. Though they differ by reaction 
mechanism, they all require the presence of the divalent cation magnesium to facili-
tate tertiary structure formation and catalysis [44]. Group I and II introns catalyze 
a transesterification reaction to splice out introns from an RNA transcript. Group I 
introns range from a few hundred nt to around 3000; they have little sequence simi-
larity across organisms, yet their secondary structures are highly conserved in four 
short regions which comprise a catalytic junction (boxed in Fig. 4a) [43]. In these 
regions, individual segments partially base pair with one another to confer the nec-
essary structural requirements for strand cleavage. A total of ten paired segments 
form in these phylogenetically conserved secondary structures and retain catalytic 
active site function. Beyond secondary sequence, the group I introns contain large 
open reading frames (ORFs) and an internal guide sequence (IGS) which allows for 
the positioning of the target transcript and confers control over substrate specificity. 
The full secondary structural representation of the Tetrahymena ribozyme intron is 
shown in Fig. 4a. Group II introns, ranging only from several hundred to 2500 nt, 
are generally more elusive than group  I introns since they are less widely distrib-
uted among organisms, and are rarely self-splicing in vitro because of extreme reac-
tion condition requirements. Their secondary structure, generally across organisms, 
contains six helical domains (helices I–VI, Fig. 4b) where only helices I and V are 
indispensable. Specific intron binding sequences (IBS) and exon binding sequences 
(EBS) align the intron such that the 5′ and 3′ splice sites are in their proper locations. 

Fig. 4  Secondary and tertiary 
structures of the large class 
ribozymes: a Tetrahymena 
ribozyme, PDB file: 1GRZ; 
b Group IIC intron, PDB file: 
3EOH; c RNase P, PDB file: 
3Q1R
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Any modification to these secondary structural motifs leads to diminished activity, 
revealing a common theme that conserved structural elements are highly important 
for proper tertiary structure formation, and therefore proper substrate binding and 
catalytic activity of ribozymes.

RNase P in all organisms processes the 5′ termini of transfer RNA (tRNA) pre-
cursors; it is unusual in that it is the only ribozyme that acts in a trans-active manner 
on multiple substrates, making it the only true naturally occurring RNA enzyme. It 
is also a unique ribozyme in that it is a ribonucleoprotein complex, where protein 
subunits are essential for proper formation of the full catalytic center. In eubacteria, 
the catalytic core is entirely made up of RNA, meanwhile in eukaryotes the pro-
tein content is much higher and RNA does not play the catalytic role. The general, 
common core structure of the catalytic RNase P RNA consists of 18 paired helices 
(Fig.  4c); different species contain extra stems and stem–loop structures to facili-
tate stability, and lower ionic strength requirements for catalysis. The 3′ half of the 
acceptor stem is thought to function as an external guide sequence (EGS) to position 
the substrate through tertiary structural features.

Small catalytic RNA species also include the hammerhead ribozyme, hairpin 
ribozyme, and VS ribozyme (Fig.  5). Similar to group  I, the smaller ribozymes 
have conserved secondary structural motifs which enable function. The hammer-
head ribozyme recognizes and cleaves an NUH sequence. The catalytic RNA con-
tains three stem regions (Fig. 5a), of which sequences are conserved in stems I and 
III. Hammerhead ribozymes also contain single-stranded regions with highly con-
served nucleotides, as well as three variable helical regions to effect self-cleavage. 
Mutational studies were performed to determine which nucleotides and structural 
motifs were requisite for catalysis. The hammerhead ribozyme is well character-
ized and utilized in many biotechnological applications. One major use is in the 
production of in  vitro transcribed RNAs prepared for NMR studies; self-cleavage 
by the hammerhead ribozyme releases the desired transcript in high purity. They 
are also making strides in a therapeutic space, where a trans-cleaving hammerhead 
has been approved for phase  II clinical trials against HIV-1 [45, 46]. The hairpin 
ribozyme, found in pathogenic plant satellite viruses, also requires conserved sec-
ondary structures for proper tertiary folding and catalysis. This ribozyme consists 
of four stem regions which comprise two major domains. The secondary structures 
of domain A (stem I–loop A–stem 2) and domain B (stem 3–loop B–stem 4), when 
lined up, resemble a hairpin (Fig. 5b) [47]. It recognizes the substrate of sequence 
RYN*CUG, where cleavage occurs at the *. Hairpin ribozymes from the tobacco 
ringspot virus, the arabis mosaic virus, and the chicory yellow mottle virus exhibit 
subtle nucleotide differences within helical regions that maintain the overall struc-
ture. Nucleotides are primarily conserved in the single-stranded regions, as well as 
the bulged motif between helices  III and IV (Fig.  5b). The hairpin ribozyme has 
been modified to recognize and cleave mRNA of diseases including HIV-1, hepati-
tis B, and the Sindbis virus [46, 48]. The VS ribozyme mediates rolling-circle repli-
cation of plasmids from the Neurospora mitochondrion through formation of a mul-
timeric, self-cleaving RNA [49]. During transcription of the VS plasmid, a dimeric 
RNA species is formed with each monomer containing one substrate domain and 
five catalytic domains (Fig. 5c). The substrate domain (helix 1) exhibits a stem–loop 
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structure while the catalytic domains (helices  2–6) also exhibit stem–loop struc-
tures in addition to multiple tertiary contacts. These include three-way junctions and 
loop-loop kissing interactions to stabilize the catalytic domain. Globally, the cata-
lytic helices come together in a tertiary structure such that the scissile phosphates 
are proximal to the catalytic nucleotides on the opposing monomer. The trend of 
secondary structure conservation for hairpin ribozyme catalysis emphasizes the 
fact that structural motifs, rather than individual nucleotides, are responsible for the 
function of catalytic RNAs. These RNA structures with known catalytic functional-
ity can be leveraged to act as antivirals, therapeutics, and biotechnological agents.

Though there are a set number of ribozymes known to nature, researchers have 
developed methods to generate novel ribozymes to catalyze a variety of different 
reactions. This relies on the SELEX method [50, 51], where a random oligonucleo-
tide pool is evolved in  vitro to perform a specific task such as catalysis or bind-
ing (also called aptamers; see next section). Some groups have even developed a 

Fig. 5  Secondary and tertiary structures of the small class ribozymes: a the hammerhead ribozyme, PDB 
file: 299D; b hairpin ribozyme, PDB file: 1ZFV; and c the VS ribozyme (monomeric secondary and 
dimeric tertiary structures), PDB file: 4R4P
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strategy where certain secondary elements are retained, while other regions are 
evolved through mutagenesis. This has resulted in ribozymes which are able to cata-
lyze reactions which recognize a specific sequence, perform nucleophilic attacks on 
various chemical centers, add metal ions to complexes, and isomerize ring struc-
tures. Catalytic DNA species, or DNAzymes, are not known to be found in natural 
systems and have been evolved from the SELEX method as well [52, 53]. Initially 
evolved DNAzymes were developed to recreate their natural RNA counterparts, 
cleaving and ligating RNA species [52]. Since the initial discovery of the capability 
of DNA to perform similar reactions, other DNAzymes processing RNA or DNA 
have been developed including those that catalyze RNA cleavage, DNA cleavage, 
DNA depurination, RNA ligation, DNA phosphorylation, and thymine dimer cleav-
age [14]. Scientists have investigated these DNA-based enzymes not only for their 
greater stability but also in an effort to understand the beginnings and evolution of 
information storage and catalytic species.

Ribozymes have been heavily utilized in molecular biology, but have seen lim-
ited translation to the clinical setting. Most predominantly used is the hammerhead 
ribozyme since it is small, easy to incorporate, and well characterized. Of notable 
examples are hammerhead ribozymes which have been developed to inhibit HIV. 
Ribozymes are often incorporated into RNAi systems, so that the hammerhead will 
perform catalytic cleavage to release the therapeutic siRNA. Though the discussed 
RNA systems have great therapeutic potential, they suffer major limitations includ-
ing efficient and targeted cell delivery, target transcript specificity, and RNA sta-
bility [46]. Research directives are focused on overcoming these limitations; some, 
such as nucleic acid modification, are discussed in Sect. 6.

3  G‑Quadruplex

3.1  Sequence, Structure, and Topology

Guanine (G)-rich sequences of DNA and RNA can associate into G-quartets, sta-
bilized by Hoogsteen base pairing; stacks of two or more of these G-quartets lead 
to a higher-order nucleic acid structural motif called a G-quadruplex (G4) (Fig. 6) 
[54]. These higher-order structures are highly prevalent in the genomic context and 
are generally understood to play diverse roles in DNA replication, transcription, and 
translation, as well as controlling gene expression and genome stability. They are 
abundant in cancer genomes, making them potential therapeutic targets. Addition-
ally, their stable structure is prevalent in aptamers, making them a major structural 
force in DNA/RNA-based biotechnological ligands.

The sequence requirement for G4 formation is  G3  N1–7  G3  N1–7  G3  N1–7  G3, 
but is driven by environmental factors such as monovalent cations and molecular 
crowding. Monovalent cations are crucial for this structure to form; preferentially, 
 K+ ions occupy the interior of the G-quartet to mitigate ion interactions by the 
bases.  Na+ has also been shown to occupy this ion space, but may alter the over-
all structure. The general trend of cations which promote G4 formation follows 
 K+ > Na+ > NH4

+ > Li+. It was also revealed that the loop region length affects G4 
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stability, and that G4 structures may also deviate from the general sequence require-
ments through incorporation of bulges. Structurally, the G4 is composed of four 
strands which can be unimolecular, bimolecular, or tetramolecular, and can have 
varying topologies governed by the parallel or antiparallel arrangements of the indi-
vidual strands [54]. The different strand arrangements, schematically illustrated in 
Fig.  6, generate different topological features. G4 topology can crudely be deter-
mined through experimental methods such as monitoring of positive or negative 
changes in circular dichroism (CD) spectra at specific wavelengths. Complete struc-
ture determination is obtained though NMR studies. Many G4 structures have been 
confirmed in vitro, but fewer have been confirmed in vivo.

3.2  Biological Relevance

G4s are known to form at a variety of different regions in the cellular context 
including telomeres in eukaryotes, promoter regions, between introns and exons, 
5′ untranslated regions (5′-UTR), and at DNA breakpoints. Stable  G4 structures 
impede the progression of DNA polymerase and lead to replication stalling, DNA 
damage, and genomic instability. Still, the entire picture of G4 biological relevance 
is not complete. To clarify the elusive relevance of G4s, G-rich regions have been 
predicted from a number of algorithms, and G4-specific sequencing techniques and 

Fig. 6  G-Quadruplex structure and biological function. a Four guanine bases interact with a central  K+ 
ion to make one G-quartet. b Stacking of G-quartets forms G-quadruplexes (G4). The number of strands 
and their directionality dictate G4 topology. The presence of G4 structures in the genomic context regu-
lates replication (c), transcription (d), and translation (e)
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detection probes have been developed to monitor said sequences. Over 300,000 
sequences have been identified as potential G-quadruplex forming sequences (pG4s) 
[55]. And a more recent study identifies over 700,000 pG4s. Their prevalence is cer-
tainly great, but the spatiotemporal formation of pG4s and their relevance in vivo 
is a greater and more complex matter. Therefore, the pG4s must be unambiguously 
detected in vivo to validate these predictions.

G4 sequencing in  vitro utilizes G4-induced DNA polymerase stalling followed 
by next-generation sequencing [56]. The sequencing is first performed under non-
G4-promoting conditions then under G4-promoting conditions (presence of  K+). 
This type of sequencing has identified G4s in gene regulatory regions including 
5′-UTR and splicing sites, and in cancer-related genes and in regions of somatic 
copy number alteration (SCNA) in cancer genomes.

Direct detection of G4 structures is mainly executed with small molecules or pro-
teins which specifically bind G4s. G4-interacting molecules including pyridostatin 
(PDS) and its fluorescent analog PDS-α, as well as telomestatin have been utilized 
for imaging and therapeutics. Their interaction with G4s also traps the structure in 
the G4 formation, allowing a snapshot into the G4 but preventing the investigation 
of dynamics and regulation of G4 formation. A more spatiotemporal method of G4 
mapping can be done with proteins which bind to naturally forming G4 as opposed 
to promoting G4 formation under specific conditions. The first antibody against G4s, 
a scFv antibody Sty49, was used to show that G4s form at telomeres [55]. Later two 
structure-specific antibodies were developed, BG4 and 1H6, which allowed for pull-
down sequencing and immunofluorescence imaging of G4 location in eukaryotic 
cells. These proteins are paramount for G4 ChIP sequencing, where the G4-specific 
antibodies are used as probes. G4 ChIP-seq has identified double-stranded break 
sites induced by PDS, identification of protein interactions that promote formation 
of other G4 and other DNA structures, that G4s predominantly lie in regulatory, 
nucleosome-depleted chromatin regions that are highly transcribed.

Other dye- and protein-based probes have been developed to monitor G4 forma-
tion in vitro and in vivo. These include TSQ1, CyT, and anthrathiophenedione dyes, 
a G4-triggered fluorogenic hybridization probe, the zinc-finger protein GQ1, and 
ankyrin repeat binding proteins (DARPins) [55]. Helicases which resolve G4s have 
also been mapped to bind G4s, implicating that their biological functions are linked 
to G4 structures or genomic regions enriched in G4. One group developed a fluoro-
phore-conjugated RHAU helicase peptide as a probe for G4 formation.

Overall, these methods have confirmed that G4s are prevalent in a genomic con-
text and their formation is dynamic and regulated. This reasons that the expression 
of G4 structural motifs will vary depending on cell type and cell cycle progression. 
Yet there is much more work to be done to specifically determine their biological 
roles in various contexts.

3.3  Therapeutic and Biotechnological Applications

The G4 structure, as was just discussed, is heavily implicated in biological processes 
and predominantly prevalent in cancer genomics and is therefore a prime therapeutic 
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target. Telomeres are a particularly major target for G4 binding molecules since their 
abnormal processing in cancers ubiquitously confers cell immortality. Additionally, 
many oncogenes have pG4s or confirmed G4 structures in their promoter regions. 
Targeting these G4 structures with small molecules promotes the downregulation of 
expression of these genes, thereby reducing tumor viability. Since the G4s found in 
telomeres and oncogene promoter regions are so similar, it is imperative to obtain a 
selective binding G4 ligand for the particular target. Though small molecules have 
been developed which target G4s, selectivity of the particular oncogenic G4s still 
proves a challenging, yet crucial task.

Many ligands have been identified which bind to G4s in a therapeutic context. For 
telomeric G4s, these are chiefly 2,6-diaminoanthraquinone derivatives and telomes-
tatin. Telomeric G4s may exist as dimers or multimers and some ligands have even 
been identified to selectively bind to multimeric G4s over monomeric G4s. These 
include a dinickel salophen dimer, berberine dimer, and telomestatin derivative 
tetramer which bind to dimeric G4s and m-TMPipEOPP which preferentially binds 
multimeric G4s. Interestingly, the junctions between the monomers in multimeric 
G4s have also been specifically recognized by ligands [57].

Oncogenic G4s are similarly targeted for therapeutic applications. Generally, 
rational and high-throughput screens have been employed to develop various molec-
ular ligands to oncogenic-specific G4 structures. To enhance specificity for a par-
ticular oncogene, pyrrole-imidazole polyamide (PIP) molecules bind in a sequence-
selective manner to duplex DNA and can be hybridized to G4-targeting ligands to 
enhance the overall selectivity. This was shown in the development of cyclic imi-
dazole/lysine polyamide conjugated PIP (cIKP-PIP) [58]. Some specific oncogenes 
of interest include the promoter region G4 of c-Myc, which is specifically targeted 
by GQC-05 [59], crescent-shaped thiazole peptide (TH3) [60], four-leaf-clover-like 
molecule (IZCZ-3) [61], and others identified by a microarray screen of 20,000 
small molecule binders. VEGF G4s are targeted by perylene monoimide derivative 
(PM2) [62], and a quinoline derivative (SYUIQ-FM05) [63]; these have encour-
aged studies of small molecule VEGF-G4-preferred ligands obtained through a 
low-volume screening approach [57]. BCL2 G4 structures are preferentially targeted 
through furo[2,3-d]pyridazin-4(5H)-one derivatives [64], as well as the fluorescent 
dye carbazole TO [65]. G4s in the promoter region of c-Kit oncogene (also known 
as mast/stem cell growth factor receptor Kit) are targeted by derivatives of isoalloxa-
zine (N,N-dimethyl amine and N,N-dimethyl amine/2-fluorine substitutions) [66], 
naphthalene diimide [67], benzo[a]phenoxazine (BPO) [68], and carbazole deriv-
atives [69]. Human telomerase reverse transcriptase (hTERT) is overexpressed in 
cancers and contains G4 tracts in the promoter region which form higher-order G4 
structures; a dual-motif targeting small molecule, GTC365, binds to the G4 and mis-
matched duplex stem–loop structures [70]. KRAS G4 structures have recently been 
selectively targeted with triple-cation derivatives of indolo[3,2-c]quinolines (IQc) 
[71]. The KRAS oncogene is also downregulated through a unique decoy system 
where pyrene-modified oligonucleotides which form a more stable G4 attract essen-
tial transcription factors, preventing transcription from actually happening [72]. 
Topotecan was developed to selectively target c-myb G4 structures [73]. Beyond 
these recent examples, many other oncogenes have been identified to contain G-rich 
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promoter regions, suggesting that there may be selective small molecule inhibitors 
to genes such as PDGFRB, PDGFA, STAT3, and FGFR2.

In addition to being a therapeutic target, G4s are also highly prevalent in biotech-
nological applications such as biosensors and diagnostics. Aptamers, predominant 
therapeutic and diagnostic agents to a variety of substrates, exhibit G4s as a cru-
cial structural feature [55]. G4 structures in an aptamer are highly advantageous as 
they provide thermodynamic and chemical stability, resist serum nucleases, reduce 
immunogenicity, and increase cellular uptake. Aptamers evolved to target a variety 
of different ligands using the SELEX method form G4s previous to or upon ligand 
binding. Some notable examples of G4-containing aptamers include the well-
characterized thrombin-binding aptamer (TBA) which forms G4 upon interaction 
with thrombin [74]. Another catalytic aptamer that forms G4 upon ligand binding 
is PS2.M, which binds heme to form a G-quadruplex–hemin complex [75]. This 
unique aptamer requires G4 sequence for function and can be used to mimic the 
activity of horseradish peroxidase, providing a visual output for detection of vari-
ous molecules. The spinach aptamer, which recognizes 3,5-difluoro-4-hydroxyben-
zylidene imidazolinone, contains a G4 motif [76]; since development of the spinach 
aptamer, derivatives which act as fluorescent binders to other molecules also con-
tain G4 motifs. This provides insight into the structural requirements for fluorescent 
aptamer ligands.

One unique application of G4s involves the modulation of G4 formation to detect 
lead ions  (Pb2+) in solution [77]. A G4 tethered to a carbon nanotube electrode is 
linear in its native form. In the presence  Pb2+ ions, a G4 structure is induced, result-
ing in a greater emission by intercalating agent ethyl green. Another creative diag-
nostic application includes G4 motifs that were utilized to detect low-abundance 
nucleic acid molecules such as pathogenic DNA [78, 79]. This employs a technique 
called quadruplex priming amplification (QPA) where the dissociation of dsDNA 
and formation of G4 occurs upon primer extension [79]. The G4 structure that forms 
during QPA is detected by incorporation of 2-aminopurine (2-AP) bases; 2-AP is 
quenched by neighboring bases in the linear form, but regains emissive properties 
in the G4 form. It is clear from the current research landscape that G4 structures are 
(1) highly abundant in the human genome, suggesting their role in biology and ther-
apeutics; (2) predominant in various aptamer structures, suggesting that they play 
vital stabilizing roles; and (3) emerging in biosensor and diagnostic applications, 
signifying their potential in other disciplines.

4  i‑Motif

4.1  Sequence, Structure, and Topology

The cytosine (C) complement to G-quadruplexes also forms unique higher-order 
structures. Initially discovered by Gehring et al. [80], C-rich oligonucleotides form 
an intercalated quadruple-helical tetramolecular structure, called intercalated or 
i-motifs. Similar to G-quadruplexes, the C-rich region preferentially forms under 
acidic conditions, but recently it has been shown that these sequences can form 
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i-motifs at neutral pH depending on the sequence and environmental conditions 
[81, 82]. The i-motif structure consists of two parallel-stranded duplexes interca-
lated in an antiparallel orientation (Fig.  7), generally composed of cytosine–cyto-
sine base pair regions and loop regions [83]. The interacting C bases allow for the 
intercalated structure through a hemi-protonated C:C+ base pair with three hydrogen 
bonds which confers significant stability [82]. The fundamental factor contributing 
to i-motif stability is the number of C:C+ base pairs. A central positive charge and 
some π stacking further stabilize the interaction of the bases. Loop regions also add 
a special stability, such as the case of the G:T:G:T tetrad loop [82]. The loop regions 
define the two classes of i-motifs, where class I and II are characteristic of shorter 
and longer loops, respectively [84]. Longer loops, contrary to G4 motifs, are more 
stable than the shorter loops.

i-Motif structures also have topological features associated with their unique sec-
ondary structure. As a result of the spatial arrangement of the C:C+ base pair, two 

Fig. 7  i-Motif structure. a Side and b top view of the d(TC5) intermolecular i-motif. PDB file: 225D. c 
Chemical and d ball-and-stick representation of the C:C+ base pair. i-Motifs exhibit either 3′ (e) or 5′ (f) 
topology depending on where the outmost C:C+ base pair resides
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topologies arise, 3E′ and 5E′ [83]. 3E′ forms when the outmost C:C+ base pair is at 
the 3′ end of the base, and 5E′ forms when the terminal C:C+ base pair is at the 5′ 
end. As a result of extended sugar–sugar contacts along the narrow grooves, the 3E′ 
topology imparts greater stability to the structure [82, 85].

4.2  Biological Relevance

It has been established that i-motifs can form in  vivo; furthermore, that they are 
dependent on the cell cycle and the pH [81, 82, 86]. The environmental condi-
tions which allow for this at physiological pH include salt concentration, negative 
superhelicity, and molecular crowding. Increasing NaCl concentration to 100 mM 
destabilizes the i-motif, but further increasing to 300 mM has no more destabilizing 
effect [85]. Negative superhelicity arises during unwinding of dsDNA during tran-
scription events, and this also promotes i-motif formation. Finally, molecular crowd-
ing promotes i-motif formation by preventing Watson–Crick duplex formation and 
is likely the major factor which allows i-motifs to form in  vivo. Uracil bases (U) 
from spontaneous deamination of cytosine significantly reduce the thermal stability 
of i-motifs; however, ribonucleic acid i-motif structures, with and without U, have 
been identified in vitro [87].

Understanding the conditions which promote formation at physiological condi-
tions gives insight into the biological role i-motifs may play. Since G canonically 
base pairs with C, it is presumed that i-motifs form at the same genomic loci as 
G4s and therefore that they perform opposite gene regulatory functions. Also like 
G-rich regions, C-rich regions are found enriched at promoter regions, telomeres, 
and centromeres. However, not all C-rich regions form i-motifs as formation is 
dependent on the environmental conditions discussed. Promoter regions shown to 
form i-motifs include c-Myc, BCL2, and human acetyl-CoA carboxylase (ACC1). 
Whether or not the c-Myc expression is turned on is dependent on the extent of 
transcriptionally induced negative superhelicity which promotes i-motif formation. 
Regulation of Bcl2 by stabilizing molecules identified in a screen shows that pres-
ence of the i-motif structure upregulates Bcl2 expression while a hairpin structure 
represses transcription [85, 88]. AAC1 i-motif formation under molecular crowding 
conditions upregulates expression. i-Motif foci are more prominent during the G1/S 
phase, further supporting the notion that i-motif structures play an opposing role 
to G4 structures in cell biology; G4 suppresses transcription while i-motif activates 
transcription [82].

Uncovering other i-motif-forming genomic loci requires specific ligands which 
can recognize these structural motifs. Unlike G4s, there are much fewer i-motif-
specific peptide and small molecule ligands ideal for studying i-motifs. This makes 
it more difficult to identify the spatiotemporal expression of these C-rich higher-
order structures in a cellular context. Though some notable ligands have been devel-
oped to further this understanding, they each have their disadvantages. A porphy-
rin ligand, TMPyP4, initially utilized to study G4 interactions showed independent 
binding to i-motif structures to induce an inhibitory effect on the NM23-H2 involved 
in transcriptional activation of the c-Myc gene [82, 89]. Molecules such as crystal 
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violet, bisacridine (BisA), and phenanthroline derivatives have exhibited binding 
to i-motifs; some were stabilizing probes, but were not selective [88, 90]. Metal-
centered ligands such as the ruthenium complex [Ru(bpy)2(dppx)]2+ and the ter-
bium aminoacid complex  [Tb2(DLHVal)4(H2O)8]Cl6 bind i-motifs and cause slight 
structural perturbations. Nanomaterials like carboxyl-modified single-walled carbon 
nanotubes (C-SWNTs) and graphene quantum dots (GQDs) have shown stabiliza-
tion of i-motifs through respectively binding the end of the major groove and the 
internal TAA loop [91, 92]. Two small molecule ligands, IMC-48 and IMC-76, were 
identified to bind to the i-motif and hairpin conformation of C-rich regions, respec-
tively. These two ligands were utilized to shift the equilibrium of the structures and 
as a result control expression of BCL2 mRNA. Many proteins have been identified 
as poly C binding proteins (PCBP) and include heterogeneous nuclear riboprotein K 
(hnRNPK), a 39-kDa polypeptide from Trypanosoma brucei, and the BmlLF pro-
tein of Bombyx mori. Finally, one antibody exists against the i-motif, iMab. This 
antibody binds to C-rich, i-motif-forming DNA sequences over other DNA species 
(dsDNA, hairpins, and G4s) [86].

4.3  Therapeutic and Biotechnological Applications

In stark contrast to G4s as therapeutic targets, i-motifs are significantly lacking. Not 
many i-motifs have emerged as promising candidates for therapeutics since there 
are limited selective i-motif ligands, yet creative approaches are being pursued to 
incorporate i-motifs in therapeutics. The small molecule IMC-76 in concert with 
ellipticine (GQC-05) simultaneously targets the BCL2 and c-Myc oncogene promot-
ers. GQC-05 stabilizes the c-Myc G4 structure and turns off gene expression, while 
IMC-76 stabilizes the hairpin structure of BCL2 and decreases mRNA levels [93]. 
The combinatorial approach to nucleic acid structure-targeted therapeutics resulted 
in high sensitivity of lymphoma cells to the chemotherapeutic drug cyclophospha-
mide. Further development and refinement of i-motif-specific ligands is paramount 
to their efficacy as cancer therapeutics.

The i-motif sees a much greater role in the biotechnology space; it is central in 
the design of nanotechnological systems for analytical and biomedical purposes, 
relying on the structural transition of i-motif sequences as a result of pH changes. 
The ease of changing structure is leveraged to provide desired outputs. Some notable 
examples of the i-motif switch (I-switch) in nanotechnology include monitoring pH, 
controlling DNA nanostructure assemblies, drug release platforms, and biosensors 
[83]. The first I-switch, developed by the Krishnan group, was designed to sense 
and report pH changes along endosomal maturation in living cells in culture and 
in vivo [94]. The addition of gold nanoparticles (AuNPs) to these switches enhances 
their ability to detect pH changes by a visible readout of aggregated AuNPs (Fig. 8a) 
[95]. Leveraging i-motif structural changes, their incorporation into DNA-based 
assemblies can provide sensitive readouts and key functionalities for various bio-
technological applications [96]. Aside from detecting pH, i-switches can act as a 
controllable release mechanism, e.g., capping mesoporous silica nanoparticles that 
can open and close their pores to release cargo by changing pH [97]. Anchoring a 
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dense monolayer of i-motifs with polyA connectors to a flat gold surface also gen-
erates a nanocarrier; the i-motifs effectively cap the interior polyA, creating a lid 
over encapsulated ions or small molecules. i-Motifs have also been utilized in the 
controlled formation of DNA-based nanomaterials [96]. A 1D “wire” of i-motif-
containing oligonucleotides was initially developed by Ghodke et  al., where the 
designed DNA strands were annealed at low pH to allow for growth to persist in one 
direction (Fig. 8b) [98]. In a similar design, i-motifs were central to the formation of 
DNA pillars [99]. Allowing i-motif oligos to propagate in three dimensions gener-
ates a pH-responsive DNA hydrogel [100].

5  Nucleic Acid Junctions and Nanostructures

5.1  Biological Relevance and Structure

Helical junctions, or points where two nucleic acid helices cross over one 
another, are important in biological processes. For RNA, as discussed in Sect. 1, 
three-way junctions mainly serve an architectural and stabilizing role. Meanwhile 
for DNA, four-way junctions are key intermediates of homologous recombina-
tion events during meiosis; they are observed in various DNA repair events to 
maintain genomic integrity. The biological relevance of this junction was initially 
proposed by Robin Holliday in 1964 to describe the mechanism of DNA strand 

Fig. 8  i-Motif biotechnologi-
cal applications. a Struc-
tural transition of a linear ↔ 
i-motif assembly under different 
pH results in aggregation of 
attached AuNPs and change in 
color. This i-motif molecular 
switch produces a visible color 
change to detect pH. b Asso-
ciation of i-motif-containing 
oligonucleotides into a 1D 
supramolecular “wire”
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exchange which results in genetic diversity. As such, these DNA-based four-
way helical junctions are also known as Holliday junctions (HJ). In biology, HJs 
exhibit the ability to migrate along the DNA axis based on homologous sequence 
and are resolved by the action of enzymes which recognize the specific topologi-
cal features of the crossover. Though most prominently studied in DNA, crossover 
events have also been observed in RNA of the Brome mosaic virus (BMV) [101]. 
Since HJ structures exhibit homology, they are mobile along the DNA strand, a 
phenomenon called branch migration (Fig. 9a). This initially rendered it difficult 
to characterize them in vitro, but the generation of “immobilized” junctions [102, 
103] allowed for the characterization of the DNA crossover structures [104–106].

The two DNA helices can align parallel or antiparallel to one another, result-
ing in two different mechanisms of strand exchange: crossed and un-crossed (or 
“square”) (Fig. 9b). But how these strands exchange in three-dimensional space 
was first determined through biochemical assays performed by Lilley [107]; the 
crossovers adopt a global X shape, where the two helical arms stack over one 
another. Lilley also showed that these crossovers require divalent cations such 
as  Mg2+ to remain stable. In 1994, the first crystal structure of a Holliday junc-
tion complexed with a resolving enzyme was obtained [108]. We now have many 

Fig. 9  Structure of a 4-way DNA junction (Holliday junction). a Homologous sequences of DNA can 
come together via reciprocal strand exchange to generate a 4-way junction. The junction is mobile along 
the DNA allowing for branch migration. b Strand exchange can occur from different helical alignments 
(parallel and antiparallel) as well as different strand arrangements (crossed or square). c Crystal structure 
of a Holliday junction [109] (PDB 2CRX) revealing an X-type tertiary structure
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crystal structures of HJ-resolvases, providing a clear picture of these crossovers 
(Fig. 9c).

5.2  Therapeutic and Biotechnological Applications

The most prominent use of DNA junctions in biotechnology and therapeutics has 
been in the construction of DNA nanostructures. This significant discipline of the 
structural DNA nanotechnology field emerged from the ability to generate immo-
bile (those which do not undergo branch migration) four-way helical junctions 
[102, 110]. Ned Seeman utilized these immobile junctions in the construction of 
repeating and periodic DNA branched junctions, resulting in DNA lattices and other 
higher-order DNA structures [102]. Some systems rely on structural motifs such as 
branched junctions [111] and stem–loops [112] to generate DNA-based hydrogels. 
The judicious incorporation of these elements and the base-pairing design allows for 
hybridization chain reactions to propagate and generate a long, complex, and entan-
gled mesh of DNA, or hydrogel. Such hydrogels have broad biomedical applications 
for controlling cell growth or development as well as controllable drug release [113, 
114].

In another design approach, the alignment of multiple, parallel HJ motifs along 
two DNA duplexes generates paranemic crossover (PX) structures [115]; these 
have been used in nanostructure formation, computation, and nanomachines [116]. 
The expansion of HJ motifs into an in  vitro assembly of multiple repeating units 
pioneered the DNA nanostructure field and gave rise to the use of DNA as a spa-
tially addressable material [102]. Later, others began developing different types of 
DNA nanostructures based on the same concept. Paul Rothemund utilized multiple 
branched junctions as structural motifs to fold single-stranded bacteriophage DNA, 
M13mp18, creating the DNA origami technique (Fig.  10a) [117, 118]. Peng Yin 
developed the self-assembly of DNA tiles and bricks to further expand the rapidly 
growing number of structures that can be made using short DNA oligonucleotides 
(Fig. 10b, c) [119–121].

Strategic base pairing and formation of crossover junctions underscores the DNA 
nanotechnology field, allowing researchers to develop specific and precise shapes 
on the nanometer scale. The ever-growing chemical modifications available to DNA 
and the inherent specificity of DNA allows for the precise placement of various 
ligands [121]. Incorporation of stimuli-responsive species imparts control to DNA 
nanostructures, promoting mechanical motions, specific outputs, or timed-release. 
These exquisite properties and characteristics make DNA nanostructures advanta-
geous tools for a variety of biotechnological and therapeutic applications, the major 
categories being molecular tools, biosensors, and cell delivery agents [127].

The precise placement of ligands has enabled development of “molecular peg-
boards” as tools to study individual molecular interactions, distance requirements, 
and enzymatic cascades. Recent efforts have utilized DNA origami and other DNA-
based structures to understand physical determinants for energy transfer [128–130]. 
Investigation and utilization of enzymatic cascades have also benefitted greatly from 
the properties of templated DNA nanostructures (Fig.  10d) [122, 131, 132]. One 
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Fig. 10  DNA and RNA nanostructures and their applications. a The DNA origami technique judiciously 
places crossover junctions to fold ssDNA into nanoscale objects. Adapted with permission from Ref. 
[118]. Copyright 2017, The Japan Society of Applied Physics. b Single-stranded oligonucleotides con-
taining four variable domains repeatedly assemble by crossovers, leading to the design of DNA tiles 
which generate various shapes and patterns. Adapted with permission from Ref. [120]. Copyright 2012, 
Springer Nature. c DNA bricks form a “LEGO-like” interaction of two DNA strands with complemen-
tary head/tail regions. The perpendicular arrangement of complementary DNA strands generates three 
parallel helices for each pair of bricks, allowing the structure to be built into controlled, three-dimen-
sional shapes. Adapted with permission from Ref. [119]. Copyright 2012, American Association for the 
Advancement of Science. d Enzymatic reactions are studied using DNA origami. A DNA origami unit 
containing NeutrAvidin (NTV) sites was designed to encapsulate biotinylated glucose oxidase (GOx) or 
horseradish peroxidase (HRP) enzymes. The nanoreactors dimerize through base pair interactions and 
their close proximity allows for the enzymatic cascade to ensue, producing TMB*. Adapted with permis-
sion from Ref. [122]. Copyright 2015, Royal Society of Chemistry. e DNA origami enables single-mole-
cule analysis. A single-stranded probe placed on the origami surface is indistinguishable by atomic force 
microscopy (AFM). Upon hybridization with a single target RNA strand, a V-shaped junction is formed 
and is easily visible by AFM. Adapted with permission from Ref. [123]. Copyright 2012, Wiley-VCH 
Verlag GmbH and Co. f DNA nanostructures act as drug delivery systems. Drug-loaded DNA nanostruc-
tures can be appended with cell-targeting ligands. The nanostructures enter the cells via receptor-medi-
ated endocytosis where they are then degraded to release the drug cargo. Adapted with permission from 
Ref. [124]. Copyright 2018, American Chemical Society. g RNA structural motifs are utilized to control-
lably build polygons. The top row shows the 3D structures of representative structural motifs, PDB codes 
from left to right: 180° KL (1JJM), RA (1JJ2), tRNA (4TNA), and 3WJ (4V4Q). The bottom row shows 
various polygonal shapes made with the representative structural motifs. The colors in the polygons cor-
respond to the regions colored in the top row. Adapted with permission from Ref. [125]. Copyright, 2018 
Elsevier. h RNA origami can be folded co-transcriptionally to produce RNA tiles. As the RNA is tran-
scribed from the DNA template, the programmed 180° and 120° KL motifs form to produce 11 helical 
subdomains. Adapted with permission from Ref. [126]. Copyright 2014, American Association for the 
Advancement of Science
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particular system incorporates a four-way junction and two crossover motifs to stra-
tegically place glucose oxidase (GOx) and horseradish peroxidase (HRP) enzymes 
which are controlled by a strand displacement mechanism [133]. Origami surfaces 
are also an advantageous platform for single-molecule analysis (Fig.  10e) [123], 
and the development of a DNA origami “frame” allowed for the investigation of 
various nucleic acid interactions [127]. At the same time, origami structures can be 
designed to mimic more intractable biological structures, such as transmembrane 
pores, to understand the key determinants for molecular transport [134, 135]. In a 
unique approach, a DNA-based copy-print system confers two-dimensional informa-
tion from a DNA origami sheet to the surface of AuNPs [136]. DNA origami-based 
nanoimprinting lithography (DONIL) [136] shows great promise for self-assembly 
of nanostructures to be applied in biomedical applications for precisely tailored opti-
cal and electronic properties. Together, the variety of applications of DNA origami 
as molecular tools provides a wealth of opportunities for the translation of these 
structures in diverse disciplines related to biomedical research.

Aside from providing a platform for fundamental understanding of biologi-
cal phenomena as just described, these controllable origami structures are incred-
ibly advantageous for therapeutic applications such as biosensing and drug deliv-
ery. The addition of i-motifs, fluorophores, AuNPs, and other responsive modules 
and outputs are all major players in the development of DNA origami biosensors 
[137, 138]. Recently, we have constructed a star-shaped DNA architecture, called 
“DNA star” that contains five 4-arm junctions at each of the inner pentagon ver-
tices. At these junctions, 10 dengue envelope protein domain  III (ED3)-binding 
aptamers are placed in a precise 2D pattern which mirror the spatial arrangement of 
ED3 clusters on the dengue viral surface. The resulting polyvalent, spatial pattern-
matching interactions provide high dengue-binding avidity, which leads to potent 
viral inhibition. Hybridization of fluorescent output pairs renders the DNA star into 
a sensitive dengue biosensor [139]. In another recent work, a supramolecular DNA 
origami precisely immobilized AuNPs to localize single dye molecules for the gen-
eration of surface-enhanced Raman scattering (SERS) [140]. This provides a new 
approach to single-molecule studies using the well-characterized DNA origami as 
a platform, showing the breadth of disciplines where DNA origami-based advances 
are still being uncovered. Finally, DNA-based materials have been intercalated with 
anticancer drugs such as doxorubicin, and directly conjugated with disease-targeting 
ligands for specific, efficient, and controllable drug delivery (Fig. 10f) [124].

As a more conformationally dynamic and complex nucleic acid species, RNA has 
also been employed for the generation of nanostructures [125]. The rise of RNA as 
a nanostructure scaffold has emerged from the assembly of packaging RNA (pRNA) 
into dimers, trimers, and hexamers, and the observation that kissing loops promote 
RNA structural formation [141]. Since these formative discoveries, great efforts 
were made to generate more complex and chemically defined RNA nanostructures. 
Precise programming of secondary and tertiary interactions including kissing loops, 
hand-in-hand, foot-to-foot, crossovers, and junctions leads to the engineering of 
higher-order RNA structures such as nanoparticles, tiles, lattices, polyhedra, and ori-
gami [141, 142]. Specific structural motifs have been utilized to build various polyg-
onal nanostructures (Fig. 10g), and are fully summarized with in a recent review by 
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Ohno et  al. [125]. Exemplar advancements in RNA as structural tools involve the 
design of single-stranded RNA to fold back over on itself without the formation of 
knots [143], and the unique design of an RNA which concomitant with transcription 
folds back on itself to form structural elements requisite for tile formation (Fig. 10h) 
[126]. RNA nanoparticles are utilized to contain other therapeutically active RNA 
species such as siRNA, ribozymes, and aptamers [37]; meanwhile, other structural 
RNAs are utilized as molecular scaffolds to enhance bacterial metabolic activity, 
control mammalian cell surface interactions, and cell fate signals through localiza-
tion and aggregation of distinct molecular targets [125].

6  Conclusions and Future Outlooks

6.1  Proteins Join the Game

Proteins existing naturally in biological systems specifically bind DNA on the basis 
of sequence. These include transcription activator-like (TAL) effector proteins and 
the CRISPR-associated proteins. TAL proteins produced by plant pathogenic bacte-
ria recognize sequence-specific promoter regions of host cells; meanwhile, the pro-
tein recognition region allows for protein engineering to develop those which bind 
user-defined sequences. These proteins have been cleverly applied to fold DNA spe-
cies into DNA–protein hybrid shapes, similar to the DNA origami method [144]. 
Bringing proteins into the fold of megadalton, multilayer DNA structures promotes 
structural rigidity for more robust applications. This natural, sequence-specific 
DNA–protein interaction can also be leveraged by the CRISPR-associated proteins 
and can lead to greater nucleic acid-based tools for biotechnological applications.

RNA nanostructures have also been constructed through a combination of 
RNA–protein (RNP) interactions. Various proteins are known to interact with 
specific RNA structural motifs, e.g., the L7 protein binds a specific target called 
“box C/D”. Tailoring the RNA sequence and judicious choice of RNA-binding pro-
tein result in formation of complex which can generate triangular and square RNP 
structures [125].

6.2  Unnatural Modifications for Stability and Applicability

Extensive reports of unnatural modifications in the nucleic acid structural motifs 
discussed above have revealed our ability to chemically manipulate these naturally 
found structures for prolonged stability or to promote a particular equilibrium/struc-
ture formation in vivo. G4 and i-motif both have the ability to incorporate nucleic 
acid modifications to increase stability. While most sugar modifications destabilize 
i-motifs, modification of the phosphates promotes i-motif formation [82]. Phospho-
rothioate allows formation at neutral pH and Rp-chirality exhibits greater stabiliza-
tion of the i-motif [82]. Peptide nucleic acids (PNA) and locked nucleic acids (LNA) 
have been investigated to form these higher-order structures [54]. While they have 
been shown to form G4 and i-motifs, PNA tends to do so at narrower pH ranges.
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Though RNA has greater conformational flexibility which confers a greater 
molecular design space, it is also more susceptible to degradation, a tremendous 
disadvantage for applicability. Yet the increasing number and incorporation of 
nucleic acid modifications have enabled the use of RNA as a molecular scaffold 
amenable to applications in vivo [141].
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Abstract
DNA molecules with superior flexibility, affinity and programmability have gar-
nered considerable attention for the controllable assembly of nanoparticles (NPs). 
By controlling the density, length and sequences of DNA on NPs, the configura-
tion of NP assemblies can be rationally designed. The specific recognition of DNA 
enables changes to be made to the spatial structures of NP assemblies, resulting in 
differences in tailorable optical signals. Comprehensive information on the fabri-
cation of DNA-driven NP assemblies would be beneficial for their application in 
biosensing and bioimaging. This review analyzes the progress of DNA-driven NP 
assemblies, and discusses the tunable configurations determined by the structural 
parameters of DNA skeletons. The collective optical properties, such as chirality, 
fluorescence and surface enhanced Raman resonance (SERS), etc., of DNA-driven 
NP assemblies are explored, and engineered tailorable optical properties of these 
spatial structures are achieved. We discuss the development of DNA-directed NP 
assemblies for the quantification of DNA, toxins, and heavy metal ions, and demon-
strate their potential application in the biosensing and bioimaging of tumor markers, 
RNA, living metal ions and phototherapeutics. We hihghlight possible challenges in 
the development of DNA-driven NP assemblies, and further direct potential pros-
pects in the practical applications of macroscopical materials and photonic devices.

Keywords DNA · Nanoparticles · Assembly · Optical properties · Biosensing · 
Bioimaging

 * Yuan Zhao 
 zhaoyuan@jiangnan.edu.cn

1 Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, School 
of Chemical and Material Engineering, Jiangnan University, 214122 Wuxi, Jiangsu, China

2 International Joint Research Laboratory for Biointerface and Biodetection, State Key Lab 
of Food Science and Technology, Jiangnan University, 214122 Wuxi, Jiangsu, China

267Reprinted from the journal   

Chapter 9 was originally published as Zhao,·Y., Shi, L., Kuang, H. & Xu, C. Topics in Current 

Chemistry (2020) 378: 18. https://doi.org/10.1007/s41061-020-0282-z. 

http://orcid.org/0000-0002-5937-1952
https://doi.org/10.1007/s41061-020-0282-z
https://doi.org/10.1007/s41061-020-0282-z
mailto:zhaoyuan@jiangnan.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-54806-3_9&domain=pdf


 Topics in Current Chemistry (2020) 378:18

1 3

 

1 Introduction

Biomolecules possess unique biological activity and specific recognition ability, 
and show potential applications for the modification of building blocks in the fab-
rication of functional nanomaterials [1–5]. In particular, nucleic acids, compris-
ing DNA and RNA, possess programmed Watson–Crick base pairing and have 
become alternative candidates for the controllable functionalization and assembly 
of nanoparticles (NPs) [6–9]. Through designing the anount and length of DNA 
on the designed sites of each NP, NPs can be orderly arranged on hybridized 
DNA shapes and assembled into desire spatial configuration [10].

When NPs are in close proximity to each other, their respective surfaces are 
plasma coupled, resulting in a high electric field. Usually, these high electromag-
netic (EM) fields are located in the gaps between NPs, and areas containing high 
electric fields are called hot spots. Acting as a linker, DNA can adjust the dis-
tances between NPs for the generation of strong EM fields, which would gen-
erate amplified optical properties, involving surface enhanced Raman scattering 
(SERS), chirality, photofluorescence enhancement, plasmon-enhanced absorp-
tion, and so on. These unique properties have led DNA-driven NP assemblies to 
be widely used in biosensing and bioimaging. Specific recognition of  targets by 
DNA, or sequence-specific hybridization between base pairs induces disassem-
bly of nanomaterials, and these changed structures affect the resulting optical 
properties [1]. There is a close relationship between the optical signals of assem-
blies and the concentration of targets. Sensitive and specific biosensors are being 
developed for various applications.

In this article, we review recent progress in the field of DNA-driven NP assem-
blies, and explore the engineered optical properties of these spatial structures 
with the aid of DNA. We also discuss the development of biosensors for the 
detection of traces of hazardous substrates in food and in the environment, and 
demonstrate the potential applications of biosensing and bioimaging to the sensi-
tive, accurate and multiplex monitoring of analytes in the fields of medical sci-
ence. Finally, we highlight possible challenges in the development of DNA-pro-
grammed NP assemblies, and further direct the potential prospects of DNA-based 
nanoassemblies for practical applications in macroscopic materials and photonic 
devices.

2  DNA‑Programmed NP Assemblies

DNA molecules can program the synthesis, modification and assembly of NPs, 
and NPs can also be used as probes to explore the specific recognition of DNA 
molecules. If different NPs can be modified and assembled by DNA, NP assem-
blies will show synergetic and collective optical performances. In the process 
of programming NP assemblies, DNA molecules have excellent molecular rec-
ognition function, which make the assembly process highly selective. The most 
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important challenge to overcome in achieving this goal is how to precisely control 
the modified number of DNA and binding sites on NPs. Many researchers have 
researched this issue  in depth. Here, we will discuss DNA programmed adapt-
able and switchable NP modification and self-assemblies, involving plasmonic 
NPs, fluorescence NPs, and carbon nanomaterial.

2.1  Plasmonic Metal NP Assemblies

Plasmonic metal NPs refer mainly to Au NPs and Ag NPs. By controlling the sizes, 
morphology and structures of plasmonic NPs, localized surface plasmon resonance 
(LSPR) peaks, which have extensive application prospects in biosensing and bio-
imaging, can be adjusted. Various functional groups, such as –SH, –NH2, –COOH, 
–CHO, can be modified on the end of DNA. Nowadays, the method used most 
widely is to modify the DNA with –SH functional groups on the surface of plas-
monic metal NPs, and ensure close interaction between DNA and NPs through cova-
lent metal–SH bonds.

Assemblies were constructed by simple complementary base pairing between 
ssDNA modified NPs. For example, Chou et al. [7] achieved different sized Au NPs 
to form multilayer satellite-like assemblies using a long mother chain, and realized 
the transformation of Au NPs from a linear arrangement to spatial divergence. They 
used a core-satellite framework to construct a DNA-assembled superstructure in 

Fig. 1  a, b Schematic illustration and transmission electorn microscopy (TEM) images of DNA pro-
grammed multilayered Au nanoparticle (NP) core-satellite assemblies. c, d Schematic illustration and 
TEM images of side-by-side Au nanorod (NR) assemblies prepared by polymerase chain reaction (PCR). 
Reprinted with permission from Refs. [7, 14]
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which multilayered satellite-like NPs were arranged around central NPs (Fig. 1a). 
The total number of unique superstructures increased exponentially with increasing 
number of core–satellite layers and NP designs (Fig. 1b). The superstructures reduce 
retention and exhibit potential applications in tumor accumulation and whole-body 
elimination. Recently, Kuang and colleagues reviewed various plasmonic NP assem-
blies by using DNA as linkers [8]. By adjusting the numbers of DNA modified on 
NPs and designing the hybridized configuration, the geometry of assemblies can be 
controlled to form dimers, trimers, pyramids, core-satellite, chains, etc. The unique 
dipolar coupling between plasmonic NPs enables the enhancement of EM fields, 
including SERS and chirality, for the amplification of optical properties. The EM 
intensity of plasmonic NP assemblies is affected not only by the structural param-
eters of NPs (sizes, morphology, composition), but is also largely influenced by spa-
tial order and interparticle gaps. Interparticle gaps can be controlled by adjusting 
the length of dsDNA and designing a Y-shaped DNA duplex, etc. [11]. Polymerase 
chain reaction (PCR) has been proposed for the programmable fabrication of NP 
assemblies by the modification of primers on NPs or nanorods (NRs) [12–14]. The 
number of primers on NPs can be adjusted to one for the production of dimers or 
two for the fabrication of chains [13, 15]. The yields of assemblies increased with 
increasing numbers of PCR cycles from 1 to 20 [13]. The located modification of 
primers on the side of anisotropic Au NRs enabled the assembly of side-by-side Au 
NR nanostructures (Fig. 1c) [16]. PCR cycles adjusted the number of Au NRs and 
the length of assemblies (Fig. 1d). By asymmetric modification of forward primers 
and reverse primers on different NPs, superstructures were obtained, becoming more 
complex with increasing PCR cycles for the generation of chiral signals [17]. The 
interparticle gaps of assemblies were optimized easily by designing the amplifica-
tion length of primers. Consider the sensitive chiral signals of assemblies and the 
exponential amplification of PCR, PCR-driven assemblies showed potential applica-
tions for ultrasensitive DNA detection.

However, dsDNA was not rigid enough, the angles were still uncontrollable. 
DNA origami technology can accurately assemble NPs into multi-dimensional 
nanostructures, because of its controllable and programmable characteristics [18]. 
DNA origami could not only assemble Au NPs efficiently into the designed con-
figuration, but also control accurately the position of NPs and the relative displace-
ment between NPs. Au NS dimers were assembled on the surface of DNA origami, 
and the interparticle distances were controlled to be 7 nm and 13 nm. The SERS 
enhancement factors of Texas red were 2 × 1010 and 8 × 109, respectively. This was 
beneficial for SERS-signal-dependent single-molecule detection [19]. DNA poly-
hedral wireframe nanocages were constructed and used as templates for the encap-
sulation of NPs into the internal space [20]. DNA nanostructures can control the 
relative position of Au NPs. By changing the configuration of DNA origami nanoc-
ages and designing the binding sites, molecule-like NP assemblies were accessible, 
such as  CH4,  SF6, W(CH3)6 and  C2H6 (Fig. 2a–f) [20]. DNA tube structures were 
constructed by DNA origami, and regular Au NPs were assembled on them. Octa-
hedron, decahedral and polyhedral DNA origami frames were constructed and NPs 
were assembled at each vertex [20, 21]. By adjusting the composition and arrange-
ment of plasmonic NPs, the symmetry of assemblies could be programmed for the 
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generation of active chiroplasmonic properties. Interestingly, DNA origami enabled 
the precise modification of DNA on Au NPs with controlled number, angles and ori-
entation. Fan groups placed DNA “set strands” on the predefined positions of DNA 
origami. By controlling the numbers, sequences and position of DNA “set strands”, 
DNA-Au NPs conjugations were obtained for the next assembly. In this way, Au NP 
heterodimers, trimers and tetramers were obtained (Fig. 2g). The angles between Au 
NPs can be regulated by alteration of the distance between DNA strands [22]. How-
ever, the commonly used plasmonic metal NPs were limited to expensive and unsus-
tainable noble metal NPs, involving Au and Ag. It is necessary to explore cheap and 
abundant plasmonic metal NPs (such as Al, Cu) and tune the LSPR from ultraviolet 
(UV) to the near infrared (NIR) region by adjusting the sizes and shapes [23]. Suit-
able approaches should be further proposed for the efficient modification of DNA, 
and the optical activities of these assemblies need to be explored.

2.2  Fluorescent NP Assemblies

Fluorescent NPs exhibit unique fluorescent signals, long fluorescence lifetime 
and adjustable emission wavelengths. The fluorescence signals can be quenched 
due to the fluorescent resonance energy transfer (FRET) process, and ampli-
fied greatly due to plasmon resonance enhancement. Fluorescent NPs represent 
alternative candidates to replace fluorescent dyes and proteins for biosensing and 
bioimaging. Several kinds of fluorescent NPs have been fabricated and possess 
distinct fluorescence properties, including quantum dots (QDs), upconversion 
NPs (UCNPs), long-persistence NPs (PLNPs), carbon dots (CDs) and so on. In 
particularly, QDs are made of semiconductor materials containing metallic ele-
ments such as Cd or Zn, and can be modified by SH–DNA through the formation 
of metal–SH covalent bonds. DNA binding sites on the surface of QDs can be 
controlled to between one and five using mercaptopropionic acid as a co-ligand 
to make the remaining sites passive [24]. DNA-programmed QD assemblies 

Fig. 2  Molecule-like NP assemblies by DNA origami nanocages. a–c  SF6, d–f W(CH3)6. g DNA-ori-
gami-driven Au NP modification and assembly. Reprinted with permission from Refs. [20, 22]
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were fabricated by using different QDs. Energy transfer occurred between vari-
ous colored QDs at optimized interparticle distances by controlling the length 
of dsDNA and changing the dielectric environment around assemblies (Fig. 3a). 
This could pave the way for ordered fabrication of QDs with nanometer precision, 
which is another unachieved goal of nanotechnology.

The small sizes of QDs limit the purification of high-yield QDs assemblies. 
QDs still cannot be assembled at specific locations to precisely control sites and 
angles in DNA nanostructures. The assembly of QDs with metal NPs would 
increase the yield of assemblies and generated distinct optical properties owing 
to dipole–metal interactions. Plasmonic metal NPs featured with unique LSPR 
properties had a significant effect on the fluorescent activity of QDs. QDs are 
applied widely for the fabrication of plasmonic metal NP–QD hybrid assem-
blies using DNA as linkers. The density of DNA on Au NPs could be controlled 
to ~0.28 DNA per  nm2, and about 35–40 DNA strands were modified on the sur-
face of Au NPs [25]. QDs were assembled around Au NPs, and showed reduced 
luminescence lifetimes. About 63% of energy was transferred from QDs to Au 
NPs (Fig. 3b). By designing the DNA skeleton, plasmonic metal NP–QD hybrid 
assemblies were fabricated [26], including Au NP–QD dimers, Au NP–QD 

Fig. 3  a Schematic illustration and TEM images of different colored quantum dots (QDs) assembled by 
DNA. b, c Schematic illustration and TEM images of DNA driven Au NP-QD core-satellite assemblies 
and the fluorescence lifetimes of QDs. Reprinted with permission from Refs. [24, 25]
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pyramids, Au NP–Ag NP–QD pyramids, Ag NP–QD dimers, etc. The chiral con-
figuration of the DNA skeleton enabled NPs and QDs to locate at the designed 
position, which generated unique chiral activities.

In comparison to downconversion luminescence, upconversion luminescence is 
caused by continuous absorption of photons, and the emission wavelength is smaller 
than the excitation wavelength, which would cause little damage to biological sys-
tems [27]. However, UCNPs were poorly dispersed and insoluble in water systems. 
In order to expand the bioapplications of UCNPs, their surface modification and 
functionalization is particularly important but not changes the fluorescence proper-
ties. For example, oleic-acid-coated UCNPs were encapsulated by a polyacrylic acid 
(PAA) polymer shell by ligand exchanges [28, 29], and DNA molecules with amino 
groups were modified on the surface of UCNPs. In addition to polymers, silica shells 
are often used for UCNP surface modification and subsequent conjugate modifica-
tion [30]. Although these conjugation methods have some advantages, DNA could 
not directly bind to UCNPs. A simple strategy was proposed to prepare water-solu-
ble DNA–UCNPs [31]. DNA molecules replaced the oleic acid on UCNPs through 
a ligand exchange process.

DNA- or RNA-modified UCNPs can be used for the assembly with plasmonic 
NPs. Plasmonic NP-UCNP assemblies exhibited tailorable fluorescence properties 
and unique chiral activities, and could serve as phototherapy agents for bioapplica-
tions. The fluorescence of UCNPs could be quenched or enhanced in the presence 
of plasmonic NPs at optimized gaps by adjusting the length of dsDNA or design-
ing the hybridized configurations of dsDNA. For example, NaGdF4:Yb, Er UCNPs 
assembled with Au NPs by designing a DNA pyramid skeleton exhibited quenched 
fluorescence (Fig. 4a) [32]. The special DNA pyramids enabled the precise arrange-
ments of NPs to show obvious chiral signals. UCNPs were assembled with Au NPs 
or Au NR dimers by designing DNA pyramid skeletons and core-satellite structures, 

Fig. 4  a TEM images and tomography of DNA-engineered Au NP–upconversion (UC)NP pyramids. b 
Schematic illustration and TEM images of Au NR dimer–UCNP core-satellite assemblies. c Schematic 
illustration and TEM images of propeller-like Au NR-UCNP assemblies. Reprinted with permission from 
Refs. [32, 36, 37]
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and exhibited quenched fluorescence (Fig. 4b) [33–36]. By adjusting the length of 
dsDNA between UCNPs and Au NRs, the fluorescence signals of UCNPs can also 
be greatly enhanced. DNA-driven propeller-like Au NR-UCNP assemblies showed 
decreased fluorescence signals when 11 and 18 bp DNA were used (Fig.  4c), but 
exhibited increased fluorescence intensity by using 24 bp, 30 bp, or 36 bp DNA as 
linkers [37]. The propeller-like configuration with varied gaps also induced shifts 
and amplification of the chiral signals. Despite numerous reports of DNA pro-
grammed fluorescent NP assemblies, each step of modification or the introduction 
of ligands may lead to changes in surface charges, which may induce aggregation 
of assemblies. The stability of these assemblies is still a main concern in complex 
physiologically relevant environments for the practical bioapplications. Besides QDs 
and UCNPs, other kinds of fluorescent NPs involving PLNPs and perovskite NPs 
have also been reported, and showed excellent fluorescence properties. The fluores-
cence properties of these NPs included assemblies that should be further studied for 
bioapplications.

2.3  Functional Carbon Material Assemblies

Carbon, a non-metallic element, participates in bonding in the form of sp,  sp2,  sp3 
and other hybrids, forming a large number of materials with peculiar structures 
and properties. The most representative carbon nanomaterials are graphene/gra-
phene oxide (GO), CDs, graphene QDs (GQDs), and carbon nanotubes (CNTs), etc. 
Understanding the interaction between DNA molecules and carbon materials is par-
ticularly important when constructing functional carbon material assemblies.

The high density of π-electron-enabled carbon materials makes them alternative 
candidates for the attachment of ssDNA via π –π stacking interactions and hydro-
gen bonding    [38]. However, dsDNA has a negatively charged phosphate backbone 
that would hinder the interactive force between nucleobases and carbon materials 
(Fig.  5a) [39]. The weak interaction enabled dsDNA-functionalized GO sheets to 
be in a solution state. By utilizing the transformation of dsDNA to ssDNA at 90 °C 
for 5 min, adjacent GO sheets were bridged by ssDNA via strong noncovalent inter-
actions, resulting in the formation of multifunctional hydrogels [40]. ssDNA has 
become an efficient linker for the self-assembly of carbon materials. For example, 
FAM and Texas red functionalized ssDNA as well as Rox modified aptamers were 
assembled with graphene [39, 41]. ssDNA modified Au NPs were assembled with 
GO sheets (Fig.  5b) [42]. Aptamer-modified Au@gap@AgAu NPs and Ag/CdO 
NPs were assembled with GO sheets (Fig. 5c) [43, 44]. GO sheets exhibited efficient 
fluorescence quenching ability and could quench the fluorescence of fluorophores 
and fluorescent NPs due to the FRET process. DNA-driven fluorescent NP-GO sheet 
assemblies could be used for the detection of changes in  fluorescence signals. GO 
not only possess fluorescence quench ability, but also exhibit unique Raman charac-
teristic peaks, which could be applied to the fabrication of Raman sensors. Impor-
tantly, intrinsic Raman signals could be further enhanced in the presence of plas-
monic NPs.
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Besides graphene and GO sheets, CNTs were assembled using DNA as linkers. 
The non-covalent adsorption of DNA onto the surface of CNTs does not affect the 
electronic properties of CNTs. In order to achieve high-throughput preparation of 
ssDNA-modified CNTs, a simple and robust modification approach was proposed 
using surfactant-based exchange methods [45]. About 90% CNTs could be wrapped 
by ssDNA, increasing the yield of CNTs incorporated assemblies. Designing the 
binding sites and positions of DNA origami, CNTs were successfully assembled 
into 2D geometry using DNA origami as templates [46]. The length and sequence 
composition of ssDNA interrupted the interaction between chiral CNTs and DNA 
(Fig.  6a) [47], which could be applied in chiral selection of CNTs. ssDNA-func-
tionalized CNTs were also assembled with other NPs with the aid of the hybridi-
zation of dsDNA. For example, ssDNA-functionalized CNTs were assembled with 
Au NPs modified by complementary DNA [48]. An amino–ssDNA was designed to 
modify the surface of carboxyl-CNTs, and biotin–ssDNA was modified on the sur-
face of streptavidin-QDs. The hybridization of dsDNA enabled the self-assembly of 
CNTs and QDs (Fig. 6b) [49]. By adjusting the length of heterobifunctional dsDNA 
linkers, the interparticle distance between CNTs and QDs could be controlled. With 
increasing length of dsDNA, from 10 bp to 30 bp, QDs were quenched 63%, 52% 
and 47% (Fig.  6c), and the lifetimes of QDs were shortened correspondingly due 
to surface-guided charge transfer (Fig.  6d). DNA engineered adjustable gaps led 
to changes in the fluorescence intensity of QDs. Therefore, CNT-QD assemblies 
were applied for the detection of  K+ depending on the changes in dsDNA structures 
before and after recognition.

Fig. 5  a Graphdiyne (GD) based multiple DNA detection. b Schematic illustration and TEM images of 
graphehe oxide (GO)–Au NP assemblies. c Schematic illustration and TEM images of GO–Ag/cadmium 
oxide (CdO) NP assemblies. Reprinted with permission from Refs. [39, 42, 43]
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Unlike GO sheets and CNTs, CDs and GQDs are special carbon materials and 
exhibit unique fluorescence properties. The COOH groups of CDs and GQDs 
could be modified by  NH2-DNA through carbodiimide bonding. CDs were 
assembled with organic dyes through the hybridization of dsDNA [50]. Pho-
toinduced electron transfer from CDs to organic dyes enabled the fluorescence 
quenching of CDs. Aptamer-modified reduced GQDs were assembled on GO 
sheets through π–π stacking interaction and hydrogen bonding. The quenched 
fluorescence signals of reduced GQDs can be recovered owing to the formation 
of  Pb2+ induced G-quadruplex DNA structures [51]. DNA-directed ratiometric 
fluorescent probes were assembled by using CDs and 5,7-dinitro-2-sulfo-acrid-
one (DSA) [52]. Efficient FRET between CDs and DSA enabled the fluorescence 
quench of DSA. The presence of miRNA induced the disassembly of CDs and 
DSA, inducing changes in the fluorescence signals of both CDs and DSA.

Although DNA programmed carbon materials assemblies have shown dif-
ferent advantages in biosensing and bioimaging, there is still much room for 
improvement. The stability of carbon materials, the sensitivity of detection, the 
equilibrium times between probes and targets, and biocompatibility all affect the 
feasibility and sensitivity of biosensors. Due to chemical inertia and the strong 
hydrophobicity of the surface of carbon materials, the combination of carbon 
materials is achieved mainly through accumulation. The formation of large sur-
face area carbon materials will lead to higher energy barriers and limit detection 
rates.

Fig. 6  a Interaction of chiral CNTs and ssDNA. b Schematic illustration and atomic force microscopy 
(AFM) images of carbon nanotube (CNT)-QD assemblies using different lengths of DNA. c–e Fluores-
cence spectra and fluorescence lifetimes of QDs after assembly with CNTs using different lengths of 
DNA. Reprinted with permission from Refs. [47, 49]
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3  Optical Properties of Nanoassemblies

The development of nanoassemblies has been of special interest due to the tuna-
ble optical responses that they can introduce. These controllable optical properties, 
involving surface-enhanced Raman scattering (SERS), chirality, and photolumines-
cence (PL) properties, depend mainly on interparticle distance, size and morphol-
ogy, the chemical composition of NPs, as well as the spatial configuration of the 
assembled NPs. DNA-driven assemblies exhibit strong optical activity and show 
potential applications for biosensing and bioimaging.

3.1  SERS Performance

SERS is capable of identifying unique fingerprint information [53, 54]. The wide 
application of SERS is attributed to its high sensitivity, nondestructive identification 
and multiplex detection capability [55]. The major contribution of SERS enhance-
ment originates from the enhanced local EM field in the hot spots between neigh-
boring metal NPs [56–58]. Nevertheless, the SERS signals of NPs are too weak for 
these applications, and uncontrolled aggregation would affect the reproducibility 
of SERS measurements [59]. In order to solve these problems, considerable inter-
est has been shown in exploring SERS-active NP assemblies, which can greatly 
improve EM fields and consequently generate strong SERS signals [60]. Various NP 
assemblies have been reported using DNA as templates, including dimers [61, 62], 
trimers [63], tetramers [32, 64], chains [14, 65] and pyramids [26].

Plasmonic coupling between NPs of assemblies provides many new pos-
sibilities for the enhancement of local EM fields, which depend mainly on the 
interparticle distances between NPs, the compositions of NPs and the configura-
tions of assemblies. For example, the strong EM fields between 80 nm Au NPs 
assembled on DNA origami achieved the quantization of single-molecule SERS 
[66]. The gaps between neighbor NPs were controlled by shell deposition. DNA-
driven Au@Ag NR dimers were assembled and could significantly enhance the 
EM field after Ag shell coating [59]. Ag NPs with a higher SERS enhancement 
than Au NPs were demonstrated as perfect candidates for SERS probes. Multi-
ple aptamer programmed Ag NP pyramids show potential for detection of mul-
tiplexed disease biomarkers (Fig. 7a, b) [59]. The structure of the pyramids was 
stable in high ionic-strength conditions, leading to potentially reproducible sig-
nals in complex systems. Hot spots between adjacent NPs in pyramids showed 
the maximum EM field intensity and thus enhanced SERS signals (Fig. 7c). Cou-
pled with many intense EM hot spots from double plasmonic NPs, plasmonic Au 
NPs and Ag NPs assemblies were developed for the SERS application. A novel 
Ag NP ornamented-Au NP pyramid was fabricated using an aptamer-based self-
assembly process (Fig. 7d, e) [67]. As-designed superstructures had intense EM 
hot spots, and showed potential for use as an ideal SERS substrates (Fig. 7f). Au 
NRs showed a huge enhancement of SERS signals because of the intense and 
aspect ratio-dependent longitudinal surface plasmon resonance. Au NR-Ag NP 
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core-satellite assemblies displayed obvious enhanced SERS performances and 
could be used for further detection. In order to enhance SERS signals, the aniso-
tropic shape of Au NSs coupled with plasmons focused at the core, together with 
the tips of the NPs generated lots of “hotspots”, thus enabling enhancement of the 
EM field [19]. The excellent SERS performance made dimers a more prominent 
building block for SERS substrates than regular spherical particles dimers [19]. 
A self-assembled Au NS dimer was constructed by aptamers for  Hg2+ detection 
[68].

Assemblies of UCNPs and plasmonic metal NPs combine two kinds of optical 
signals—luminescence and SERS—which inspires new designs for ultrasensitive 
detection of targets. Au NPs and Au NR dimers were assembled with UCNPs 
by using DNA as templates [36, 69]. Plasmonic NPs not only possess strong 
surface-enhanced spectroscopic effects for the amplification of SERS intensity, 
but also display fluorescence quenching ability. Plasmonic NP-UCNP assemblies 
showed outstanding SERS enhancement and fluorescence quenching effects, and 
show promise for accurate and sensitive dual-signal-dependent identification of 
targets. Graphene had already been shown to be an effective Raman enhancement 

Fig. 7  a, b TEM images and tomograghy of Ag NP pyramids before and after the affinity of tumor mark-
ers. c Simulated electromagnetic (EM) fields of Ag NP pyramids. d–f Schematic illustration and TEM 
images of Ag NP ornamented-Au NP pyramids and simulated EM fields. Reprinted with permission 
from Refs. [67, 87]
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substrate because of its high electron mobility and low electrical resistivity [41, 
70, 71]. DNA functionalized plasmonic NPs were assembled with GO sheets 
by π−π stacking interactions. Au NP-GO assemblies showed chiral properties 
and SERS activity, which can be attributed to the collective coupling between 
Au NPs and GO sheets (Fig.  8a) [42]. The intensity of the EM field enhanced 
with the increasing number of Au NPs assembled on GO sheets. GO sheets also 
possessed intrinsic Raman characteristic peaks that could serve as an internal 
standard (IS). Zhao et al. [44] designed aptamer-driven assemblies of Au@gap@
AgAu NPs and GO sheets for the fabrication of SERS aptasensors (Fig.  8b). 
By embedding Raman molecules into the gaps of Au@gap@AgAu NPs, strong 
SERS signals were obtained, owing to the formation of hot spots in the inte-
rior gaps. SERS-active Au@gap@AgAu NPs served as detections tags, and GO 
sheets were applied as references tags for the establishment of ratiometric SERS 
aptasensors. By changing Raman molecules into the junction of core and shell, 
various SERS tags can be obtained. Two types of Ag@Au CS NPs were encoded 
by 4-ATP and 4-NTP, and were used as SERS tags for the double detection of 
biotoxins (Fig.  8c) [72]. Similar to GO sheets, MXnenes sheets also possessed 
intrinsic Raman signals and were applied as IS for the fabrication of ratiometric 
SERS aptasensors [73]. Au–Ag Janus NPs were fabricated under the guidance of 
2-mercaptobenzoimidazole-5-carboxylic acid (MBIA). Au–Ag Janus NPs exhib-
ited intrinsic SERS signals without extra modification of the Raman molecules, 
and were used as detection tags. Aptamer-modified SERS-active Au–Ag Janus 
NPs were assembled with MXenes sheets for the fabrication of ratiometric SERS 
aptasensors (Fig.  8d). SERS-active NP nanoassemblies have gained immense 
popularity. However, some problems remain, such as high cost, lack of uniform-
ity, poor stability and biocompatibility, which seriously restrict the utilization 
of nanoassemblies in practical applications. There is still much potential for the 
development of nondestructive identification and multiplex detection capability.

Fig. 8  a Simulated EM fields of Au NPs and GO–Au NP assemblies. b Schematic illustration and 
surface-enhanced Raman scattering (SERS) spectra of GO-Au@gap@AgAu NP assemblies. c SERS 
encoded Ag@Au CS NPs and the SERS spectra. d Schematic illustration and SERS spectra of MXenes-
AuAg Janus NP assemblies. Reprinted with permission from Refs. [42, 44, 72, 73]
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3.2  Chiral Properties

DNA molecules as linkers can assemble plasmonic NPs into designed spatial con-
figurations, which can endow NP assemblies with strong chirality [74]. DNA-driven 
heterodimers (including Au NP heterodimers, Au–Ag NP heterodimers, Au NR 
dimers, and Au NR–Au NP heterodimers, etc.) exhibit obvious chiral signals owing 
to the ellipsoidal shapes of plasmonic NPs and the formation scissor-like structures. 
The interparticle distance between adjacent NPs can be controlled by adjusting the 
length of DNA linkers, which further affected the EM fields for the adjustment of 
chiral signals. For example, chiral signals of Au NR–Au NP heterodimers became 
weaker with the increasing length of DNA from 15 to 80 bp due to the weak EM 
fields [75]. UCNPs and Au NRs were assembled to chiral propeller-like tetramers 
by using 11, 18, 24, 30, 36, 45 bp DNA [37]. It was noted that the chiral bands blue-
shifted to short wavelengths by about 22  nm with the decreasing length of DNA 
from 45 to 11 bp (Fig. 9a). Besides the adjustment of DNA length, shell deposition 
provided another way to control the gaps between NPs [12, 13]. Deposition of the 
Ag shell on DNA engineered Au NP heterodimers further decreased the interparticle 
distances, which can be ascribed to the formation of a thick shell. The chiral signals 
of Au NP heterodimers were amplified, and the g-factor reached up to 1.21 × 10−2. 
Due to the different plasmonic absorption of the Ag and Au shell, chiral Au NP het-
erodimers showed a blue-shifted CD peak at 418 nm after deposition of the Ag shell 
(Fig. 9b, c), and a red-shifted CD peak at 586 nm after deposition of the Au shell 
(Fig. 9d, e). Interestingly, the chiral signal returned to 525 nm after deposition of a 
double shell (Ag shell-Au shell or Au shell-Ag shell) [13]. Shell deposition not only 
reduced the interparticle distances between NPs for enhancement of the EM field, 
but also adjusted the position of chiral peaks at the designed positions.

Chiral nanoassemblies were fabricated by linear hybrid DNA chains. By asym-
metric modification of DNA on different NPs, linear DNA can link NPs to form Au 
NP dimers, Au shell-Ag NP core-satellites, propeller-like Au NR–Au NP tetramers, 

Fig. 9  a Circular dichromism (CD) spectra of propeller-like UCNP-Au NR assemblies using different 
lengths of DNA. b, c TEM images and CD spectra of Au dimers after Ag shell deposition. d, e TEM 
images and CD spectra of Au dimers after Au shell deposition. Reprinted with permission from Refs. 
[13, 37]
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and so on. By designing the hybridization shapes of the DNA skeleton, various 
chiral spatial structures can be obtained. A “Y” shaped DNA hybrid skeleton was 
designed for the preparation of Au NR–Au NP core-satellites by using  Zn2+-specific 
DNA-cleaving DNAzyme as a linker (Fig. 10a) [76]. The intracellular CD signal of 
chiral Au NR–Au NP core-satellites was recorded in the  520 nm and 700–800 nm 
regions (Fig.  10b). DNA pyramids possessed unique spatial configuration and 
could arrange building blocks into special structures. Chiral NP pyramids assem-
bled by three types of NPs, including Au–Au–Au–Au pyramids, Au–Au-QD–QD 
pyramids and Au–Au–Ag–QD pyramids, were reported by Xu et al. [26]. Chiral Au 
NP-UCNP pyramids were assembled and showed an obvious chiral band at 521 nm 
[32]. DNA molecules can be assembled to DNA origami with designed sites and 
numbers. For example, DNA origami bundles and rectangular bifacial DNA origami 
were designed and used as templates for the preparation of chiral Au NP helices 
and chiral Au NP tetramer (Fig. 10c) [64, 77]. The chiral signals can be adjusted by 
changing the origami structures. By locating different sized Au NPs on the corner of 
octahedral DNA origami frames, chiral nanostructures were obtained [21].

PCR is a meaningful technique for the amplification of DNA with the aid of DNA 
polymerase and nucleotides. By modification of primers on NPs, the DNA ampli-
fication process can be performed on the interface of NPs, inducing programmed 
assembly of NPs. The yield and structures of NP assemblies can be controlled 
through the optimization of PCR cycles, primer density and appropriate tempera-
tures. For example, chiral Au NP core-satellites can be assembled by PCR through 

Fig. 10  a Au NR–Au NP core-satellites were assembled by a “Y”-shaped DNA hybrid skeleton. b CD 
spectra of Au NR-Au NP core-satellite assemblies at different times. c Au NR-UCNP assemblies for the 
detection of DNA. d Chiral Au NP helices assembled on DNA origami bundles. Reprinted with permis-
sion from Refs. [76, 77]
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the modification different amounts of primers on NPs [17]. A high concentration 
of primers on large NPs enabled more small NPs to assemble around large NPs. If 
the modification of primers on each NP is symmetrical, chiral NP chains and web-
like assemblies are formed. With increasing numbers of PCR cycles, high-yielding 
assemblies were obtained, and the chiral nanostructures become complex. By locat-
ing primers precisely on the side of Au NRs, side-by-side Au NR assemblies were 
obtained that display chiroplasmonic activity due to the unique 7°–9° twist between 
the axes of Au NRs [14]. Aptamers were also DNA and RNA sequences, and also 
exhibited unique affinity towards their targets. Aptamer-directed chiral NP assem-
blies were also fabricated, using steps similar to those needed for DNA-dependent 
chiral nanostructures, including chiral dimers, chiral core-satellites and chiral pyra-
mids, etc. For example, yolk-shell NPs were assembled into chiral pyramid nano-
structures, and aptamer-modified UNCPs were centralized in the middle positions 
[78]. These assemblies exhibited plasmonic-induced chirality and chiral conforma-
tion, and showed restored luminescence signals of UCNPs by the recognition of 
aptamers towards targets.

3.3  Fluorescence Properties

Fluorescent NPs have attracted significant attention due to their natural advan-
tages, such as simplicity, high sensitivity, anti-interference ability and fast 
responses. DNA-driven fluorescence NP assemblies have tailorable optical prop-
erties and could be applied for biosensing and bioimaging in the fields of envi-
ronmental sciences, human health, food industries, etc. Organic fluorescent dyes, 
including fluorescein and rhodamine dyes, were first used as fluorescent probes 
in biomedical research. Au-NPs were assembled with Cy3 and Cy5 using dsDNA 
as a bridge [79]. The fluorescence of both Cy3 and Cy5 was quenched by Au 
NPs due to the FRET process. A similar principle was proposed for Cy5-DNA-
directed Au@Ag NP and Au NR assemblies. In comparison to traditional organic 
dyes, fluorescent NPs have potential prospects for bioapplications owing to the 
advantages of their wide absorption spectrum, narrow emission spectrum and 
high fluorescence quantum yields. In particular, QDs exhibited size-dependent 
strong fluorescence signals, which could range from 450  nm to 780  nm. Major 
progress had been made in the application of DNA-driven QD assemblies. QDs 
with three different emission peaks were assembled by precise modification of 
DNA on the sites of QDs. The energy transfer was entirely reversible by adjust-
ing the pH [24]. DNA molecules were used as linkers to assembly QDs with Au-
NPs to form core–satellite assemblies (Fig. 11a) [80]. The fluorescence signals of 
QDs were quenched owing to the energy transfer from QDs to Au-NPs (Fig. 11b), 
and further restored when DNA-functionalized QDs dissociated from the surface 
of Au-NPs. In comparison to QDs emitting fluorescence in the visible region, 
 Ag2S QDs exhibited a fluorescence signal in the second-window near-infrared 
(NIR-II) region, causing little damage to normal tissues. DNA backbones were 
designed and applied as templates for the assembly of  Ag2S QDs and Au NRs@
Pt nanostructures (Fig.  11c). The red-shifted LSPR peak enabled Au NRs@Pt 
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nanostructures to quench the fluorescence signals of  Ag2S QDs (Fig. 11d) [81]. 
In comparison to QDs, CDs show excellent biocompatibility. DNA was used as 
a linker for the assembly of CDs and DSA. The fluorescence intensity of DSA 
was quenched by CDs due to the FRET process. CDs were disassembled from the 
structures due to reorganization of the microRNA. This would induce a decrease 
in the fluorescence intensity of CDs and the recovery of DSA [52]. The ratio of 
dual fluorescence signals were used for the detection of miRNA-21 without envi-
ronmental fluctuations. In order to protect the fluorescence signals of QDs from 
photobleaching, QDs were designed to encode into  SiO2 NPs. The as-prepared 
QDs@SiO2 core–shell NPs showed amplified fluorescence intensity and good sta-
bility. Importantly, the fluorescence signals of QDs@SiO2 core–shell NPs could 
be encoded by using different colored QDs with distinct ratios. DNA modified 
QDs@SiO2 core–shell NPs were used as detection probes for the multiplex detec-
tion of genetically modified organisms [82].

High-energy UV or visible light is usually required as an excitation source for 
QDs. Low tissue penetration, biological tissue destruction, and biological tis-
sue autofluorescence interference may limit the bioapplications of QDs. Alter-
natively, UCNPs emit visible light under the excitation of near-infrared light, 

Fig. 11  a, b TEM images and fluorescence spectra of DNA driven Au NP-QD core–satellite assemblies. 
c, d TEM images and fluorescence spectra of DNA driven Au NR@Pt-QD core–satellite assemblies. 
Reprinted with permission from Refs. [80, 81]
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and have unique advantages such as lower cytotoxicity and higher biocompat-
ibility. UCNPs were widely modified by DNA and further assembled with plas-
monic NPs. By designing the geometry of DNA backbones, plasmonic NP-UCNP 
assemblies can exhibit tunable fluorescence signals. The fluorescence signals of 
UCNPs are quenched by Au-NRs and Au-NR dimers by using DNA, RNA and 
aptamers as linkers, due to nonradiative energy transfer. The fluorescence proper-
ties of UCNPs can be controlled by adjusting the interparticle distances between 
plasmonic NPs and UCNPs. This can be achieved not only by coating polymers 
on NPs but also by using different lengths of dsDNA as linkers. Amphiphilic 
diblock copolymer polystyrene-block-poly (acrylic acid) (PS-b-PAA) was used as 
dense layer to coat Au-NR dimers. The stability of Au-NR dimers were greatly 
enhanced and the luminance quench ability was reduced. When the length of 
the dsDNA was kept below 24 bp, the close distances enabled the generation of 
the FRET process to quench fluorescence signals (Fig. 12a) [37]. However, fluo-
rescence enhancement occurred between Au-NRs and UCNPs by adjusting the 

Fig. 12  a Fluorescence spectra of UCNP-Au NR assemblies at different lengths of DNA. b TEM images 
of Au-Cu9S5 NP-UCNP-Ag2S NP pyramids. c Au NR-UCNP assemblies for the detection of DNA. d 
Fluorescence spectra of Au-Cu9S5 NP-UCNP-Ag2S NP pyramids. Reprinted with permission from Refs. 
[33, 37]
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length of dsDNA from 24 to 36 bp. Long distances (such as 45 bp DNA) would 
return fluorescence to the original intensity, due to the formation of a low level 
electric field.

DNA pyramids with special configuration were constructed for the location of 
plasmonic NPs and fluorescence NPs. The four corners of DNA pyramids enabled 
free positioning of distinct NPs. When two Au-NPs and two UCNPs were located, 
the fluorescence signals of UCNPs were quenched by Au-NPs. UCNPs and down-
conversion NPs can both be located on the two corners of pyramids. The emission 
wavelengths, ranging from 500 nm to 1500 nm, enabled the exploration of plasmonic 
NPs with broad LSPR, which could overlap the emission peaks of fluorescence NPs. 
Recently, Kuang et  al. [33, 37] reported novel pyramids consisting UCNPs,  Ag2S 
NPs and Au-Cu9S5 NPs for biosensing and bioimaging (Fig. 12b). Au-Cu9S5 NPs 
were proposed as quencher due to the unique LSPR peaks ranging from 500 nm to 
1100 nm (Fig. 12c). The quenched fluorescence signals of UCNPs and  Ag2S NPs 
were both restored when they were released from the pyramids, attributing to high 
affinity between miRNA and their complementary DNA sequences.

Although various research goals have been achieved, some challenging problems 
still exist if these results are to be transferred to clinical practice, such as low lumi-
nous efficiency, poor biocompatibility and noted toxicity. Based on the advantages 
of high sensitivity and selectivity, development of fluorescent technology will still 
be of great value.

4  Applications for Biosensing and Bioimaging

The synthesis and assembly of NPs can be induced by DNA molecules, and NPs can 
also be used as probes to study the specific recognition of DNA molecules. DNA-
driven NP assemblies showed multiple optical properties, which can be adjusted 
by rationally selecting assembly elements and designing DNA backbones. Tak-
ing advantage of the base complementary pairing principle of DNA and the spe-
cific affinity of aptamers, DNA-driven NP assemblies could be disassembled in the 
presence of targeted DNA or analysts. Changes in these nanostructures enabled the 
different optical responses of DNA-directed NP assemblies, which show potential 
applications in ultra-sensitive and highly specific biosensing and bioimaging.

4.1  Biosensing

4.1.1  DNA Biosensors

DNA molecules were used as templates to achieve the assembly of functional NPs, 
which generated unique optical responses. Changes in the structural parameters of 
DNA enabled changes in yields, geometry, and arrangements of assemblies, further 
affecting the optical signals. Therefore, optically active DNA-driven NP assemblies 
can be used for the detection of DNA, including targeted DNA, DNA concentration, 
DNA length, and even single base mismatches.
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The highly sensitive and specific hybridization reaction between DNA and DNA 
complementary sequences enables the accurate detection of targeted DNA. DNA 
detection provides some critical information on genomic screening and medical 
diagnosis. By designing the detailed base sequences of DNA fragments, specific 
DNA can be detected. For example, QD-encoded  SiO2 NPs were used as fluores-
cence probes and modified on the end of probe DNAs, achieving detection of tar-
geted DNA sequences in genetically modified organisms. SERS signals provide 
intrinsic information on DNA molecules. Iodide-modified Ag NPs were applied as 
substrates for the label-free detection of DNA with single-base sensitivity using the 
phosphate backbone signal as IS [83]. In comparison with noble metal NPs, non-
noble metal NPs involving Al NPs and Cu NPs also exhibit distinct SERS activity. 
The phosphate backbone of ssDNA shows preferential affinity towards Al oxide sur-
faces [23]. More attention should be devoted to DNA-directed non-noble metal NP 
assemblies. Al-NP-dependent assemblies have not been prepared for the application 
of quantitative ssDNA analysis.

DNA-driven NP assemblies show unique CD signals in the visible region, origi-
nating from the transfer of chiral DNA molecules and the chiral geometry of assem-
blies. In comparison with other optical signals, chiral signals show better sensitivity 
and less inferference [84]. This is because most matrixes are non-chiral or show only 
weak chiral signals in UV regions. Chiral-signal-dependent DNA detection exhibits 
high sensitivity and accuracy. DNA-engineered Au-NRs were assembled into chi-
ral side-by-side structures, achieving attomolar DNA detection [14]. Chiral signals 
of Au-NP dimers were amplified after metal shell deposition, and were applied to 

Fig. 13  a Shell-deposited chiral Au-NP dimers for the detection of DNA. b Chiral spectra of Au 
dimers@Au CS assemblies for the detection of DNA. c Au NR-UCNP assemblies for the detection of 
DNA. d Chiral signals dependent biosensors for the detection of DNA. e Fluorescence-signal-dependent 
biosensors for the detection of DNA. Reprinted with permission from Refs. [13, 37]

286 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:18 

zeptomolar DNA detection with the aid of PCR techniques (Fig.  13a, b) [13]. In 
order to increase the accuracy of DNA detection, dual-model optical-signal-depend-
ent biosensors were proposed for targeted gene detection. For example, DNA-engi-
neered propeller-like Au-NR-UCNP assemblies were fabricated and exhibited strong 
chiral signals and amplified fluorescence signals (Fig.  13c) [37]. The presence of 
hepatitis A virus Vall7 polyprotein gene (HVA) enabled the opening of hairpin-like 
DNA strands, extending the interparticle distance between Au-NRs and UCNPs. 
A decreased chiral signal, together with a decreased fluorescence signal, was both 
observed with increasing concentration of DNA (Fig. 13d, e). The LODs were as 
low as 13.2 aM for chiral signals and 20.2 aM for fluorescence signals. Chiral sig-
nal-dependent DNA detection showed higher sensitivity than fluorescence signals.

4.1.2  Aptasensors for Biotoxins

Biotoxins with high biotoxicity could cause huge harm to public health, and their 
accurate detection methods have become a focus of research in recent years. A SERS 
aptasensor was established for aflatoxin B1 (AFB1) detection using SERS-active 
Au-NS–Ag-NP core-satellite nanostructures [85]. Aptamer-modified Ag satellites 
were dissociated from Au cores in the presence of AFB1, leading to a decreasing 
in SERS intensity. The long length of aptamers would induce large interparticle 
distances between NPs. In order to reduce the gaps, Y-shaped DNA hybridization 
was designed for NP assembly. For example, Au nanoflower (Au NF)-Ag NP core-
satellites were assembled by designing aptamers of microcystin-LR (MC-LR) into 
Y shaped DNA hybridization. Interparticle distances were reduced from 19.8 nm to 
4.0 nm [11]. The enhanced EM fields enabled SERS-active aptasensor for the ultra-
sensitive detection of MC-LR.

SERS signals provide the possibility of multiplex detection by using SERS tags 
as detection probes. By embedding different Raman molecules into the junctions 
of core and shell, various SERS tags were obtained. A SERS-signal-dependent 
aptasensor was proposed for the dual detection of ochratoxin A (OTA) and AFB1 
[72]. SERS-encoded Ag@Au CS NPs were designed and used as tags for detection. 
In the absence of targets, two types of SERS tags functionalized by different aptam-
ers were assembled on the surface of magnetic NPs (MNPs), generating separate 
SERS signals. SERS tags would detach from MNPs because of the competitive com-
bination of targets and aptamers. Embedding Raman molecules into the junctions 
of core–shell structures would protect Raman molecules from interference from the 
environment, thus increasing chemical stability for the accuracy detection of OTA 
and AFB1. To enhance reproducibility of detection, a ratiometric SERS aptasen-
sor was proposed using the Raman characteristic peaks of 2D materials as inter-
nal standards. Recently, Zhao et al. [44] reported a ratiometric SERS aptasensor for 
MC-LR detection by using Au@gap@AgAu NPs as detection probes and GO sheets 
as reference probes. Raman molecules were embedded into the gaps of Au@gap@
AgAu NPs for the amplification of SERS signals. GO sheets possessed D, G and 
2D Raman vibrational modes at 1305 cm−1, 1603 cm−1 and 2612 cm−1. Aptamers 
modified Au@gap@AgAu NPs were assembled with GO sheets through π −π stack-
ing interactions, and would be dissociated into solution by the affinity of MC-LR. 
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Depending on the correction of IS Raman signals, reliable detection was achieved 
for MC-LR. Au–Ag Janus NPs as detection probes exhibited intrinsic SERS activ-
ity due to the MBIA as ligands for the guide growth of Ag islands [73]. Avoiding 
modification of Raman molecules on the nanostructures increased detection accu-
racy. With the aid of MXenes as reference probes, a ratiometric SERS aptasensor 
was fabricated for OTA detection.

4.1.3  Aptasensors for Heavy Metal Ions

Heavy metal ions are a potential threat to people’s health. The aptamers were widely 
screened and showed high affinity towards heavy metal ions. Aptamer-directed NP 
assemblies were applied for sensitive heavy metal ion detections. Au-NSs pos-
sessed multiple tips, which was beneficial for the formation of strong hot spots. The 
enhanced EM fields generate amplified SERS activity. The affinity between aptam-
ers and  Pb2+ induced self-assembly of SERS-active Au NS dimers [68]. A SERS 
aptasensor was developed for the detection of  Pb2+. Aptamer-directed Au-NP trim-
ers were assembled for the dual detection of  Hg2+ and  Ag+ [63]. A “Y-shaped” DNA 
skeleton was designed using the aptamers of  Hg2+ and  Ag+. With the existence of 
 Ag+ or  Hg2+, Au NP dimers were assembled through the C–Ag+–C or T–Hg2+–T 
mismatches, resulting in a highly enhanced Raman signal. The coexisting  Ag+ and 
 Hg2+ induced assembly of Au NP trimers, and the resulting “hot-spots” caused 
enhanced SERS signal. This ideal Au NP trimer-based SERS sensor was first devel-
oped for the simultaneous detection of  Hg2+ and  Ag+. To increase detection accu-
racy, fluorescence and SERS signal-dependent aptasensors were established for the 
detection of  Hg2+ [86]. Aptamers and  Hg2+ driven Au@gap@AuAg NR assemblies 
were fabricated, and showed amplified fluorescence intensity and SERS activity, 
owing to the strong EM coupling between core and shell. Compared with fluores-
cence signals, SERS signal-dependent aptasensors exhibited higher sensitivity.

4.1.4  Aptasensors for Tumor Markers

The importance of detection and prevention of cancer is gradually attracting pub-
lic attention. Aptamer-directed NP assemblies exhibit unique optical responses and 
could be applied to the detection of tumor markers. SERS signal-dependent aptasen-
sors were widely developed for the sensitive detection of single, double and triple 
tumor markers. For example, Ag-NPs embedded Au-NP pyramids were designed 
and exhibited strong SERS signals attributing to the plasmonic coupling between 
Au-NPs and Ag-NPs. The affinity of vascular endothelial growth factor (VEGF) 
towards aptamers in the hybridization skeleton induced the dissociation of Ag-NPs 
from the assemblies, resulting in decreased SERS signal [67]. A negative linear 
correlation curve was established between the concentration of VEGF and SERS 
signals. The binding between aptamers and tumor markers could shorten the inter-
particle distances of NPs for the amplification of SERS intensity. There was a posi-
tive correlation between the concentration of tumor markers and SERS signals. 
For example, prostate-specific antigen (PSA) aptamer-incorporated DNA pyramids 
were applied as templates for the assembly of Ag-NPs. The reorganization of PSA 
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induced a decrease in the gaps between NPs for the enhancement of SERS responses 
(Fig. 14a) [87]. By designing three different aptamers into the three stands of the 
DNA skeleton, Ag-NP pyramids were used for the simultaneous monitoring of 
PSA, thrombin and mucin-1. The LODs were 0.96 aM, 85 aM, and 9.2 aM for PSA, 
thrombin, and mucin-1 (Fig. 14b).

Fluorescence signal-dependent aptasensors were also reported for the multiple 
recognition of three cancer biomarker (MUC1, CEA, CA125) [88]. Specifically, 
three kinds of aptamer-functionalized Ag and Ag/Au nanoclusters (NCs) were com-
piled, with the ability to specifically identify their corresponding targets. When GO 
appeared, the fluorescence of Ag NCs or Ag/AuNCs were quenched due to energy 
transfer from NCs to GO. During the detection process, once the tumor marker 
appeared, specific interactions between the tumor marker and its related aptamer 
occurred, resulting in the recovery of fluorescent signals. To increase the accuracy 
of detection, dual-mode optical signal-based aptasensors were proposed for the 
detection of tumor markers. For example, two types of aptamer-driven UCNP-Au 

Fig. 14  a Aptamer-driven Ag-NP pyramids for the SERS signals based detection of prostate-specific 
antigen (PSA), thrombin and mucin-1. b Standard detection curves between the concentration of tumor 
markers and SERS signals of assemblies. c Aptamers driven chiral Ag@Au CS NP assemblies for the 
detection of cancer cells. d Chiral spectra of Ag@Au CS NP assemblies for the detection of cancer cells 
and standard curves. Reprinted with permission from Refs. [87, 90]
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NP pyramids were assembled, which exhibited strong SERS signals and quenched 
fluorescence signals [89]. The presence of thrombin and PSA induced the dissocia-
tion of Au NPs and UCNPs, resulting in a decrease in SERS intensity and recovery 
of fluorescence signals.

Recently, aptamer-engineered chiral assemblies were reported and exhibited 
unique chiral responses in the visible regions. Chiral NP assembly-dependent 
aptasensors do not interfere with non-chiral substrates or chiral molecules with sig-
nals in the UV region, and show potential applications for sensitive and accurate 
tumor marker detection. Aptamer-driven chiral Ag assemblies were fabricated and 
transformed into chiral Ag@Au CS assemblies after Au shell deposition (Fig. 14c), 
which displayed obvious red-shifted, amplified and reverse chiral signals [90]. Chi-
ral Ag@Au CS assemblies achieved the sensitive detection HER2 overexpressed on 
the surface of cancer cells (Fig. 14d). Au NRs were assembled to the chiral side-
by-side nanostructures by using aptamers as templates [91]. Deposition of the Ag 
shell enabled the decrease of the interparticle gaps and further amplified the chiral 
signals. Chiral signal-based aptasensors were established for the sensitive detection 
of PSA.

4.2  Bioimaging

DNA molecules control the organization of NPs and switch assembly architectures. 
DNA-directed assemblies not only possessed unique optical responses for the inter-
action with analytes, but could also escape biological sequestration for the accu-
mulation in cells or tissues [7]. DNA-directed assemblies showed potential pros-
pects in bioimaging, including RNA imaging, living metal ions bioimaging, and 
phototherapeutics.

4.2.1  RNA Imaging

Distinct from messenger RNA (mRNA), microRNAs (miRNAs) are a class of short 
single-stranded, endogenous noncoding RNAs associated with early diagnosis and 
gene therapy. Fluorescence NPs included assemblies that showed adjustable fluores-
cence signals and can be applied to RNA imaging. DNA-driven Au-QD core–satel-
lite assemblies were fabricated for ultrasensitive RNA bioimaging [25, 80]. Au-NPs 
as cores quenched the fluorescence of QDs due to the dipole–metal interaction. The 
affinity for RNA resulted in the separation of QDs from Au-NPs, and QDs regener-
ated fluorescent signals. DNA-driven Au-QD core-satellite assemblies achieved bio-
imaging of intracellular miRNA and mRNA. In comparison to QDs, UCNPs had 
the ability to convert NIR excitation light into visible emission light. UCNPs have 
many marvellous properties, including high photostability, low photodamage, and 
ideal signal-to-noise ratio [27], thus explaining why UCNP-incorporated assem-
blies have become potential luminescent nanomaterials for bioimaging. DNA-driven 
Au NR-UCNP core-satellite assemblies were applied to the double bioimaging of 
miRNA-21 and miRNA-200b [34]. The recognition of miRNA-21 and miRNA-200b 
induced dissociation of UCNPs-TAMRA conjugates and UCNPs-Cy5.5 conjugates, 
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respectively (Fig.  15a). Under excitation at 980  nm, energy transfer from UCNPs 
and organic dyes enhanced signal from TAMRA and Cy 5.5. The LODs were 
3.2 zmol  ng−1 for miRNA-21 and 10.3 zmol  ng−1 for miRNA-200b, respectively 
(Fig. 15b, c). The use of DNA-engineered chiral Au-UCNP pyramids as intracellular 
nanoprobes has been reported. Intracellular miRNA in cells induced the disassembly 
of Au-NPs and UCNPs, resulting in a decrease in the CD spectra and the recov-
ery of luminescence intensity of UCNPs under the excitation of 980  nm. Chiral-
signal- together with luminescence-signal-dependent dual-mode sensors achieved 
accurate monitoring of intracellular miRNA [32]. Luminescence imaging in the 
NIR-II region was desirable for biological applications due to the low autofluores-
cence and deep tissue penetration. Recently,  Ag2S NPs were reported, and exhibited 
NIR-II emission under NIR excitation.  Ag2S NP-incorporated assemblies were also 
studied for the bioimaging of miRNA; however, the design of plasmonic nanostruc-
tures with LSPR peaks in the NIR region was critical for achievement of the LRET 
process. Au-NRs after Pt shell deposition and Au-NPs after growth of  Cu9S5 NPs 
showed red-shifted adsorption peaks and were used to assemble with  Ag2S NPs [33, 
81]. DNA-bridged Au@Pt NR-Ag2S NP core-satellite assemblies were prepared, 
and served as intracellular probes for the bioimaging of miRNA-21 depending on 
the restoration  of the luminescence signals of  Ag2S NPs [81]. Au/Cu9S5 NPs were 
applied to quench the luminescence intensity of  Ag2S NPs and UCNPs [33]. Au/
Cu9S5 NP-Ag2S NP-UCNP pyramids were fabricated by designing DNA pyramids 
as templates, and applied as intracellular probes for the bioimaging of miRNA-21 

Fig. 15  a DNA programmed Au NR-UCNP core-satellite assemblies for bioimaging of microRNA 
(miRNA)-21 and miRNA-200b. b, c Bioimaging of miRNA-21 and miRNA-200b and the correspond-
ing standard curves between miRNA concentration and emission intensity. d Intracellular miRNA driven 
Au NR dimers. e–g Intracellular Au NR dimer assembly for bioimaging of miRNA using FRET process. 
Reprinted with permission from Refs. [34, 53]
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and miRNA-203. These previously reported studies focused on the application of 
assemblies as probes for the intracellular bioimaging of RNA. Recently, it was also 
reported that miRNA could induce the self-assembly of Au-NRs into dimers in liv-
ing cells (Fig. 15d, e) [53]. Poly(styrene-b-acrylic acid) (PS-PAA) was capped on 
the surface of Au-NRs in order to increase their stability. Au-NR dimers demon-
strated strong CD signals, SERS activity and obvious fluorescence intensity due to 
the FRET process from Cy3 to Cy5 on the end of DNA sequences (Fig. 15f, g). This 
study opened a way for the real-time bioimaging of miRNA in living cells.

4.2.2  Metal Ion Bioimaging

Metal ions in the living human body play an important role in many physiologi-
cal processes. DNAzymes were screened widely and showed high affinity towards 
metal ions important in living organisms (such as  Mg2+,  Cu+,  Zn2+ and  K+). Thus, 
the research and detection of intracellular metal ions is of great significance. Wang 
and co-workers [92] designed a ratiometric probe for intracellular  Zn2+ quantifica-
tion and fluorescence imaging, based on the FRET between CDs and fluorescein 
(FAM). The CDs were conjugated with a  Zn2+ aptamer, which improved selectiv-
ity of the fluorescent probe to  Zn2+, while the FAM was modified with the com-
plementary DNA sequence. The FRET between CDs and FAM provide an ideal 
means of improving the sensitivity of detection. This approach has shown significant 
potential for the quantification and real-time tracing of  Zn2+ in vivo by observing 
fluorescence images in vitro. Chiral-signal-based aptasensors exhibit good sensitiv-
ity and accuracy, and have been developed for the detection of metal ions in liv-
ing systems.  Zn2+ aptamer-directed Y shaped hybridization was designed for the 
assembly of Au@AgAu yolk–shell NRs and Au NPs. Strong chiral responses were 
obtained from the unique chiral geometry and the intrinsic chirality of the build-
ing block.  Zn2+ induced the disassembly of structures together with decreased chi-
ral intensity. The photothermal effects enabled the quantitative detection of  Zn2+ 
in living cells [76]. Multiple metal ions were detected and imaged in living cells 
using DNAzymes-engineered Au@Pt NR-UCNP core-satellite assemblies [93]. The 
assemblies were activated by 980 nm left circular polarized light (CPL), and had the 
ability to analyze multiple divalent metal ions quantitatively in living cells. When 
the three target metal ions appeared, they recognized the binding sites, respectively. 
This would activate the DNAzymes and cleave the substrate DNA strands, result-
ing in the restoration of luminescence signals. The LODs were 1.1 nmol/106 cells, 
1.02 nmol/106 cells and 0.45 nmol/106 cells for  Zn2+,  Mg2+, and  Cu2+, respectively, 
in living cells.

4.2.3  Photothermal Therapy and Photodynamic Therapy

DNA-engineered NP assemblies had desired NP arrangements and generated 
an enhanced EM field for the excitation of hot electrons, which was beneficial to 
the photothermal conversion efficiency. NP assemblies showed better photother-
mal conversion ability. For example, the heat transfer efficiency of Au NRs was 
20.7%, while Au NR dimers could reach up to 42.3%, attributable to the intensive 
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plasmonic coupling [16]. Even though Au-Cu9S5 NPs displayed a high temperature 
increase, Au-Cu9S5 NPs incorporating pyramids by using DNA as templates showed 
better photothermal conversion ability [33]. The temperature was quickly increased 
to 55  °C within 4  min. This was not only because of the ideal sizes of pyramids 
for accumulation within tumors, but also caused by the wide adsorption range of 
the pyramids. DNA-engineered NP assemblies showed tailorable LSPR for the exci-
tation and transfer of energy to 3O2 for the generation of reactive oxygen species 
(ROS). DNA engineered NP assemblies showed potential applications for photo-
dynamic therapy (PDT) in vitro and in vivo. For example, DNA-driven Au shell-
Au NP core-satellite assemblies showed intensive chiral signals after modification 
of d-cys or l-cys (Fig. 16a) [94]. High 1O2 quantum yield was obtained for d-cys 
functionalized Au shell-Au NP core-satellite assemblies under right CPL irradia-
tion. DNA-driven Au shell-Au NP core-satellite assemblies served as 1O2 generating 
agents were used successfully as PDT applications in vivo experiments without the 
use of organic photosensitizers (Fig. 16b). The generation of ROS was reported for 

Fig. 16  a DNA-driven Au shell-Au NP core-satellite assemblies as photodynamic therapy (PDT) agents. 
b PDT applications of DNA driven Au shell-Au NP core-satellite assemblies in vivo. c The structural 
match of DNA and Cys-modified CdTe NPs for DNA shearing. Reprinted with permission from Refs. 
[94, 95]
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the site-selective cleavage and profiling of DNA. Chiral Cys modified CdTe NPs 
were prepared and matched by the conformation of GAT′ATC sequences (Fig. 16c) 
[95]. Chiral Cys modified CdTe NPs could generate ROS under the illumination by 
CPL for the cleavage of sites between T and A.

5  Summary and Future Perspectives

DNA-driven NP assemblies had been developed for biosensing and bioimaging 
applications. Specific structural NP assemblies could be obtained by designing the 
number of DNAs modified on NPs and the hybrid DNA configurations. The struc-
tures of NP assemblies determines their optical properties, such as SERS, chirality, 
luminescence enhancement, plasmon-enhanced absorption, and so on. DNA-directed 
NP assemblies have made it possible to design specific assembled structures, and 
finally to obtain an assembly with satisfactory performance. The changed optical 
signals allows DNA-directed NP assemblies for biosensing and bioimaging. How-
ever, challenges remain in the practical application of DNA-driven NP assemblies, 
and further research is required. First of all, DNA-directed NP assemblies are sensi-
tive to pH and ionic strength, and are unstable for application under harsh environ-
mental conditions. Second, the modified number of DNA molecules on each NP was 
not uniform, and required complex purification steps for the preparation of NPs with 
precise amounts of DNA molecules. Third, DNA molecules were easily modified 
on the surface of metal NPs owing to stable metal-SH bonds, but efficient modified 
approaches should be explored for the attachment of DNA molecules on the surface 
of non-metallic NPs. Fourth, the fabrication and applications of DNA directed NP 
assemblies was limited mainly to microcosmic sizes. Dimensional scale-up macro-
scopic DNA-driven NP assemblies need to be developed for the fabrication of pho-
tonic devices. Finally, DNA molecules not only possessed unique recognition for 
biosensing and bioimaging, but also showed stimuli-controlled mechanical changes 
for applications in switchable electrocatalysis and actuators. With further develop-
ment and improvement, some of the challenges will be solved, and NP assemblies 
with excellent biocompatibility, strong stability and higher sensitivity will be used in 
the field of macroscopical materials and photonic devices.
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Abstract
DNA nanostructures hold great promise for various applications due to their remark-
able properties, including programmable assembly, nanometric positional preci-
sion, and dynamic structural control. The past few decades have seen the develop-
ment of various kinds of DNA nanostructures that can be employed as useful tools 
in fields such as chemistry, materials, biology, and medicine. Aptamers are short 
single-stranded nucleic acids that bind to specific targets with excellent selectivity 
and high affinity and play critical roles in molecular recognition. Recently, many 
attempts have been made to integrate aptamers with DNA nanostructures for a range 
of biological applications. This review starts with an introduction to the features of 
aptamer-functionalized DNA nanostructures. The discussion then focuses on recent 
progress (particularly during the last five years) in the applications of these nano-
structures in areas such as biosensing, bioimaging, cancer therapy, and biophysics. 
Finally, challenges involved in the practical application of aptamer-functionalized 
DNA nanostructures are discussed, and perspectives on future directions for research 
into and applications of aptamer-functionalized DNA nanostructures are provided.
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1 Introduction

Nanotechnology, which utilizes various kinds of nanomaterials, has been widely 
applied in fields such as chemistry [1], biology [2], and medicine [3], among many 
others [4]. Nucleic acids (DNAs and RNAs), the genetic information carriers in liv-
ing cells, are regarded as important building blocks for fabricating nanomaterials. 
Ever since Seeman first proposed the concept of structural DNA nanotechnology 
in 1982 [5], there has been increasing interest in fabricating DNA structures with 
controllability and versatility that can be applied in the field of nanobiotechnology. 
Compared to dsDNA helices, DNA nanostructures possess more complex and rigid 
structures due to the presence of immobile Holliday junctions. Various kinds of 
DNA nanostructures have been developed. The most basic DNA nanostructures are 
simple DNA tiles (Fig. 1a), such as double crossovers (DX) [6, 7], triple crossovers 
(TX) [8], 4 × 4 tiles [9], and three-point stars [10, 11].

Higher-order nanostructures can be assembled from the bottom up from DNA 
tiles (Fig. 1b). Such nanostructures include cubes [12, 13], tetrahedrons [14], poly-
hedrons [10], octahedrons [15, 16], and DNA dendrimers [17–19]. In 2006, Rothe-
mund [24] reported DNA origami (Fig.  1c), in which DNA self-folds into prede-
signed shapes. More specifically, hundreds of short synthetic DNA strands termed 
“staples” are employed to bind at particular sites on a long single-stranded scaffold 
DNA (such as M13 phage genomic DNA, ~ 7249 bp), causing the scaffold DNA to 
fold into the required shape. Other methods of preparing other kinds of DNA nano-
structures (Fig.  1d), such as gelation-induced DNA nanohydrogels [25–27], roll-
ing circle amplification-templated DNA nanoflowers [22], and metal-induced DNA 
assembly [28], have also been reported.

DNA nanostructures have many unique advantages over other nanomaterials. 
First, the Watson–Crick base pairing of nucleobases (A–T/U and G–C) via hydrogen 
bonding makes nucleic acids powerful and programmable materials for preparing 
nanostructures. Second, DNA nanostructures are predictable at the molecular level, 

Fig. 1  Examples of representative classes of designed DNA nanostructures. a The building blocks of 
nanostructures: (i) double-crossover (DX) tiles (reproduced with permission from [7], copyright 1998 
Springer Nature), (ii) triple-crossover (TX) tiles (reproduced with permission from [8], copyright 2000 
American Chemical Society), (iii) 4 × 4 tiles (reproduced with permission from [9], copyright 2003 
American Association for the Advancement of Science), (iv) three-point star tiles (reproduced with per-
mission from [11], copyright 2005 American Chemical Society). b Higher-order DNA nanostructures 
constructed from tiles through bottom-up assembly: (i) DNA cube (reproduced with permission from 
[13], copyright 2009 American Chemical Society), (ii) DNA tetrahedron (reproduced with permission 
from [14], copyright 2005 American Association for the Advancement of Science), (iii) DNA polyhe-
dron (reproduced with permission from [10], copyright 2008 Springer Nature), (iv) DNA octahedron 
(reproduced with permission from [16], copyright 2017 Chinese Chemical Society and Institute of Mate-
ria Medica, Chinese Academy of Medical Sciences), and (v) DNA dendrimer (reproduced with permis-
sion from [19], copyright 2014 American Chemical Society). c DNA origami-based structures (repro-
duced with permission from [20], copyright 2016 Wiley–VCH Verlag GmbH and Co. KGaA). d Other 
DNA nanostructures, including (i) DNA nanohydrogels produced by gelation (reproduced with permis-
sion from [21], copyright 2015 American Chemical Society), (ii) DNA nanoflowers prepared by rolling 
circle amplification-templated assembly (reproduced with permission from [22], copyright 2013 Ameri-
can Chemical Society), and (iii) metal-induced DNA assembly (reproduced with permission from [23], 
copyright 2015 Wiley–VCH)

▸
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which enables us to fabricate well-defined and uniform DNA nanostructures [29]. 
Third, DNA binding can occur reversibly in response to various external stimuli 
such as temperature [30], pH [31], and ionic strength [32], and this response can be 
tuned by altering the length and sequence of DNA. Fourth, DNA interacts with vari-
ous chemical and biochemical species such as metal ions [33], tool enzymes [34], 
and small molecules [35], which can therefore be used to control the construction 
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or binding abilities of DNA. Fifth, the biocompatibility of DNA nanostructures 
facilitates their application in vitro and in vivo [36]. Finally, DNA nanostructures 
can interact with functional nucleic acids (e.g., aptamers [37], DNAzymes [38], and 
molecular beacons [39]) through simple Watson–Crick base pairing. All of these 
features mean that DNA nanostructures are attractive tools in fields such as cellular 
biophysics, medical diagnostics and therapeutics, and biomimetic systems.

Aptamers are short single-stranded nucleic acids that are isolated from a random-
sequence library comprising  1012–15 different oligonucleotides of DNA or RNA 
through a process termed systematic evolution of ligands by exponential enrich-
ment (SELEX) [40–42]. An aptamer that folds into a unique secondary or tertiary 
structure can be used to bind to a target of interest with high specificity and affin-
ity. Aptamers have received increasing interest from researchers since they were 
first reported by the groups of Szastak and Gold in 1990, as they represent a useful 
alternative to antibodies. While the dissociation constants (Kd) of aptamers are com-
parable to those of antibodies (they are often regarded as “chemical antibodies”), 
aptamers possess many advantages over antibodies [43], such as easy synthesis and 
modification, small size, good stability, a wide variety of possible targets (ranging 
from small molecules to cells or even pathogens), and good biocompatibility. There-
fore, considerable effort has been directed into identifying a variety of aptamers that 
can be applied in bioanalysis, diagnosis, and therapy.

Given the attraction of combining the unique characteristics of DNA nano-
structures with the advantages of aptamers, it is not surprising that a great deal of 
research has focused on constructing a series of aptamer-functionalized DNA nano-
structures for bioanalytical and biomedical applications (Fig. 2). The present review 
summarizes recent studies (particularly those from the last five years) of aptamer-
functionalized DNA nanostructures. It mainly focuses on four representative types 
of DNA nanostructures: tile-based structures, DNA origami, DNA-based polymers 
such as dendrimers, micelles, and hydrogels, and DNA nanoflowers. Recent pro-
gress in research into these aptamer-functionalized DNA nanostructures is reviewed, 
as are their applications in the fields of biosensing, bioimaging, and nanomedicine 
(among others). Finally, the remaining challenges in this area of research and prob-
able future trends in aptamer-functionalized DNA nanostructures are discussed.

2  Aptamer‑Functionalized DNA Nanostructures for Biosensing 
Applications

Biosensors are useful analytical tools that include a biological sensing element. They 
have been widely applied in the pharmaceutical industry [44], disease diagnosis 
[45], food safety [46], and environmental monitoring [47]. Because the field of bio-
sensors is undergoing phenomenal growth, an increasing number of novel analytical 
methods (e.g., nanomaterial-based probes) have been explored in this field in recent 
years [48]. Aptamers can specifically recognize various targets such as metal ions, 
proteins, small molecules, and even cells, which makes them promising analytical 
tools that can be incorporated into various sensing platforms [49]. Because it is pos-
sible to attach aptamers at nanometrically precise locations on DNA nanostructures, 
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aptamer-functionalized DNA nanostructures have great potential to detect targets 
through various sensing methods [50, 51]. Therefore, an increasing number of elec-
trochemical and optical sensing platforms based on aptamer-functionalized DNA 
nanostructures have been exploited in recent years [52]. Here, we categorize these 
sensing methods into fluorescent biosensors, electrochemical biosensors, colorimet-
ric biosensors, and other biosensors, based on the signal transduction mechanism 
involved.

2.1  Fluorescent Biosensors

Fluorescent biosensors make use of the physicochemical phenomenon known as flu-
orescence. When the analyte of interest is present, the emission characteristics (e.g., 
fluorescence intensity, fluorescence lifetime, and fluorescence isotropy) of the fluo-
rophores used in the biosensor change. Below, we review the utilization of aptamer-
functionalized DNA nanostructures in fluorescence biosensors employed for extra-
cellular and intracellular biosensing.

2.1.1  Biosensing in a Tube

There are currently two ways to fabricate aptamer-functionalized DNA nanostruc-
tures for use as extracellular biosensors. The first approach is based on the rigid-
ity and stability of DNA nanostructures. The fluorescent aptamer-based sensor is 
directly immobilized on a solid substrate [53, 54], thus expanding its range of bio-
logical applications. For example, Li et  al. [53] immobilized a micrometer-sized 
DNA superstructure (“3D DNA”) on paper (Fig. 3a). They integrated a fluorescently 
labeled thrombin (or ATP) aptamer (i.e., an aptamer that binds to thrombin/ATP) 
into the 3D DNA superstructure using rolling circle amplification, leading to fluo-
rescence enhancement in the presence of thrombin (or ATP). By combining the abil-
ity of 3D DNA to adhere to the surface of paper via physisorption with the features 
of functional DNA (aptamers or DNAzymes), assembled structures of this nature 
offer a strategy for designing high-density, surface-tethered nucleic acid probe 
(SNAP)-based paper sensors. Song et al. [54] constructed a DNA-tetrahedron-based 
fluorescent microarray platform for detecting various target types. By fabricating 
DNA tetrahedra on a glass substrate via amine–aldehyde interactions, it was pos-
sible to position capture probes with a specific alignment and with defined spacing 
of the probes at the vertices of tetrahedra, which provided the probes with a solu-
tion-phase-like environment for them to recognize the target. This strategy enabled 
the direct application of the fluorescent probe to the solid surface, facilitating high-
throughput analysis. Appropriate design of the DNA nanostructure allowed various 
aptamers for specific biomolecules to be fixed indirectly to other solid surfaces in a 
specific orientation and with defined probe spacing.

The other way to fabricate aptamer-based sensors is through the rational design 
of DNA nanostructures that are intended for use in solution [55, 56]. For example, 
Wagenknecht et al. [55] put forward the concept of a “DNA traffic light” in solution. 
This design utilizes split aptamers as the recognition unit of a DNA origami tweezer 
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that provides bicolor fluorescence readout (Fig. 3b). The stems of the split aptamers 
consist of donor and receptor fluorophores, respectively, which exhibit Förster reso-
nance energy transfer (FRET) when the distance between the donor and the recep-
tor is less than 10 nm. In the absence of ATP, the split aptamers are well separated, 
resulting in green fluorescence (the DNA origami is “open” and the FRET signal is 
off). When the DNA origami aptamers bind to ATP, the spilt aptamers move closer 
to each other, causing the fluorescence to change from green to red (the DNA ori-
gami is “closed” and the FRET signal is on). However, this assay can provide not 
only fluorescence readout but also topographic readout upon combining the DNA 
origami with AFM, representing a new strategy for bimodal sensor platforms. Tan-
ner et al. [57] also reported an aptamer-functionalized DNA nanobox for the detec-
tion of the malaria biomarker protein Plasmodium falciparum lactate dehydrogenase 
(PfLDH) based on dual-modality (fluorescence and electron-microscopic) imaging. 
As well as small biomolecule detection, aptamer-functionalized DNA nanostruc-
tures can also be applied to detect whole cells [58].

2.1.2  Intracellular Biosensing

Aptamer-functionalized DNA nanostructures have also been successfully applied to 
detect biomolecules in cells, again making use of the rigidity and stability of these 
nanostructures [59]. For example, by modifying split aptamers with a DNA nano-
prism, Huan et al. [60] developed an ATP-responsive biosensor for the stable, sensi-
tive, and specific detection of ATP in living cells (Fig. 4a). In their design, the stems 
of the split aptamers are labeled with Cy3 and Cy5, leading to a FRET signal when 
the split aptamers bind to two ATP molecules. The use of the nanoprism in this 
design protects the probe from nuclease degradation.

In addition, some DNA aptamers (e.g., AS1411 and sgc-8) recognize proteins 
that are overexpressed on the surfaces of cancer cells and are internalized by cells. 
Thus, aptamers have been widely used as tools for transporting DNA nanoprobes 
into living cells. For example, Yang et  al. [61] reported a DNA octahedron-based 
fluorescence nanoprobe for mRNA detection in living cells (Fig. 4b). Modification 
with the aptamer AS1411 allowed the DNA octahedron biosensor to be more effi-
ciently internalized by cancer cells than normal cells, thus permitting the develop-
ment of biosensors that facilitate specific cancer diagnoses or therapies. In order 
to enhance the detection sensitivity, Jie et al. [62] prepared a multifunctional DNA 
nanocage containing a nucleolin aptamer and fluorescent CdTe quantum dots for the 
fluorescence detection of human 8-oxoguanine DNA glycosylase 1 (hOGG1) with a 
detection limit of 0.001 U mL−1.

2.2  Electrochemical Biosensors

Electrochemical biosensors have been widely applied in numerous fields, such as 
biomarker diagnosis [63], cancer cell screening [64], food safety [65], and envi-
ronmental monitoring [66]. Compared to other aptamer-based biosensors, electro-
chemical methods possess the advantages of excellent sensitivity, high portability, 
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and rapid response. In an electrochemical aptasensor, the identification signal is 
converted to an electrical signal [67–69]. To date, most aptamer-functionalized 
DNA-nanostructure-based electrochemical biosensors have been based on labeled 
electrochemical biosensors in which the nucleic acids or aptamers are labeled with 
an electrochemically active substance or catalytically active inorganic/biologi-
cal molecules such as ferrocene or peroxidase. Due to the mechanical rigidity and 
structural stability of DNA nanostructures, an electrochemical aptasensor can be 
anchored directly to an electrode surface, where it acts as an ultrasensitive and selec-
tive detector for a particular target. Electrochemical aptasensors can be divided into 
two classes according to the mode that causes the change in the electrical signal 
from the DNA nanostructure.

2.2.1  Immobilization‑Based Electrochemical Aptasensors

In a traditional electrochemical aptamer sensor, the flexibility of the single-strand 
aptamers immobilized on the electrode surface results in a tendency for the aptamers 
to aggregate or entangle, affecting target recognition by the aptamer [52]. To over-
come this limitation, 3D DNA nanostructures can be immobilized on the Au elec-
trode surface to act as a scaffold for the aptamers. Given the mechanical rigidity, sta-
bility, and specific orientation of tetrahedral DNA nanostructures (TDNs), Fan et al. 
[52, 70] constructed a series of efficient electrochemical sensors based on DNA tet-
rahedra for the detection of nucleic acids, proteins, cell, small molecules, and so on. 
For example, a DNA tetrahedron structure with a recognition probe at one vertex for 
thrombin detection and thiol at the other three vertices was constructed on the Au 
surface through Au–S bonding (Fig. 5a) [70]. The thrombin recognition probe was a 
15-nt aptamer that triggered the binding of any thrombin present to a 29-nt aptamer 
with avidin-HRP (horseradish peroxidase) at another site, resulting in the catalyzed 
electroreduction of hydrogen peroxide. It was demonstrated that this DNA-tetrahe-
dron-based electrochemical biosensor was easily assembled on the Au surface with 
a specific orientation, well-controlled tetrahedron spacing, and high stability, lead-
ing to enhanced detection performance.

The detection of biological molecules is essential if we are to improve our under-
standing of their physiological and pathological functions and to diagnose diseases 
at an early stage. Various groups have recently applied an electrochemical detection 
strategy based on aptamer-functionalized DNA tetrahedra to detect a range of targets 
[71–75]. For example, Wei et al. [74] designed an electrochemical biosensor based 
on tetrahedral DNA nanostructures for detecting 8-hydroxy-2′-deoxyguanosine 
(8-OHdG), which is a key biomarker of oxidative damage and is widely distributed 
in various lesion tissues, urine, and exposed cells. The system obtained after immo-
bilizing the TDN on the Au electrode surface and fixing an 8-OHdG aptamer to the 
vertex of the TDN was found to be almost 300-fold more sensitive to 8-OHdG than 
other electrochemical methods. Such enhanced sensitivity was also achieved for the 
detection of cancerous exosomes.

Exosomes [76] transport many macromolecules from their parent cells and are 
vital for intercellular communication. Dong et  al. [77] developed a TDN-assisted 
aptasensor for the ultrasensitive detection of cancerous hepatocellular exosomes. In 
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this system, LZH8 aptamers that bind to HepG2 exosomes are affixed to TDNs dis-
tributed on a Au electrode surface, where the TDNs are separated by a defined nano-
metric distance (Fig. 5b). When an aptamer captures a HepG2 exosome, the redox 
signal would change. This assay made the aptamer strands individually at defined 
nanoscale distance on the gold electrode, which decreased the hindrance effect and 
maintained spatial orientation for improving identification of exosomes , leading to 
100-fold greater sensitivity to exosomes than achieved with single-stranded aptamer 
sensors. As well as biomarker detection, electrochemical aptasensors based on DNA 
nanotetrahedra can be applied to monitor food safety. For instance, Chen et al. [78] 
constructed a system comprising aptamer-functionalized tetrahedral DNA nano-
structures and macroporous  MoS2-AuNPs with three-dimensionally ordered struc-
ture for the detection of aflatoxin B1 (AFB1, a common contaminant in food). This 
detection system presented high linearity from 0.1 fg/mL to 0.1 μg/mL and a detec-
tion limit of 0.01 fg/mL.

2.2.2  Electrochemical Aptasensors Based on Conformational Switching

Some electrochemical biosensors utilize the change in electrical signal induced by 
DNA nanostructure self-assembly or disassembly for detection [79–86]. For exam-
ple, a DNA-nanoladder-based electrochemical biosensor was recently used by 
Abnous et al. [80] to detect ampicillin (Fig. 6a). Their sensing strategy utilizes an 
ampicillin aptamer to form a ladder-shaped DNA and immobilize it on the surface 
of a gold electrode. The ladder-shaped DNA physically and electrostatically blocks 
[Fe(CN)6]3−/4− from reaching the surface of the gold electrode. However, in the 
presence of ampicillin, the DNA nanoladder dissociates from the electrode surface, 
allowing the [Fe(CN)6]3−/4− to access the electrode surface, which in turn increases 
the electrical signal from the electrode. This analytical approach presented a linear 
range of 7 pM to 100 nM and a detection limit of 1 pM for ampicillin. In another 
example, Wu et  al. [79] developed a label-free impedimetric aptasensor based on 
DNA nanoladders. This was coupled with a peroxidase mimic to facilitate the ampli-
fied detection of nuclear factor kappa B (NF-kB).

In addition to simple two-dimensional DNA nanostructures, more complicated 
three-dimensional DNA nanostructures can be employed to create aptamer sensors 
based on more complex conformational switching. For example, Yin et al. [81] fab-
ricated dendritic DNA structures on magnetic beads as a means to detect Vibrio alg-
inolyticus. In this system, when V. alginolyticus is present, the dendritic DNA nano-
structure disassembles, leading to a change in the electrical signal from the system. 
In order to enhance the detection sensitivity, Yuan et al. [82] utilized DNA dendrim-
ers as nanocarriers of a novel electrochemiluminescence (ECL) indicator based on 
luminol. The system yielded a detection limit of 0.18 fg/mL for lipopolysaccharides 
(LPS) when LPS aptamers were incorporated for recognition purposes. This strat-
egy of monitoring for changes in the electrical signal caused by DNA nanostructure 
assembly was also applied by Jie et al. [84], who developed an electrochemical/ECL 
assay based on the self-assembly of a DNA nanotube for Dam methylase (MTase) 
and aflatoxin B1 (AFB1) detection (Fig. 6b). In this assay, the DNA nanotube acts 
as the signal amplifier for the biosensor. As shown in Fig. 6b, when Dam MTase 
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is present, the hairpin DNA on the electrode is methylated and cleaved, inducing 
the assembly of the DNA nanotube. ECL or EC signal probes (Ru (phen)32+ and 
methylene blue) are then immobilized on the electrode as they hybridize with DNA 
nanotubes, leading to amplified ECL and EC signals. Moreover, the recognition of 
AFB1 by the aptamer S2 in DNA nanotubes was observed to induce the dissociation 
of the DNA nanotube from the electrode, resulting in decreased ECL and EC signals 
in the presence of AFB1.

2.3  Colorimetric Biosensors

Colorimetric assays possess the advantageous properties of simplicity, robustness, 
and low cost [87]. In particular, colorimetric methods can be performed without the 
need for any complicated instrumentation, which is a useful feature for point-of-care 
cancer diagnostics. The color changes utilized in colorimetric methods are usually 
due to the presence of colorimetric reagents such as gold nanoparticles (AuNPs) 
[88], enzymes [89], visible dyes [90], and polymers [91]. Many sensitive methods 
of converting aptamer–target binding events into color signals have been reported. 
These strategies are usually based on a DNA-nanostructure-based colorimetric bio-
sensor and employ a DNA hydrogel to control the colorimetric reagent [92], which 
tend to be either gold nanoparticles or enzymes.

2.3.1  AuNP‑Based Colorimetric Detection

Gold nanoparticle (AuNP)-based colorimetric probes have been widely used for 
colorimetric assays because their extinction coefficients are significantly higher 
than those of common organic dyes [93]. Two approaches are commonly used in 
the design of AuNP colorimetric sensors. In the first, the color change is obtained 
directly through the accumulation or dispersion of AuNPs. In an early example of 
this type of probe, Lu et al. used DNA-based interactions and aptamer recognition 
to control the aggregation of AuNPs, thus facilitating the colorimetric sensing of 
analytes [94]. A system utilizing an aptamer-containing polyacrylamide hydro-
gel was designed by Tan’s group [95] for the colorimetric detection of adenosine. 
Tan’s group also summarized the applications of aptamer-functionalized hydrogel 
systems in colorimetric detection, drug release, and targeted cancer therapy [96]. 
These hydrogels have been limited for sol-gel phase transitions because one mol-
ecule of specific biomolecular input could only cleave one site at the network, which 
need a large amount of biomolecular inputs. In order to promote the use of hydro-
gels, Oishi et  al. [97] recently developed novel DNA hydrogels that are capable 
of responding to biological stimuli via DNA circuit systems. As shown in Fig. 7a, 
these DNA hydrogels were fabricated by integrating poly(ethylene glycol)-modified 
gold nanoparticles (PEG-NPs) for use as the colorimetric reagent into the hydrogel. 
The presence of catalyst DNA triggers the dissociation of crosslinking points and 
main chains, inducing the transition of the hydrogel from sol to gel. This releases 
the entrapped PEG-GNPs into a solution that consequently turns from colorless to 
red. Oishi et  al. utilized this DNA hydrogel to realize the enzyme-free amplified 
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colorimetric detection of ATP by incorporating a structure-switching ATP aptamer. 
The resulting system was found to be more sensitive (capable of detecting 5.6 μM 
ATP within 30 min) than other DNA-hydrogel-based ATP-biosensing systems.

The second approach that is used to fabricate AuNP-based colorimetric systems 
is based on the mobility of the aggregation or dispersion in the presence of the ana-
lyte. For example, Lu et al. [98] developed a dipstick test for adenosine that is appli-
cable to serum and is based on AuNP aggregation. Their adenosine-aptamer-based 
lateral flow device is placed into the solution to be tested. The color of the AuNPs 

Fig. 7  AuNP-based aptamer-functionalized DNA hydrogels for colorimetric detection. a Schematic of a 
DNA-hydrogel-based colorimetric biosensor containing a DNA circuit system that responds to biologi-
cal stimuli (reproduced with permission from [97], copyright 2019 Wiley–VCH Verlag GmbH and Co. 
KGaA). b Schematic of a microfluidic paper-based analytical device (μPAD) for multisubstance colori-
metric detection (reproduced with permission from [99], copyright 2015 American Chemical Society)
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in the device changes from blue to red in the presence of the target. Yang et al. [99] 
also used aptamer-functionalized DNA hydrogels and AuNPs to develop another 
paper-based microdevice, a microfluidic paper-based analytic device (μPAD) for 
multisubstance detection (Fig.  7b). Their device uses an aptamer as a crosslinker 
in the target-responsive hydrogel, gold nanoparticles or iodine staining as the col-
orimetric reagent, and a slipchip as the readout device. In the presence of the target, 
the aptamer-functionalized hydrogel changes from a solid to a mobile phase, which 
alters the flow in the μPAD. Yang et al. utilized this platform to realize the simulta-
neous detection of multiple targets such as cocaine, adenosine, and  Pb2+.

2.3.2  Enzyme‑Based Colorimetric Detection

Another way to observe a colorimetric reaction is to utilize enzymatic catalysis 
[100, 101]. Compared to other methods, enzymatic catalytic reactions can provide 
higher sensitivity when used as signal-amplifying elements. For example, Wang 
et al. [89] encapsulated HRP as a second signal amplification unit into an aptamer-
functionalized DNA hydrogel with a target-switchable response to achieve the col-
orimetric detection of ochratoxin A (Fig.  8a). The DNA hydrogel was assembled 
from two kinds of DNA subunits: a Y-scaffold shape and an aptamer domain. In the 
presence of the target, the DNA hydrogel disassembles and releases the encapsu-
lated HRP, which reacts with  H2O2 and 2,2′-azinobis-(3-ethylbenzthiazoline-6-sul-
fonate)  (ABTS2−), inducing a color change. Instead of natural enzymes, screened 
DNA enzymes (e.g., a HRP-mimicking DNAzyme) can be used to develop enzyme-
free colorimetric biosensors. For example, Ravan et  al. [102] reported an isother-
mal amplification strategy to detect RNA (Fig.  8b). In their work, they combined 
a hybridized chain reaction (HCR) assay with a HRP-mimicking DNAzyme to 
increase target sensitivity. In the presence of the target, the HCR is triggered, leading 
to DNA concatemers. Upon adding hemin molecules, the inactive HRP-mimicking 
DNAzyme folds into its active configuration, changing the substrate from colorless 
to colored. This assay was found to have a sensitivity to the target RNA similar to 
that of RT-PCR, which has a LOD of 1 pM. Furthermore, Mohammadi et al. [103] 
used a colorimetric method based on a HRP-mimicking DNAzyme to detect cancer 
cells.

2.4  Other Biosensors

Recently, other methods have also been used in conjunction with DNA nanostruc-
tures to develop novel biosensors. Such methods include atomic force microscopy 
(AFM) [104], surface plasmon resonance (SPR) [105], surface-enhanced Raman 
scattering (SERS) [106, 107], circular dichroism (CD) [108, 109], and mechano-
chemistry [110]. Recent applications of aptamer-functionalized DNA nanostructures 
in these fields have generally made use of DNA origami. In contrast to inorganic 
materials, DNA origami permits precise spatial addressability and provides a wide 
range of sites for probe immobilization. For example, unlike oligonucleotides and 
proteins,  the  binding of small molecules with aptamers cannot cause  significant 
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change  in their elasticity and  height, thus it is extremely hard to directly visual-
ize the binding events of individual aptamer using AFM. To overcome this limita-
tion, Lu et al. [111] constructed an aptamer-functionalized DNA origami biosensor 
for the AFM detection of small molecules such as aflatoxin B1 (AFB1) (Fig. 9a). 
In their biosensor, the aptamers attached to the DNA origami are initially bound to 
ssDNA-modified AuNPs. In the presence of the target (AFB1), the aptamer strands 
preferentially bind to the target and release the AuNPs, which are detected directly 
by AFM. In other methods, the DNA origami acts as a signal indicator. For exam-
ple, Endo et  al. [110] utilized the modular design of DNA origami to develop an 
expanded single-molecule mechanochemical sensor (Fig. 9b). Their design utilizes 
DNA origami with seven tiles, and the recognition elements are positioned next to 
the interlocks that connect the contiguous tiles. When present, the target binds to 
the recognition sites, breaking the interlocks and inducing a change in mechanical 

Fig. 8  Enzyme-based aptamer-functionalized DNA hydrogels for colorimetric detection. a Schematic of 
a DNA-hydrogel-based colorimetric biosensor with encapsulated HRP for the detection of ochratoxin A 
[89]. b Schematic of DNA concatemer assembly following HRP-mimicking DNAzyme activation in the 
isothermal amplified detection of RNA (reproduced with permission from [102], copyright 2016 Elsevier 
B.V.)
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signal. The use of multiple recognition elements rather than just one reduces both 
the detection limit and detection time.

Furthermore, a biosensor that utilizes aptamer-functionalized DNA origami with 
two gold nanorods attached for optical detection based on CD spectroscopy has 
been developed (Fig. 9c) [108]. In this design, aptamer biorecognition is used as a 
molecular lock that controls the spatial configuration of DNA origami with two gold 
nanorods (AuNRs) attached. Aptamer biorecognition causes the two AuNRs to form 
a three-dimensional (3D) chiral plasmonic object that exhibits circular dichroism, 
which is detected via CD spectroscopy.

3  Aptamer‑Functionalized DNA Nanostructures for Bioimaging 
Applications

It is important to monitor the distributions of biomolecules in cells, as this can 
enhance our understanding of cell function and pathology, improve disease diag-
nosis, and facilitate drug delivery. Various aptamer-based probes have been applied 
for bioimaging. In particular, the biocompatibility of aptamer-functionalized DNA 
nanostructures makes them attractive tools for bioimaging. Aptamer-functional-
ized DNA nanostructures employed for bioimaging can be divided into two classes 
depending on whether the aptamer is used as a responsive or a targeting element.

3.1  Aptamers as Responsive Elements

Many emerging intracellular and extracellular bioimaging methods based on DNA 
materials utilize aptamers as responsive units. For example, Tan et  al. [112] pro-
posed the use of switchable aptamer micelle nanostructures for ATP imaging in 
cells. However, it is important to consider the critical micelle concentration (CMC) 
of these micelle nanostructures when using them because they could dissociate at 
low concentrations. Therefore, researchers are interested in designing DNA nano-
structures that are stable during cellular applications, especially at low concentra-
tions. For example, Zhang et  al. [18] designed an aptamer-functionalized DNA 
dendrimer for monitoring ATP in  situ. Fan et  al. [113] designed a DNA tetrahe-
dral nanostructure which can be dynamically regulated by assembling an anti-ATP 
aptamer in one of the edges. The aptamer was modified with a pair of FRET fluoro-
phores (Cy3 and Cy5), which would be close to each other to generate FRET signal 
through the conformational change of aptamer after recognizing ATP. This structure 
can be self-delivered into cells for monitoring the ATP in cells.

Recently, Li et  al. [114] developed a series of framework nucleic acid (FNA) 
nanodevices for subcellular ATP imaging. They initially constructed a FNA nano-
platform based on two tetrahedral nanostructures (TDNs) that was intended for use 
in lysosomes. As shown in Fig. 10a, the two TDNs have differently branched ver-
tices, but both TDNs have a split ATP aptamer and a biomolecular i-motif at the 
vertex. When the TDNs enter intracellular acidic lysosomes, the acidic environment 
induces the TDNs to assemble (via an i-motif unit) into a heterodimeric structure. 
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The formation of this large framework brings the split ATP aptamers on the two 
TDNs into close proximity, permitting ATP imaging within the lysosome via FRET. 
This i-motif-guided assembly of TDNs mimics the pH-responsive dimerization of 
natural silk proteins (spidroins). Li et  al. subsequently used the same strategy to 
develop FNA-based logic nanodevices based on DNA triangular prisms for subcel-
lular imaging (Fig. 10b) [115]. In this case, FRET (and therefore fluorescence) only 
occurs in the FNA-based logic device when both the pH and the ATP level change 
in the lysosome.

3.2  Aptamers as Targeting Elements

Targeting elements (e.g., aptamers, antibodies, peptides, or small molecules) are 
able to bind with biomarkers on targeted cells or tissues. Modifying the surfaces 
of nanomaterials with these targeted elements is an attractive method for realizing 
sensitive and selective bioimaging in  vitro and in  vivo. Among the various types 
of targeting elements, aptamers have attractive features such as easy synthesis and 
modification, small size, high stability, and good biocompatibility, which make 
them outstanding candidates for use in targeted imaging schemes [116]. Aptamer-
functionalized DNA structures employed for target bioimaging are commonly based 
on synthetic biomacromolecules such as micelles [112, 117], nanoflowers [118], or 
dendrimers [119].

Ju et  al. [117] developed a multifunctional nanomicelle for targeted imaging 
and photodynamic therapy in vivo. Although imaging in vivo was achieved using 
this nanomicelle, this imaging was limited by the instability of the nanomicelle at 
concentrations lower than the critical micelle concentration. In order to overcome 
this limitation, Tan et  al. [120] recently reported the development of an aptamer-
lipid micelle with internal photinduced crosslinking (Fig. 11a). The introduction of 
aptamers into micelle to give a DNA-lipid micelle (DLM) consisting of hydrophilic 
aptamer heads and hydrophobic lipid tails led to faster target-cell recognition. In 
addition, methacrylamide was incorporated as a layer of photoinduced crosslinks 
between the DNA shell and the lipid core, enhancing the stability of the DLM in the 
cellular environment. On the other hand, in the absence of crosslinking, it should be 
possible to modify the lipid core or the aptamer shell of the aptamer-lipid micelle, 
making such micelles potentially useful in targeted cellular imaging, gene therapy, 
and drug delivery.

In addition to these large DNA nanostructures, conjugating aptamers with small 
DNA nanostructures such as a three-dimensional DNA tetrahedron can also improve 
aptamer targeting efficiency in vitro. Yang et al. [121] utilized a DNA tetrahedron as 
a phase-transfer agent for hydrophobic nanoparticles and transferred upconversion 
nanoparticles (UCNPs) for targeted cellular imaging using an aptamer-pendant DNA 
tetrahedron. Recently, Wu et al. [122] examined the effects of varying the number 
of MUC1 aptamers attached to a DNA tetrahedron on the efficiency and safety of 
this functionalized DNA tetrahedron when it was employed for targeted imaging 
and drug delivery (Fig.  11b). Their results showed that increasing the number of 
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conjugated aptamers enhanced the specificity of the functionalized DNA tetrahedron 
for cancer cells.

4  Aptamer‑Functionalized DNA Nanostructures for Cancer Therapy

Cancer is one of the most destructive diseases and a leading cause of human mor-
tality. Current cancer treatment methods include surgery, chemotherapy, and radio-
therapy. However, one of the major limitations of these therapeutic methods is their 
poor selectivity for cancer cells, which results in the destruction of normal, healthy 
cells and can lead to treatment failure and potentially death [123]. Aptamers are con-
sidered excellent candidates for use in targeted cancer therapies because they are 
small, easy to prepare, and show excellent target-specific recognition. Therefore, a 
wide variety of nanomaterials functionalized with aptamers have been produced for 
cancer treatments. Among these nanomaterials, DNA nanostructures are particularly 
popular for many biomedical applications because of their programmability, ease of 
modification, and high biocompatibility. In this section, we summarize recent pro-
gress in the development of aptamer-functionalized DNA nanostructures for use in 
various cancer treatment methods, including chemotherapy, photodynamic therapy, 
and gene therapy.

4.1  Chemotherapy

Chemotherapy is a widely used drug treatment for cancers. The drawbacks of using 
chemotherapeutic drugs are their toxic side effects, poor solubility, nonspecific dis-
tribution in the body, and systemic toxicity. However, the advantages of aptamer-
functionalized DNA nanostructures—including a capacity for high drug loading, 
good biocompatibility, and specific recognition—make them attractive tools for 
bypassing these problems with chemotherapeutic drugs. Since chemotherapeutic 
agents can be conjugated with DNA through covalent [124] and noncovalent [125] 
bonding, DNA nanostructures are considered ideal candidates for drug delivery. 
Most aptamer-functionalized DNA nanostructures used in drug delivery are non-
covalently conjugated with chemotherapeutic agents (e.g., doxorubicin, DOX). 
The aptamers most commonly used in this context are the mucin 1 protein (MUC1) 
aptamer, the nucleolin aptamer AS1411, and the aptamer sgc-8c.

MUC1 is a cell-surface glucoprotein that is overexpressed in many kinds of ade-
nocarcinomas, making it an attractive target in anticancer drug delivery schemes 
[126]. Early in 2011, Huang et al. [127] attached a MUC1 aptamer to a DNA icosa-
hedron and used the resulting system to efficiently and specifically deliver DOX to 
epithelial cancer cells for cancer therapy. Following that work, many groups utilized 
the MUC1 aptamer in TDN-based drug delivery systems [128, 129]. In addition to 
these small DNA nanostructures, the MUC1 aptamer can also guide relatively large 
DNA nanostructures into cells. For example, Ding et al. [130] attached the MUC1 
aptamer to a triangular DNA origami–AuNR complex that permitted increased 
internalization of DOX and AuNRs (Fig. 12a). In their scheme, the first step is to 
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prepare the triangular DNA origami functionalized with the MUC1 aptamer. The 
DOX is then loaded into the DNA origami via an interaction between the DOX and 
GC-rich regions in DNA pairs. After that, two AuNRs are assembled on the origami 
template at a predesignated location. Guided by the MUC1 aptamer, the MUC1-
DNA origami-DOX-AuNR (MODA) nanostructure is effectively internalized by 
cancer cells. This approach inhibits P-glycoprotein (multidrug resistance pump) 
expression, thus avoiding P-gycoprotein-mediated drug efflux and, in turn, increas-
ing the sensitivity of multidrug-resistant breast cells to DOX. MCF-7/ADR cells can 
then be killed by a combination of DOX chemotherapy and hyperthermia induced 
by near-infrared (NIR) laser irradiation. Jiang et al. [131] developed a protein-scaf-
folded DNA nanohydrogel based on three types of streptavidin (SA)-based DNA 
tetrads and functionalized this nanohydrogel with the MUC1 aptamer. The result-
ing nanohydrogel, which can incorporate therapeutic agents, was found to facilitate 
activatable target imaging and therapy.

The aptamer AS1411 is a 26-mer DNA sequence with a G-rich region that can 
bind to nucleolin, a cell-surface protein that is overexpressed in tumor cells [132]. 
When the G-quadruplex structure of AS1411 is bound to nucleolin, the nucleolin 
can transfer the aptamer from cytomembrane to cytoplasm and nucleus. Further-
more, AS1411 possesses anticancer activity when it is present at high concentrations 
[133, 134]. There is therefore increasing interest in combining AS1411 with DNA 
nanostructures for targeted drug delivery. For example, Lin et al. [135] developed 
a DNA-based nanomedicine based on a AS1411-modified DNA tetrahedron for the 
targeted therapy of breast cancer cells (Fig.  12b). In their scheme, the anticancer 
drug 5-fluorouracil (5-FU) was inserted at the vertex of the DNA tetrahedron. Lin 
et  al. demonstrated the importance of including AS1411 to facilitate targeted cell 
therapy through comparison with therapy based on free 5-FU. To further enhance 
the targeting of cancer cells, Chen et al. [129] simultaneously modified a DNA tet-
rahedron with the MUC1 aptamer and AS1411 in order to fabricate a system that 
targets both cancer cells and nucleolin.

Sgc-8c is another aptamer that is commonly used in anticancer drug delivery 
schemes. It has 41 oligonucleotides and specifically binds to the cell membrane 
protein tyrosine kinase 7 (PTK-7), which is overexpressed in CCRF-CEM (human 
T-cell acute lymphoblastic leukemia) [136] and other tumors (such as colon and 
gastric cancers). Therefore, sgc8 is commonly combined with DNA nanostructures 
when developing drug delivery systems that selectively target lymphoblastic leu-
kemia. For example, Yang et al. [119] designed an sgc-8c-modified, DOX-loading 
DNA dendrimer that can selectively distinguish target cancer cells from normal cells 
and is internalized into CCRF-CEM and cervical cancer HeLa cells. Recently, Wang 
et al. [137] developed a drug delivery system based on a DNA hydrogel for smart 
targeted drug delivery (Fig. 12c). Their design involves the fabrication, through a 
method known as isothermal rolling circle amplification (RCA), of sgc-8c-func-
tionalized, monodisperse, and sophisticated, yarn-like DNA nanosponges (NSs) 
that encapsulate ZnO and are bound to a DNAzyme. The assembled DNA/ZnO 
NSs are designed to act as carriers for DOX. The sgc-8c guides the assembly into 
cancer cells, where intracellular acids trigger the conversion of the ZnO into  Zn2+ 
ions, stimulating reactive oxygen species (ROS) generation. The  Zn2+ also acts as 
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a cofactor in DNAzyme digestion, leading to the digestion of the NSs and therefore 
the release of DOX.

There are also some DNA-nanostructure-based drug delivery systems in which 
other novel aptamers are applied. For example, Zhao et  al. [138] site-specifically 
attached the novel aptamer C2NP [139], which is highly specific for the tumor cell 
marker CD30, to DNA origami for the purposes of targeted drug delivery. Also, 
Yang et al. [140] constructed a centipede-like DNA structure via a HCR to use for 
drug delivery in targeted therapy (Fig. 12d). In this scheme, the trunk of the nano-
centipede is the DNA scaffold and the legs are aptamers that bind to SMMC-7721 
cells (human hepatocellular carcinoma cells).

The anti-HER2 aptamer HApt specifically recognizes and binds to HER2, an 
epidermal growth factor receptor [28]. HApt can translocate HER2 to lysosomes 
for degradation, stimulating cell death and inhibiting cell growth. Lin et  al. [141] 
recently reported that they had improved the stability and increased the blood circu-
lation time of HApt by combining it with a tetrahedral nucleic acid framework.

4.2  Photodynamic Therapy

Photodynamic therapy (PDT) is a photochemistry-based method that utilizes light 
to activate chemicals that are cytotoxic in their activated state. PDT utilizes three 
components: a light source, a photosensitizer, and tissue oxygen [142]. When all 
three components are present, reactive oxygen species (ROS) are generated through 
an interaction between the photosensitizer and the tissue oxygen in the presence of 
radiation, and these ROS are toxic to cells. PDT is a highly efficient and noninvasive 
therapeutic method and is therefore an attractive treatment for malignant diseases 
[143]. PDT circumvents the problems of systemic therapies because the therapy is 
only applied at irradiated locations. Also, the photosensitizer used in PDT is selec-
tively accumulated in cancer cells. Moreover, this method is inexpensive.

Aptamer-functionalized DNA nanostructures have also been used in PDT. There 
are three main ways to load the photosensitizer onto a DNA nanostructure: direct 
covalent modification, noncovalent binding, and encapsulation. Various strate-
gies have been used to directly attach the photosensitizer to a DNA strand. One of 
the main advantages of this approach is that the resulting photosensitizer-modified 
DNA nanostructure can be integrated with a carrier. For example, Wang et al. [144] 
labeled a DNA tetrahedron (TDN) with the photosensitizer pyropheophorbide a, 
which activates the toxic species 1O2 when it is irradiated with light. This system 
was then combined with a chemotherapeutic agent, thus facilitating the localized 
destruction of circulating tumor cells (CTCs) via simultaneous PDT and chemother-
apy (Fig. 13a). In Wang et al.’s approach, the TDN-based system is first immobilized 
on a microchannel supporter by a hairpin aptamer switch at the vertex of the TDN, 
and the chemotherapeutic agent DOX is loaded into the dsDNA of the TDN. When 
CTCs enter the microchannel, the hairpin aptamer specifically recognizes and binds 
to them, releasing the TNA, which is internalized into the CTCs. DOX is therefore 
delivered into the target cells by the TDN, and PDT is realized by irradiating the 
photosensitizer with light.
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Noncovalent binding strategies generally utilize the ability of the G-quadru-
plex of a DNA strand to load a photosensitizer such as methylene blue (MB) or 
5,10,15,20-tetrakis(1-methylpyridinium-4-yl)porphyrin (TMPyP4). MB, a pheno-
thiazine, is commonly used for cell staining, to treat methemoglobinemia, and to 
delineate the edge of a tumor during surgery. MB has also been widely used as a 
photosensitizer in PDT because it generates 1O2 when irradiated at wavelengths 
between 620–670 nm. MB can also be loaded onto an aptamer-functionalized DNA 
nanostructure carrier as a means to improve the cell selectivity of PDT. For exam-
ple, Shim et al. [145] developed a stemmed DNA nanostructure integrated with an 
aptamer (an aptamer-modified oligoguanine quadruplex) to load MB for PDT ther-
apy with enhanced cell selectivity (Fig. 13b). In a similar way, TMPyP4, a porphy-
rin derivative, can be combined with a G-quadruplex-forming aptamer to improve 
cell selectivity. For example, Shieh et  al. [146] utilized the guanine-rich aptamer 
AS1411 to selectively deliver TMPyP4 to breast cancer cells.

The third method of delivering a photosensitizer using a DNA nanostructure is 
encapsulation. For example, Yang et  al. [117] developed a nanomicelle based on 
DNA that can simultaneously encapsulate the pH-activatable fluorescence probe 
BDP-688 and the NIR photosensitizer R16FPm, making it useful for cancer ther-
apy (Fig. 13c). This system also uses the aptamer Apt S1 to specifically recognize 
and bind to human breast cancer cells (cell line MDA-MB-231). Results indicated 
that, after the nanomicelle had been internalized into the cells and transferred to 
lysosomes, the BDP-688 produced a fast and reversible fluorescence response to pH, 
allowing the pH in lysosomes to be monitored in real time. Irradiation with NIR 
caused the photosensitizer R16FP to generate ROS, inducing cell death. This strat-
egy could allow cancer treatments to be visualized in vivo.

4.3  Gene Therapy

Gene therapy is an attractive approach for treating heritable or acquired diseases 
such as cancers, viral infections, and thalassemia. Among these, cancer is the most 
common gene therapy target, as it often has a genetic basis that is difficult to cure. 
DNA nanostructures are regarded as ideal nonviral vectors for nucleic acid deliv-
ery due to their high loading capacities and biocompatibilities. Generally speaking, 
these DNA-nanostructure-based therapeutic systems can be categorized into anti-
sense, RNA interference (RNAi), and gene delivery approaches.

Antisense strands are single-stranded DNA or RNA sequences that are comple-
mentary to their target genes and knock them down, whereas RNAi is a method in 
which small interfering RNA (siRNA) or short hairpin DNA (shRNA) is used to 
recognize and cleave target messenger RNA (mRNA) [147]. However, it is difficult 
for siRNA, shRNA, and antisense strands to internalize into cells, so there is con-
siderable interest in developing tools for delivering them into their targets. DNA 
nanostructures are outstanding candidates. For example, Tan et al. [148] developed 
an aptamer-based DNA nanohydrogel for delivering antisense oligonucleotides into 
A549 cells (Fig. 14a). Their design uses three building blocks for the hydrogel: a 
Y-shaped monomer (A) containing a DNAzyme, another Y-shaped monomer (B) 

328 Reprinted from the journal   



1 3

Topics in Current Chemistry (2020) 378:21 

containing an aptamer that is used as a cell-targeting unit, and a linker containing the 
antisense DNA. Disulfide linkages are incorporated into each block, which causes 
the DNA hydrogel to disassemble in the presence of the reducing agents found in 
cells. This strategy of incorporating various functional units into a DNA hydrogel 
was found to be highly effective from a therapeutic perspective.

Ju et al. [149] developed DNA logic nanotubes for the precise delivery of siRNA 
(Fig. 14b). These dual lock and key DNA nanotubes, which were modified with a 
self-cleavable hairpin structure, were considered to act as a “key” for two “locks,” 
which were two different aptamers (sgc-8c and sgc-4f) that specifically bind to the 
target cell membrane. This “dual lock and key” strategy avoids nonspecific siRNA 
adsorption and off-target toxicity. Qian et  al. [128] recently investigated the utili-
zation of a siRNA-loaded DNA nanoprism for gene therapy. They decorated the 
DNA nanoprism with two functional units: the siRNA Rab26 (the gene drug) and 
the aptamer MUC1 (the targeting unit). Targeting and drug loading was regulated 
by tuning the number of aptamers on the nanoprism. However, approaches such as 
these have the disadvantage that siRNA is easily degraded in complex biological 

Fig. 14  Use of aptamer-functionalized DNA nanostructures in gene therapy. a Schematic of the applica-
tion of a stimuli-responsive DNA nanohydrogel to deliver antisense DNA into target cells for gene ther-
apy (reproduced with permission from [148], copyright 2015 American Chemical Society). b Schematic 
of a DNA dual lock and key strategy for cell-subtype-specific binding and siRNA delivery (reproduced 
with permission from [149], copyright 2016 Springer Nature). c Schematic of a platform based on trian-
gular DNA origami for delivering shRNA transcription templates and chemodrugs in vivo (reproduced 
with permission from [150], copyright 2018 Wiley–VCH Verlag GmbH and Co. KGaA)
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systems, reducing treatment efficacy. Therefore, strategies that enhance the stability 
of RNAi technology are of considerable interest. Ding et al. [150] recently proposed 
a method of maintaining the stability of shRNA transcription templates during 
their delivery to the target through the use of triangular DNA origami, thus allow-
ing effective RNAi chemotherapy in vitro and in vivo (Fig. 14c). In their strategy, 
they attached two different shRNA transcription templates along with an aptamer 
used as a targeting unit to the triangular DNA origami through a stimuli-responsive 
and cleavable disulfide linkage. The chemotherapeutic drug DOX was then loaded 
through intercalation onto the DNA origami. This multifunctional DNA nanoplat-
form was found to permit both RNAi and chemotherapy at the same time, leading 
to enhanced therapeutic effects on antagonistic tumors in  vitro and in  vivo. They 
also applied this strategy to efficiently and simultaneously deliver the gene p53 and 
chemotherapeutic drugs to multidrug-resistant tumors [151].

4.4  Other Therapies

As well as the more common therapeutic methods discussed above, there are other 
promising strategies for treating diseases that make use of aptamer-functionalized 
DNA nanostructures. For instance, some proteins and enzymes are considered 
potential therapeutic agents [152–154]. Due to their molecular recognition and cell 
internalization abilities, aptamer-functionalized DNA nanostructures have been 
utilized to achieve the targeted delivery of these therapeutic agents [155–157]. For 
example, Zhao, Ding, Yan, and Nie et al. [155] recently constructed a DNA nanoro-
bot that uses DNA origami as a carrier to transport thrombin to a tumor, where it 
coagulates (Fig. 15a). In their design, four thrombin molecules are attached to the 
inner surface of hollow tube-shaped DNA origami, which was then closed with pre-
designed fastener DNA strands containing the aptamer AS1411. The AS1411 serves 
as both a targeting unit and a molecular switch that controls whether the DNA robot 
is open. The therapeutic activity of the thrombin molecules is activated when the 
aptamer interacts with nucleolin (a tumor vessel marker), meaning that the release 
of the thrombin leads to vascular infarction of the tumor (i.e., cancer treatment). In 
another application, Wang et  al. [156] constructed aptamer-modified DNA super-
sandwich assemblies that transport a catalase into cells. Once inside a cell, this cata-
lase scavenges reactive oxygen species.

Another route to achieving a therapeutic effect is through the anticancer abilities 
of aptamers. Aptamers can combine directly and specifically with various proteins, 
some of which are potential therapeutic targets [158]. The anticancer aptamers that 
are most commonly combined with DNA nanostructures are AS1411 and throm-
bin aptamer. AS1411 is a G-rich oligonucleotide that inhibits NF-kB signaling and 
reduces the expression of Bcl-2, so it has been explored as an anticancer agent in 
a phase 2 clinical trial [159]. By attaching this aptamer to a DNA nanostructure 
with an enhanced cell internalization ability, AS1411 can be efficiently delivered 
into cancer cells, inhibiting their growth [48]. For example, Lin et al. [48] attached 
AS1411 and drug molecules to TDN nanostructures (Fig. 15b), thus permitting the 
efficient delivery of both the aptamer and drugs to the target cells in a synergetic 
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cancer therapy scheme. Thrombin aptamer is reported to exhibit similar antithrom-
botic activity to anticoagulation drugs, and has therefore also been applied thera-
peutically [160]. For instance, Gianneschi et al. [161] recently developed polymeric 
micelles with thrombin aptamer for use as a nanoscale anticoagulant.

5  Aptamer‑Functionalized DNA Nanostructures for Other 
Applications

Aside from biological applications, aptamer-functionalized DNA nanostructures 
have also been applied in fields such as protein or molecular immobilization and 
analysis (due to the addressable and programmable nature of DNA nanostructures) 
and structural control (due to the specific recognition abilities of aptamers). Because 
DNA nanostructures feature addressable decorations, allow high spatial resolution, 
and can be directly imaged using AFM, they are excellent candidates for biophysical 
research into aptamers. For example, the immobilization of a protein on a nanostruc-
ture can facilitate investigations of spatially precise biological interactions because 
biomolecular recognition events commonly happen at the nanoscale. In this context, 
in 2008, Yan et al. [162] performed the first investigation of the distance depend-
ence of multivalent binding effects at the single-molecule level by immobilizing an 
aptamer at a precisely controlled position on a DNA nanostructure.

The application of an aptamer and a single-chain antibody against that aptamer 
has been shown to be an effective strategy for assembling proteins in a highly spe-
cific manner. Fabrega et al. [163] utilized DNA origami as an addressable support 
to investigate proteins at the single-molecule level (Fig. 16a). Using the ability of a 
thrombin aptamer to recognize and bind to α-thrombin, they were able to visualize 
via AFM, for the first time, the enzymatic activity of human  O6-alkylguanine-DNA 
alkyltransferase (hAGT) while it was supported by the DNA origami platform. 
Recently, Seminario et al. [164] investigated the molecular dynamics of the interac-
tions of the thrombin aptamers TBA26 and TBA29 with thrombin. In addition to 
protein immobilization, aptamer-functionalized DNA nanostructures have been used 
to investigate the biological functions of RNA [165] and cells [166].

Furthermore, an aptamer can be integrated into a DNA nanostructure as a build-
ing block that controls nanostructure formation. This method can be utilized to 
construct stimuli-responsive materials. For example, Mao et  al. [167] constructed 
multilayered DNA nanocages where the formation of each layer was controlled 
by the binding of an aptamer to its target (Fig. 16b). ATP aptamers (blue strands) 
were embedded into the linkers between two tetrahedra by hybridization with a 
single strand (red strand) on the smaller tetrahedron. In the presence of ATP, the 
ATP aptamer bound to that ATP and separated from the red strand, triggering the 
dissociation of the two tetrahedra. Also, the macrostructure can be tuned by using 
a dynamic DNA structure containing an aptamer. Plaxco et al. [168] engineered a 
series of adenosine-responsive DNA hydrogels based on an aptamer. They inves-
tigated the response kinetics of these aptamer-based hydrogels at different length 
scales from nanometers to hundreds of microns (Fig. 16c). In their work, an aden-
osine-binding aptamer was incorporated into Y-shaped DNA hydrogel monomers 
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that were disrupted when the aptamer recognized adenosine. This dissolution of the 
DNA hydrogel could be monitored because the aptamer was fluorescently labeled. 
They then investigated the effect of modulating the aptamer-based crosslink stabil-
ity on the DNA hydrogel. DNA hydrogel characteristics such as volume can also be 
controlled through schemes that incorporate DNA strand displacement. For exam-
ple, Schulman et al. [169] incorporated a HCR into a macroscopic polyacrylamide-
based hydrogel using DNA as a responsive crosslinker. The HCR caused the vol-
ume of the hydrogel to expand 100-fold. Schulman et al. later demonstrated that this 
change in the DNA hydrogel was induced by various molecular triggers, including 
ATP. When triggered by ATP, there was a change of fluorescence as well as DNA 
hydrogel swelling.

6  Conclusions and Perspectives

Over the past few decades, aptamer-functionalized DNA nanostructures have facili-
tated impressive advances in various fields. A range of strategies have been used 
to construct aptamer-functionalized DNA nanostructures, and these nanostructures 
have been widely used for biological applications due to their superior performance. 
In this review, we have summarized the most recent applications of aptamer-func-
tionalized DNA nanostructures in biosensing, bioimaging, cancer therapy, and other 
promising fields. Despite the considerable achievements that such nanostructures 
have made possible, there are still issues with the use of aptamer-functionalized 
DNA nanostructures that need to be addressed.

The first of these issues is that  some important targets don’t have respective 
aptamers so far. Thus, it is necessary to screen more aptamers for these targets for 
broadening respective research (e.g., in studies of the interactions of aptamers with 
nonmammalian cells). Second, it is important to find a way to enhance the stability 
of aptamers in complex biological environments (e.g., serum), although some recent 
strategies for achieving this based on the electrostatic steric hindrance of nanopar-
ticles [170] and the design of a circular aptamer [171] appear promising. Third, the 
preparation of DNA nanostructures via scalable methods [172] is crucial to facili-
tating their widespread application. To achieve this goal, Yan et al. [173] proposed 
a framework for designing and assembling a single DNA or RNA strand that self-
folds into a predesigned complex unknotted structure and can be amplified by poly-
merases in vitro or by clonal production in vivo. Also, Dietz et al. [174] recently uti-
lized the self-replicating ability of bacteriophages to produce macroscopic amounts 
of DNA origami. Furthermore, it is important to improve the purity of DNA nano-
structures before applying them in any subsequent application [175]. Fourth, most 
bioanalytical schemes that use aptamer-functionalized DNA nanostructures are cur-
rently based on one-photon fluorescent imaging, which has a low penetration depth 
and has a problem with tissue autofluorescence. Using near-infrared (NIR) fluo-
rescent imaging, photoacoustic imaging, and nuclear magnetic resonance imaging 
(NMRI) would further improve the accuracy and sensitivity of bioanalysis based on 
aptamer-functionalized DNA nanostructures. Fifth, in addition to the traditional bio-
logical applications mentioned above, aptamer-functionalized DNA nanostructures 
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present considerable potential for use in computing. For example, Bachelet et  al. 
[176] developed DNA origami robots for computing in animals. Also, Tan et  al. 
[177] engineered a 3D DNA nanostructure on a target cell membrane for logic com-
puting. This appears to be a promising route to the creation of intelligent systems 
for molecular medicine and sensing. Lastly, the operation of aptamer-functionalized 
DNA nanostructures in vivo remains challenging due to the presence of numerous 
biological barriers during delivery. Although there are a few reports of attempts to 
apply aptamer-functionalized DNA nanostructures in vivo, the complex physiologi-
cal environment makes such studies very difficult for a myriad of reasons: nuclease 
degradation, nonspecific adsorption of proteins, immunological rejection, and so 
on. Therefore, further mechanistic investigations of the fate of DNA nanostructures 
in vivo and the development of efficient methods to minimize interference from the 
physiological environment would drive the practical application of aptamer-func-
tionalized DNA nanostructures in vivo.

Current developments in the construction and application of aptamer-function-
alized DNA nanostructures indicate that there is great potential to improve their 
design, which should lead to important uses for these nanostructures in materials 
science and healthcare.
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Abstract
Nucleic acids are considered not only extraordinary carriers of genetic information 
but also are perceived as the perfect elemental materials of molecular recognition 
and signal transduction/amplification for assembling programmable artificial reac-
tion networks or circuits, which are similar to conventional electronic logic devices. 
Among these sophisticated DNA-based reaction networks, catalytic hairpin assem-
bly (CHA), hybridization chain reaction (HCR), and DNAzyme represent the typical 
nonenzymatic amplification methods with high robustness and efficiency. Further-
more, their extensive hierarchically cascade integration into multi-layered autono-
mous DNA circuits establishes novel paradigms for constructing more different 
catalytic DNA nanostructures and for regenerating or replicating diverse molecular 
components with specific functions. Various DNA and inorganic nanoscaffolds have 
been used to realize the surface-confined DNA reaction networks with significant 
biomolecular sensing and signal-regulating functions in living cells. Especially, the 
specific aptamers and metal-ion-bridged duplex DNA nanostructures could extend 
their paradigms for detecting small molecules and proteins in even living enti-
ties. Herein, the varied enzyme-free DNA circuits are introduced in general with 
an extensive explanation of their underlying molecular reaction mechanisms. Chal-
lenges and outlook of the autonomous enzyme-free DNA circuits will also be dis-
cussed at the end of this chapter.
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1 Introduction

In recent years, nucleic acids have substantially expanded their functions from natu-
ral bioinformation storage platforms to potent and designable tools for biosensing 
and bioengineering applications [1]. DNA represents the most powerful candidate 
for assembling artificial reaction networks for their intrinsic biocompatibility and 
programmability features. DNA reaction networks are composed of a series of suc-
cessive strand displacement reactions and cascaded hybridization chain reactions, 
and they are especially appealing in investigating the signal pathways of more dif-
ferent cellular compartments, e.g., cytoplasm. As compared with the current arti-
ficial reaction networks, the advantage of DNA is overwhelmingly obvious for the 
following reasons. Firstly, DNA could be easily accommodated into different bio-
logical microenvironments without additionally complicating the information trans-
mission between biological systems and electronic devices. Secondly, the direction-
ality and programmability of DNA provides the most up-to-date powerful circuitry 
design and information storage based on the well-known Watson–Crick base-pairing 
interaction. Thirdly, more different functional DNAs, including aptamers and DNA-
zymes with their molecular recognition and signal transmission capabilities, could 
be facilely integrated into the present DNA-based artificial reaction networks. This 
allows the sensitive and selective sequence-specific analysis of nucleic acids, small 
molecules, and proteins, which is of great vitality for pathogen identification [2], 
medical diagnosis [3, 4], and environmental and food safety monitoring [5]. As a 
traditional nucleic acid amplification method, the polymerase chain reaction (PCR) 
shows a powerful capability to sensitively detect trace amounts of nucleic acids and 
other analytes [6, 7]. However, to guarantee the successful initiation of an efficient 
amplification, PCR needs complex and precise thermocycling procedures with spe-
cific polymerases, which may limit its applications in the detection of non-nucleic 
acid targets as well as in thermosensitive environments. As alternative tools, some 
isothermal signal amplification methods have thus been developed with more con-
venient and satisfying amplification capacity, including loop-mediated isothermal 
amplification (LAMP) [8], rolling circle amplification (RCA) [9, 10], as well as 
strand displacement amplification (SDA) [11, 12]. While these amplification meth-
ods are still bothered by the fragile biological enzymes. Enzyme-free isothermal 
detection methods are increasingly developed as alternative strategies for overcom-
ing these limitations. The nonenzymatic DNA reaction networks provide the ideal 
candidate to fulfill these different requirements based on the versatile design out of 
protein enzyme. Then how to improve these nucleic acid amplification technologies 
that can compete with the current gold-standard enzyme-mediated amplification 
methods? Here, the topic of autonomous enzyme-free DNA reaction circuits will be 
discussed in this chapter by addressing the construction of different kinds of DNA 
reaction schemes and their effective integration with an adequate discussion of their 
potential applications.
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2  Enzyme‑Free DNA Circuit

Nucleic acid reaction networks have attracted increasing attention in the fields of 
analytical chemistry and biochemistry, and have been explored for sensitive detec-
tion of various target molecules. Enzyme-free signal amplification methods are 
especially appealing for the development of more robust and low-cost point-of-care 
diagnostics [13]. Among these different enzyme-free DNA reaction circuits, cata-
lyzed hairpin assembly (CHA) [14] and hybridization chain reaction (HCR) [15] 
are emerging as typical amplification strategies that depend only on autonomous 
hybridization and strand-displacement reactions to achieve efficient signal ampli-
fications [16]. Figure  1 exemplifies the well-known toehold-mediated strand dis-
placement [17]. During this process, the initial DNA duplex is elongated with an 
exposed single-stranded domain, namely toehold that can hybridize partially with 
the input DNA primer. Then the sequential branch migration proceeds, and the input 
gradually displaces one primer that is partially (or fully) complemented to the other 
primer of the duplex, yielding a new and more stable DNA duplex structure. As 
shown in Fig. 1a, the primers P1 and P2 are connected by the hybridization of a–a* 
(domain x corresponds to a Watson–Crick base-pairing with x*.) that is elongated 
with a toehold sequence  at. The DNA complex P1/P2 hybridizes with the input DNA 
P3 by toehold binding of  at*–at, after which the a*–a-mediated sequential branch 
migration leads to the ultimate assembly of P1/P3 product with the simultaneous 
generation of P2 strand. Interestingly, the kinetics (rate constant) of these strand-dis-
placement reactions varied with the base numbers and species of toehold domains 
(Fig. 1b), and the G–C-rich toehold leads to a higher strand displacement reaction 
rate than that of the A–T counterpart.

Based on this mechanism, various research has been carried out to address the 
strand-displacement process and to extend their broader applications. Among these 
different works, CHA and HCR have been well developed and have attracted more 

Fig. 1  a Schematic illustration of DNA strand-displacement principle. b Kinetics models of DNA strand-
displacement reaction that were affected by the number and species of bases in the toehold domain. 
Reprinted with permission from Ref. [17]. Copyright 2009 American Chemical Society
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attention for their isothermal and autonomous hybridization reaction properties. In a 
typical CHA process, the initiator acts as a special key to cyclically open their corre-
sponding hairpin locks without consuming the input strand itself. CHA mediates the 
target-catalyzed hybridization and strand-displacement of hairpins for assembling 
numerous dsDNA products, which are especially useful in amplifying and trans-
ducing the input DNA at the terminus of nucleic acid amplifications. Indeed, CHA 
is facilely conjugated with other amplification procedures to achieve an improved 
sensing performance. As for the HCR, the input primer promotes the autonomous 
cascade cross-hybridization of hairpin reactants, yielding long nicked dsDNA 
copolymers through an easy and programmable operation. Also, the generated 
long dsDNA nanowire products are not only encoded with various functional DNA 
sequences but are also utilized as powerful nanocarriers for accommodating small 
guest molecules [18]. Meanwhile, DNAzymes are emerged with fascinating cata-
lytic functions of protein enzymes that can catalyze various biological and chemical 
reactions, including DNA ligation and cleavage. These enzyme-mimicking function-
alities with multiple turnover rates allow DNAzymes to be ideal candidates for high-
performance signal amplification applications. All of these enzyme-free DNA cir-
cuits have prominent and modular amplification features—that is, their signal gain 
performance could be improved by integrating with other amplification methods in 
more extended application fields. These nonenzymatic amplification strategies have 
been used to detect various important analytes (nucleic acids [19, 20], proteins [21], 
small molecules [22], and metal ions [23]) with different transduction approaches, 
such as fluorescence [24, 25], colorimetry [26], chemiluminescence (CL) [27], and 
electrochemical approaches [28].

2.1  Catalytic Hairpin Assembly (CHA)

The analyte-activated isothermal autonomous catalytic hairpin assembly (CHA) 
was initially proposed by Pierce et  al. [14]. It provides a versatile free-energy-
driven amplification procedure to stimulate the catalytic generation of stable linear 
or branched duplex DNA nanostructures. The mechanism of CHA is presented in 
Fig.  2a. A characteristic CHA reaction consists of two hairpins,  HA and  HB. The 
sequence  at–a of  HA is complementary to domain a*–at* of trigger T, and hairpin  HB 
is designed to hybridize with  HA from  bt*. T opens hairpin  HA to generate the DNA 
assembly “I” based on toehold-mediated displacement of sequence a*–at*. The 
released domain b–bt of  HA hybridizes with hairpin  HB, generating an intermediate 
structure “II”. The newly released  HB initiates the branch migration procedure and 
gradually stimulates the strand displacement of T to form numerous dsDNA product 
“III”. The regenerated trigger strand allows the continuous activation of CHA circuit 
that stimulates the successive hybridizations between hairpins  HA and  HB. Similarly, 
more different hairpins can be assembled by CHA to generate a “Y-shaped” model 
with three hairpin reactants or “X-shaped” model with four hairpin reactants.

The trigger-induced CHA-mediated cross-opening of nucleic acid hairpins could 
also enhance the complexities of DNA nanostructures. As shown in Fig. 2b, the cas-
caded cross-opening of three hairpins leads to the formation of a three-arm branched 
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junction structure. The initiator T hybridizes with hairpin  HA to generate dsDNA 
product “I”, and the toehold of “I” opens  HB to generate structure “II”. The exposed 
toehold in “II” opens  HC to form an intermediate structure “III”. The newly released 
strand of  HC initiates the branch migration and displaces T to form the three-arm 
branched junction structure “IV”. The released initiator subsequently stimulates the 
successive hybridizations among hairpins  HA,  HB, and  HC to generate “Y-shaped” 
DNA nanostructures. Similarly, the four-arm branched junction structure could be 
programmed through the catalytic self-assembly of four hairpins, as demonstrated 
in Fig. 2c. The autonomous regeneration of trigger with the cross-opening hairpin-
mediated hybridization method represents an isothermal enzyme-free amplification 
method for the analysis of trigger DNA.

The as-demonstrated CHA system can be extended as a powerful sensing plat-
form for analyzing nucleic acids and more different analytes via fluorescence 
transduction [29]. In Fig.  3a, trigger T hybridizes with hairpin  HCP to generate 
the actual initiator T-HCP with a newly exposed toehold sequence (light blue), and 

Fig. 2  Schematic illustration of conventional CHA. a CHA-assembled linear dsDNA nanostructure, 
which is induced by trigger-catalyzed assembly of hairpins  HA and  HB. b CHA-assembled Y-shaped 
DNA nanostructure that is generated by cross-opening of hairpins  HA,  HB, and  HC. c AFM images of the 
CHA-assembly of “Y-shaped” (upper AFM image) and “X-shaped” (lower AFM image) dsDNA nano-
structures, respectively. Scale bar indicates 10 nm. Reprinted with permission from Ref. [14]. Copyright 
2008 Nature Publishing Group
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then the T-HCP initiator catalyzes the cross-opening of  HA and  HB to implement 
the CHA reaction, yielding a duplex  HA–HB with a single-strand domain (dark 
blue) that could displace a fluorophore/quencher-modified duplex and generate 
fluorescence readout for detecting DNA targets [30]. Apart from DNA detection, 
CHA could also be applied for protein detection with the specifically designed 
aptamer that was encoded into one of these two hairpin reactants  (HA and  HB), 
Fig. 3b. Here,  HA contains a thrombin–aptamer sequence in the loop region and is 
attached with a fluorophore/quencher pair on each end. In the presence of throm-
bin,  HA is opened to form the thrombin–aptamer complex with a toehold (brown), 
which then opens  HB to generate an intermediate structure “I”. The exposed toe-
hold of  HB competitively binds the aptamer region associated with thrombin and 
releases the thrombin analyte for continuously triggering the CHA system. The 
formation of  HA-HB leads the efficient separation of fluorophore and quencher, 
and generates high fluorescence signal for analyzing thrombin down to 20  pM 
(Fig. 3c).

Fig. 3  a Schematic illustration of an isothermal autonomous CHA amplifier for analyzing target DNA 
with the aid of an auxiliary sensing module  HCP. b Schematic illustration of the analysis of thrombin 
based on the CHA-mediated transduction of an aptamer recognition module. c Fluorescence spectrum of 
the CHA-amplified thrombin detection system by incubating with different concentrations of thrombin: 
a–k: 0, 2.0 × g  10−11, 5.0 × 10−11, 2.0 × 10−10, 5.0 × 10−10, 2.0 × 10−9, 5.0 × 10−9, 1.0 × 10−8, 2.0 × 10−8, 
5.0 × 10−8, and 1.0 × 10−7 M. (Inset) Derived calibration curve. Reprinted with permission from Ref. 
[30]. Copyright 2012 Elsevier
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Apart from the programmed catalytic assembly of different DNA nanostructures, 
the CHA reaction could be facilely engineered as a stochastic DNA walker that uti-
lizes hybridization reactions to traverse a microparticle surface. Figure 4a exempli-
fies the initiator-catalyzed successive cross-opening of surface-immobilized  H1 and 
FAM-functionalized  H2 on microparticles [31]. The catalyst DNA can open the 
surface-bound  H1 through toehold-mediated strand-displacement reaction. Then, a 
newly released tether of  H1 hybridizes to the toehold of FAM-modified  H2 for ini-
tiating a branch migration reaction, resulting in the generation of an intermediate 
structure consisting of  H1,  H2, and the catalyst. Along with the strand displace-
ment process, the catalyst DNA is displaced from the duplex structure of  H1–H2. 
The regenerate catalyst then continuously participates in the nearby CHA reaction 
cycle. Through the CHA process, the nanoscale movements of the walker (catalyst) 
lead to the immobilization of fluorescent strands on the surface of the microparticle. 

Fig. 4  a Schematic illustration of the microparticle-confined CHA based on the catalytic hybridization 
reaction between surface-anchored  H1 and non-anchored FAM-modified  H2. b Flow cytometry charac-
terization of the microparticle-confined CHA over different time intervals (0, 0.5, 1, 2, 4, 8, 24 h, from 
left to right). c Flow cytometry characterization of the negative CHA control experiment without the 
involvement of  H2. d Summary of the mean fluorescence intensity from the flow cytometry assay over 
time (black for catalytic system; blue and yellow for non-catalytic and no-catalyst controls, respectively). 
Reprinted with permission from Ref. [31]. Copyright 2016 Nature Publishing Group
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An obvious fluorescence change over different time intervals has demonstrated the 
successful capture of FAM-H2 on microparticles through the as-suggested CHA 
process (Fig. 4b). The  H2-absent negative control experiment was carried out with 
substantially lower fluorescence readout and thus exemplified the amplification per-
formance of CHA (Fig. 4c). This signal difference could be easily observed from the 
summarized flow cytometry assay, as shown in Fig. 4d. The walking system offers 
new insights into the analytical and diagnostic applications, as well as biomaterials 
development.

By using the underlying nanoparticles as nanocarriers, the CHA system could 
also be applied towards sensitive detection of intracellular RNA, e.g., manganese 
superoxide dismutase (MnSOD) mRNA in living cells [32]. Subsequently, other 
functional nanostructures, e.g., tetrahedron DNA, are also supplemented versatile 
tools to deliver DNA primers into living cells, considering that the homologous 
DNA could be assembled into suitable size and shape for delivering DNA probes. 
An entropy-driven three-dimensional DNA amplifier (EDTD) has been constructed 
for delivering DNA probes into living cells where a specific intracellular mRNA 
analyte triggers the EDTD-involvement CHA process [33]. As illustrated in Fig. 5a, 
the first module of EDTD corresponds to an entropy tetrahedron (ET) module that 
is constructed with six DNA primers and elongated an important dsDNA toehold. 
Here, the quencher-modified P5 and the fluorophore-modified P6 are assembled 
together with no fluorescence readout. The other key module of EDTD is the fuel 
tetrahedron (FT) module (Fig. 5b). Similar to ET, the FT uses four DNA primers to 
construct the same tetrahedral backbone. Different from P4, here part of P7 toehold 
acts as fuel sequence (yellow) in the CHA process. The tetrahedron amplifier could 
be quickly activated by target mRNA which hybridizes with the exposed region 4* 

Fig. 5  Schematic illustration of the assembly of the entropy tetrahedron (ET) module (a), the fuel tet-
rahedron (FT) module (b), and the EDTD principle in living cells (c). d Theoretical simulation of the 
EDTD reaction. e EDTD-mediated intracellular imaging of TK1 mRNA in HepG2 cells that were treated 
with different systems. Scale bar 20  μm. Reprinted with permission from Ref. [33]. Copyright 2018 
American Chemical Society
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of ET to initiate the toehold-mediated strand displacement, resulting in an imme-
diate T–P5–P6 product (Fig. 5c). The as-achieved T–P5–P6 structure binds to the 
exposed domain 2* of FT to release target mRNA and P6 with the formation of a 
waste tetrahedron FT-P5 product. The regenerate mRNA and P6 can take part in 
the next cycle of CHA reaction to realize an effective signal amplification. There-
fore, the fluorescence of P6 can directly reflect the amount of intracellular mRNA. 
Different from the cross-opening of convenient CHA reaction, this new strategy is 
free from hairpin reactants and is driven by entropy as demonstrated by theoretical 
simulations (Fig. 5d). Benefiting from this special structure and the exclusive driv-
ing force, this DNA nanostructure could be operated in living cells for a high-per-
formance mRNA detection (Fig. 5e). This entropy-driven 3D DNA nano-amplifier 
might provide a more reliable sensing platform for living entities.

2.2  Hybridization Chain Reaction (HCR)

Another characteristic isothermal non-enzymatic nucleic acid reaction, hybridiza-
tion chain reactions (HCR), is achieved by successive cross-opening of two hair-
pins to assemble dsDNA copolymeric nanowires [15]. As shown in Fig.  6a,  H1 
consists of the programmed sequences a–b and c–b*, which are complementary to 
the sequence b*–a* of initiator I and b–c* of  H2, respectively. The rest sequence of 
 H2 corresponds to domain b*–a*, an analog sequence of I, which can subsequently 
hybridize to domain a–b of  H1. These hairpins stay in a kinetically trapped situa-
tion without initiator. Based on the toehold-mediated displacement process, initiator 

Fig. 6  a Schematic illustration of the HCR circuit where the initiator I triggers the autonomous cross-
opening of  H1 and  H2 to generate dsDNA nanowires. b Amplified ATP detection by integrating HCR 
amplification with functional hairpin  HATP
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I opens hairpin  H1 to generate I·H1 duplex. The released domain c–b* in I·H1 opens 
 H2 to form an immediate product I·H1·H2 of which the exposed sequence b*–a* ini-
tiates the following new round of hybridization cycle, resulting in the generation of 
long dsDNA polymeric nanowires. Here,  H1 is functionalized with 2-amino purine, 
which shows high fluorescence in the single-stranded configuration of the hairpin 
structure, while it is quenched by stacking in the duplex DNA nanowire structure. 
More importantly, the HCR circuit could be served as an easily adapted amplifier for 
extensive sensing applications, e.g., aptasensors (Fig. 6b).

The HCR system could also be considered as a more versatile sensing platform 
when the HCR reactants  H1 and  H2 were labeled with two pyrene moieties on each 
end (Fig. 7a) [34]. Without target DNA, both hairpins are in the closed form, and 
the two pyrene moieties are separated far away from each other through the sticky 
end, leading to the observation of the monomer emission spectra. Target DNA can 
open  H1 through a strand-displacement reaction. The newly released toehold of  H1 

Fig. 7  a The autonomous HCR system based on the target-induced cross-hybridization of  H1 and  H2 that 
were functionalized with pyrene units in two ends, resulting in the generation of long dsDNA nanowires 
with exciplex emission of pyrene. b Schematic illustration of the intracellular multicolor miRNA imag-
ing based on the HCR reaction on graphene oxide (GO). c Two-color confocal fluorescence imaging of 
miR-21 and let-7a analytes in MCF-7 cells. The scale bar indicates 50 μm. Reprinted with permission 
from Ref. [36]. Copyright 2017 Royal Society of Chemistry
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nucleates at the tether end of  H2 and opens  H2 to expose another target analog. Thus, 
the target can propagate a successive cross-opening of two hairpins to yield long 
dsDNA nanowires. In this HCR product, the pyrene moieties are brought into close 
proximity, thus generating numerous pyrene excimers with an emission at approxi-
mately 485 nm. Therefore, the target can be sensitively detected by the varied emis-
sions of pyrene monomers and the corresponding excimers.

Two-dimensional nanomaterials, including graphene oxide (GO) [35], molyb-
denum disulfide  (MoS2), and manganese dioxide  (MnO2), could also be integrated 
with HCR amplifier for intracellular mRNA imaging, originating from their excel-
lent capability of ssDNA adsorbing and fluorescence quenching. Figure 7b exempli-
fied the simultaneous detection of two intracellular miRNAs by using GO-supported 
HCR circuit [36]. Here,  H1 and  H2 were functionalized with fluorophore FAM for 
miR-21 detection while  H3 and  H4 were modified with fluorophore ROX for let-7a 
detection. These hairpins were physically absorbed on the surface of GO through 
noncovalent π–π stacking interaction and all fluorophores were efficiently quenched. 
These hairpin probes were transported into living cells by GO via a non-destructive 
clathrin-mediated endocytosis process. Then the miR-21 target could initiate the 
successive hybridization between  H1 and  H2, yielding long dsDNA  (H1/H2)n nanow-
ires. These nanowires were then detached from the surface of GO with fluorescence 
recovery of FAM, which is originated from the weak interaction between dsDNA 
and GO. Similarly, the let-7a analyte could trigger the sequential hybridization of 
 H3 and  H4 for obtaining a remarkable higher fluorescence of ROX. The amplified 
green and red fluorescence signal represented the corresponding miRNAs in living 
cells, and thus providing a novel tool for sensitive intracellular imaging of multiple 
biomarkers (Fig. 7c).

Besides graphene oxide, gold nanoparticles (AuNPs) could also be utilized for 
transducing the HCR system via a colorimetric or fluorescent bioassay. Figure 8a 
illustrates the colorimetric detection system based on AuNPs transduction of 
HCR system consisting of two hairpins  H1 and  H2 [37]. Domains I and II of  H1 
are designed to be complementary to domains I′ and II′ of  H2. Without target, the 
ssDNA tethers of HCR hairpins are absorbed on the surface of AuNPs, and thus 
avoid the salt-induced aggregation of AuNPs. The introduced target can hybridize 
with domain I of  H1 and open  H1 through strand displacement reaction (step 1). 
The newly exposed tether II of  H1 then hybridizes to domain II′ of  H2 and opens  H2 
(step 2). The as-released domain I′ is encoded with the same sequence of target for 
triggering the efficient opening of  H1 (step 3). With the repeat operation of steps 2 
and 3, the sequential hybridization of  H1 and  H2 leads to the efficient assembly of 
long dsDNA nanowires. Under this circumstance, these as-achieved nanowires are 
detached from the AuNPs, resulting in the aggregation of AuNPs under high-salt 
concentrations with immediate color transition. This method achieves a simple yet 
convenient colorimetric detection of DNA and could sensitively and selectively dis-
criminate single base-pair mismatches of the target (Fig. 8a inset).

For HCR transduction, AuNPs were not only acting as colorimetric transduc-
tion agent, but were also considered as a versatile fluorescence quencher [38]. 
The combination of AuNPs with HCR circuit has also been applied for intracel-
lular mRNA imaging. The target survivin mRNA is known to be overexpressed in 
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most cancer cells [39]. In Fig. 8b, two hairpin reactants  H1 and  H2 are designed to 
recognize and amplify the target mRNA. Here,  H1 and  H2 are functionalized with 
a fluorescence donor (FAM) and a fluorescence acceptor (TMR), respectively, 
and are steadily assembled on the surface of cationic peptide-coated AuNPs. 
These fluorescence signals are thus effectively quenched by AuNPs. The sur-
vivin mRNA opens hairpin  H1 with the exposure of an ssDNA tether. This tether 
sequence then hybridizes with hairpin  H2 and releases the same sequence of tar-
get. Then the alternative hybridization of  H1 and  H2 generates dsDNA nanow-
ires with rigid conformation, resulting in the dissociation of these HCR nanow-
ires from the surface of AuNPs. The dissociated product brings two fluorophores 
FAM and TMR into close proximity for generating an efficient Förster resonance 
energy transfer (FRET) signal. The gold particles-DNA nanoassembly enables 
high performance to deliver into living cells and to quench the DNA probes, thus 
offering high sensitivity and specificity for intracellular mRNA imaging. The 

Fig. 8  a Schematic illustration of the colorimetric detection of DNA target through AuNPs-mediated 
transduction of HCR amplifier. Inset shows the corresponding photographs of AuNPs solutions that were 
introduced with different reactants. Reprinted with permission from Ref. [37]. Copyright 2013 American 
Chemical Society. b Scheme of the fluorescent detection of mRNA target using AuNPs-supported HCR 
amplification. Reprinted with permission from Ref. [39]. Copyright 2015 American Chemical Society
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nanoassembly might provide a novel strategy for low-abundance biomolecule 
detection and regulation in cell biology studies.

The confined HCR reaction on AuNPs could similarly be extended to DNA nano-
structures, e.g., rolling circle polymerized one-dimensional RCA nanowires. This 
DNA-confined HCR system is proposed as a powerful tool for realizing intracel-
lular sensing applications (Fig. 9a) [40]. Based on an accelerated HCR system on 
the RCA track product, the DNA “nano string light” (DNSL) achieved high-perfor-
mance intracellular mRNA imaging. This system was designed by interval immo-
bilizing functional hairpins  H1 and  H2 on RCA-produced DNA nanowires. The 
fluorophore/quencher-modified hairpin  H1 was conjugated with folic acid (FA) for 
targeting HeLa cells. The intracellular survivin mRNA initiates the cascade cross-
opening of the alternatively arranged  H1 and  H2 along the DNA nanowire, which 
could enhance the fluorescence of DNSL (Fig. 9b). In comparison with the non-con-
fined catalytic amplification and successive DNA hybridization, the DNSL includes 

Fig. 9  Schematic illustration of the one-dimensional DNA scaffold-confined HCR reaction through the 
alternative arrangement of hairpins  H1 and  H2 on the RCA-produced nanowire. a DNSL synthesis proce-
dure and b the targeting delivery of DNSL into living cells for imaging target mRNA. c Confocal images 
of HeLa cells that were treated with  H1, mixture of  H1 and  H2, and DNSL, respectively. Scale bar 20 μm. 
Reprinted with permission from Ref. [40]. Copyright 2018 American Chemical Society
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numerous  H1 and  H2 that were alternately arranged with designed space, to acceler-
ate hybridization reaction and strand-displacement with enhanced sensing perfor-
mance. The biocompatible DNSL further facilitated the efficient delivery of HCR 
probes into living cells (Fig. 9c). It thus introduces a potential intracellular mRNA 
imaging platform for various disease diagnostics and therapies.

2.3  DNAzyme

DNAzymes are referred to as catalytic ssDNAs that are obtained via the in  vitro 
selection. They usually require indispensable cofactors for executing an efficient 
catalytic DNA or RNA cleavage, DNA hydrolyzation, DNA ligation, and so on. 
One of the most commonly used DNAzymes is the metal ion-dependent RNA-
cleaving DNAzyme, which requires the involvement of metal ion cofactors, such as 
 Mg2+ [41],  Cu2+ [42],  Ni2+ [43],  Hg2+ [44],  Zn2+ [45],  Pb2+ [46], and so on. The 
DNAzyme-based biocatalysis reactions have been extensively described in a series 
of review articles [47, 48]. As shown in Fig. 10a, the DNAzyme (blue strand) can 
specifically bind to the riboadenine (rA, yellow)-containing DNA substrate (pur-
ple strand) through Watson–Crick base pairing hybridization. The DNAzyme folds 
into the catalytic active structure with metal ions for cleaving substrate at “rA” 
site, releasing two fragments of the cleaved substrate. Here, the cleavage of RNA 

Fig. 10  a Schematic illustration of the DNAzyme-mediated RNA-cleavage with the aid of indispensable 
cofactors. b The design of fluorescent DNAzyme biosensors based on the fluorophore/quencher-modified 
DNAzyme and substrate. Reprinted with permission from Ref. [49]. Copyright 2017 American Chemi-
cal Society. c The specific  Ag+-involved assembly of cytosine-Ag+-cytosine bridges for constructing 
hemin/G-quadruplex HRP-mimicking DNAzyme. Reprinted with permission from Ref. [52]. Copyright 
2009 American Chemical Society
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is mostly initiated by the attacking of 2′-OH group to the scissile phosphate. The 
released DNAzyme then moves to the cyclic cleavage of another substrate, thus 
achieving the amplified catalytic process. The substrate could be labeled with a F/Q 
pair for transducing the DNAzyme reaction process [49]. Figure 10b shows that the 
DNAzyme catalytically cleaves the FAM-labeled substrate with metal ion cofactors. 
The cleaved substrate fragments detached from the quencher-functionalized DNA-
zyme, resulting in the recovery of FAM fluorescence. Another widely used DNA-
zyme is the hemin/G-quadruplex horseradish peroxidase (HRP)-mimicking DNA-
zyme, which could mimic the catalytic functions of peroxidase for catalyzing the 
oxidation of ABTS or TMB with color changes, and the chemiluminescence of lumi-
nol with  H2O2 [50, 51]. Since the cytosine–cytosine (C–C) gap of dsDNA can spe-
cifically capture  Ag+ ions to generate C–Ag+–C bridge, a DNA-based  Ag+ sensor 
was then constructed [52]. Figure 10c depicts the hemin/G-quadruplex DNAzyme-
mediated colorimetric detection of  Ag+ ions. Without  Ag+, these hemin/G-quadru-
plex strands are separated with each other with no DNAzyme activity. The  Ag+ ions 
can initiate the generation of C–Ag+–C base pairs for assembling hemin/G-quadru-
plex DNAzyme. The as-achieved DNAzyme can catalyze the ABTS-H2O2 reaction 
and give rise to a colorimetric assay. This  Ag+-mediated DNAzyme switch system 
could be used for sensitive detection of  Ag+ with a detection limit of 2.5 nM.

Since the surface plasmon resonance absorption of AuNPs is affected by their 
size and distance, AuNPs are widely used in assembling various colorimetric sen-
sors. This property is especially appealing for producing DNAzyme biosensors 
via the DNAzyme-conjugated AuNPs [53]. As shown in Fig.  11a, the AuNPs 
were modified with DNAzyme/substrate strands through Au–S bond. The DNA-
zyme-hybridized substrate was elongated to capture AuNPs, leading to the aggre-
gation of AuNPs with blue color in solution. In the presence of  Pb2+ cofactor, 
the DNAzyme was activated to cleave the substrate and led to the dissociation 
of gold nanoassembly with red color of the dispersed AuNPs. Not only metal ion 
cofactors, but other factors could also be considered as the specific analytes for 
their influence on the compact DNAzyme structure. With the help of AuNPs and 
aptamer-involved recognitions and activations, an amplified aptazyme–AuNPs 
biosensor was assembled for intracellular ATP detection [54]. Here, the apta-
zyme is designed with two major regions: ATP aptamer-recognition domain and 
DNAzyme transduction region. As shown in Fig.  11b, the ATP aptazyme and 
its substrate are both immobilized on AuNPs. Meanwhile, the ATP aptazyme is 
labeled with a quencher (BHQ-2) unit and the substrate is labeled with a fluoro-
phore unit. In that case, the fluorophore would be effectively quenched by AuNPs 
and BHQ-2. Thus, the ATP aptazyme sensors are catalytic inactive without fluo-
rescence readout. The ATP could specifically combine with aptazyme and favor 
the assembly of DNAzyme microenvironment for activating the cleavage reac-
tion of DNAzyme substrate. After cleavage, the fluorophore-labeled DNA frag-
ment is separated from the substrate strand and moves far from the quencher 
units, thus yielding a high fluorescence signal. The AuNPs surface-confined 
DNAzyme reaction leads to an efficient DNAzyme reaction as mentioned before. 
Thus, the free aptazyme keeps active to hybridize with other substrate strands on 
AuNPs for new cycles of DNAzyme cleavages, resulting in highly sensitive ATP 
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detecting performance. Moreover, this strategy can further be applied for intracel-
lular imaging of various targets in living cells (Fig. 11c). Similarly, based on the 
remarkable affinity difference between GO and ssDNA, the GO surface-confined 
DNAzyme has also been introduced for selective and amplified  Pb2+ detection 
[55].

Apart from AuNPs integration, DNAzymes can also be applied to cascade 
with the endonucleases, which could realize a more sensitive enzymatic recycling 
cleavage strategy. The molecular recognition element was facilely integrated with 
a signal reporter element with improved sensitivity. As shown in Fig.  12a, the 
dual loop hairpin  Hlp is composed of DNAzyme and substrate that were connected 
by a poly-T sequence. In the presence of l-histidine, the intramolecular cleavage 
reaction releases a trigger sequence T. Then the reporter MB is opened by trig-
ger T to form the double-stranded recognition site for Nicking enzyme, realiz-
ing the second cycle of cleavage. The cascade DNAzyme-Nicking enzyme sys-
tem undergoes sequential and successive cleavage of MB probe, providing a high 
fluorescence readout (Fig. 12b). This cascade-catalytic sensing strategy affords a 
sensitive l-histidine assay down to 200 nM [56]. Except for cofactors detection, a 
ligase-regulated DNAzyme system was similarly developed to probe DNA ligase 

Fig. 11  a The colorimetric assay of lead ions based on the integration of DNAzyme biocatalysis with 
AuNPs labels. Reprinted with permission from Ref. [53]. Copyright 2003 American Chemical Society. 
b Schematic illustration of the AuNPs-confined aptazyme sensing platform for ATP assay. c Intracellular 
imaging of ATP by AuNPs-confined aptazyme reaction in HeLa cells that were treated with different sys-
tems: A, 10 μg/ml oligomycin and 5 mM 2-deoxy-d-glucose; B, intact control; C, 5 mM  Ca2+. Scale bar 
10 μm. Reprinted with permission from Ref. [54]. Copyright 2016 American Chemical Society
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activity [57]. One of the feasible examples is based on an allosteric DNAzyme-
containing hairpin probe (HDP). With the help of DNA ligase, DNAzymes could 
be synthesized as “products” to achieve a more sensitive bioassay. As illustrated 
in Fig. 12c, the ligase-mediated ligation of two DNAzyme fragments activate the 
assembly of new DNAzyme. Only with ATP, then the ligase is active to assem-
ble a new DNAzyme for cleaving the F/Q-labeled substrate, resulting in the gen-
eration of a high fluorescence signal. In another study, the DNAzyme domain is 
partially caged on the stem domain of a hairpin, Fig. 12d. [58]. Once the ligase 
repairs the nicking site and forms a more stable duplex DNA, then the hemin/G-
quadruplex DNAzyme could be activated with peroxidase-like activity.

2.4  Integration

These catalytic CHA, cross-hybridization-involved HCR, and functional DNA-
zyme have shown great performance for amplified biosensing, yet are constrained 
with low signal gain. To make full use of these different enzyme-free circuits, the 
sophisticated cascading integration of these amplifiers was proposed to realize a 

Fig. 12  a Schematic illustration of the cascade from l-Histidine-DNAzyme to nicking enzyme biocataly-
sis. b Fluorescence monitoring of the cascade DNAzyme system for histidine detection. Inset: Derived 
calibration curve. Reprinted with permission from Ref. [56]. Copyright 2011 American Chemical Soci-
ety. c Schematic illustration of a coupled ligase/DNAzyme cascade for ATP detection. Reprinted with 
permission from Ref. [57]. Copyright 2011 American Chemical Society. d Schematic illustration of a 
coupled ligase/hemin/G-quadruplex for detecting ligase activity
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more readily quantitative detection as well as the assembly of exquisite DNA nano-
structures [1]. Only through the corrected executions of individual reaction path-
ways, then the integrated multiple or cross-initiated enzyme-free amplifiers could be 
engineered for precisely detecting both nucleic acids and other analytes, leading to a 
higher amplification efficiency with delicate hierarchical DNA nanostructures [59]. 
The catalyzed translation of CHA leads to the assembly of numerous dsDNA by the 
preceding initiator.

For cascaded integration of catalytic hairpin assembly (CHA), the two-layered 
and three-layered CHA reactions have been engineered to further improve the signal 
amplification [60]. The integration depth of CHA was further promoted by using 
a cross-catalytic hairpin assembly (cross-CHA) circuit that consists of three CHA 
units, CHA-1, CHA-2, and CHA-3 (Fig.  13) [14]. Here, CHA-1 is composed of 
two hairpins  HA and  HB, which is initiated by trigger T to realize the assembly of 
 HA–HB duplex through the catalyzed hairpin hybridization. The newly exposed sin-
gle-stranded initiator of duplex  HA–HB product can catalyze CHA-2 to assemble the 
 HC–HD duplex from  HC and  HD reactants. Interestingly, the single-stranded region of 
duplex  HC–HD is encoded with the same initiator sequence I that can reversely acti-
vate CHA-1 to generate another catalytic circuit “CHA-3”. Therefore, the CHA-1 
and CHA-2 circuits could mutually trigger each other by the intermediator “CHA-3” 
circuit, yielding an autocatalytic module for substantially promoting the cross-CHA-
mediated exponential amplification.

The exposed single-stranded tether of CHA product could be utilized as a versa-
tile trigger for motivating other DNA circuit, e.g., HCR circuit for generating long 
dsDNA polymers [61–64]. As shown in Fig. 14, the upstream catalytic CHA gener-
ates numerous dsDNA structures that each is decorated with an analogous sequence 
of T trigger for downstream HCR circuit. During this process, the low amount of 

Fig. 13  Schematic illustration of the trigger T-driven cross-CHA circuit for yielding an exponential sig-
nal amplification
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initiator I is transduced with the assembly of numerous duplex  H1–H2 products, of 
which the newly exposed trigger T motivates the downstream HCR-driven sequen-
tial cross-hybridization among  H3,  H4,  H5, and  H6. This leads to the efficient assem-
bly of plenty of long dsDNA copolymeric nanowires with the CHA trigger than that 
of HCR initiator (Fig. 14a). Then the respective FAM and TAMRA fluorophores of 
 H3 and  H5 are brought into close proximity, yielding a remarkably FRET signal [65]. 
This successive cascade hybridization between CHA and HCR realizes a sensitive 
detection of analytes. As shown in Fig. 14b, the CHA–HCR system showed a higher 
sensing-performance than the conventional CHA or HCR system, generating a sig-
nificant synergistic amplification capacity.

The CHA circuit could also be translated  into the assembly of DNAzyme cata-
lyst. The integrated CHA–DNAzyme circuits showed great potential in high-per-
formance biosensing applications [66, 67]. The sequential amplification feature 
of CHA–DNAzyme circuit could be further improved by using a cyclic-catalytic 
CHA–DNAzyme circuit where the DNAzyme biocatalysis could also trigger the ini-
tial CHA circuit (Fig.  15a) [68]. In the initial CHA scheme, initiator T catalyzes 
the cross-hybridization between  H1 and the fluorophore donor/acceptor-bearing  H2, 
yielding a ‘‘turn-on’’ fluorescence readout. The as-achieved  H1–H2 duplex product 
carries an active DNAzyme that can cleave the T-caged S–L substrates to generate 
new trigger strands for reversely initiating the CHA circuit. Based on the program-
mable and modular characteristics, the cross-catalytic CHA–DNAzyme method 
is decomposed into two simplified basic reaction pathways, which are verified by 
theoretical simulations and experimental demonstrations (Fig. 15b, c, respectively). 

Fig. 14  Schematic illustration of the CHA–HCR system; a Gel–PAGE demonstration of the feasibility 
of CHA–HCR strategy: i/ii for HCR without/with T; iii/iv for CHA without/with I; v/vi for intact CHA-
HCR without/with I. b Different calibration curves: (a) CHA–HCR, (b) HCR, and (c) CHA methods for 
analyzing different concentrations of analytes. Reprinted with permission from Ref. [65]. Copyright 2018 
Royal Society of Chemistry
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Through the feedback DNAzyme loop, the newly exposed CHA initiators can essen-
tially promote the assembly of numerous CHA products with high fluorescence 
readout. This isothermal cross-catalytic DNA circuit was then utilized as a general 
sensing strategy for amplified intracellular imaging of microRNA in living cells, 
which revealed a tremendously higher fluorescence readout than the conventional 
CHA–DNAzyme cascade (Fig. 15d).

Similarly, by precise design, the triple-layered CHA–HCR–DNAzyme circuit 
can also be integrated for amplified biosensing [61]. This isothermal autonomous 
enzyme-free DNA circuit system is constructed from the sequential integration of 
CHA, HCR, and DNAzyme amplifiers (Fig. 16a) [69]. The analyte-triggered CHA 
amplifier leads to the assembly of numerous dsDNA products in the first amplifica-
tion stage. Here, the dsDNA products are encoded with HCR trigger sequence that 
can stimulate the cross-hybridization of HCR hairpins. Along with the generation of 
HCR copolymers, the DNAzyme biocatalysts are simultaneously activated for sus-
tainably cleaving its fluorophore/quencher-labeled DNAzyme substrates, yielding an 

Fig. 15  Schematic illustration of the cross-catalytic CHA–DNAzyme circuit. b The mathematical 
model for cross-catalytic CHA–DNAzyme reaction simulation. c The fluorescence changes (solid lines 
represent for simulation results while circle dots represent for experimental data) of the cross-catalytic 
(a/a′) and non-feedback systems (b/b′) with/without input. Error bars  ± SD (n = 3). d CLSM imaging of 
miRNA in MCF-7 cells with the cross-catalytic and non-feedback-catalytic CHA–DNAzyme methods. 
Scale bars 20 μm. Reprinted with permission from Ref. [68]. Copyright 2019 Royal Society of Chemis-
try
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amplified fluorescence readout. As shown in Fig. 16b, the triple CHA–HCR–DNA-
zyme strategy realizes a more synergistic amplification performance than the dual 
CHA–DNAzyme and HCR–DNAzyme control circuits. This system was facilely 
introduced into living cells for intracellular imaging of microRNA with high signal 
gain and accuracy (Fig. 16c). Furthermore, the HRP-mimicking DNAzyme has also 
integrated with a cross-CHA circuit for amplified DNA detection with increased 
sensing performance by three orders of magnitude than traditional CHA [70].

As mentioned before, the HCR circuit could be heterogeneously integrated with a 
different CHA system. In fact, the HCR could also be integrated with a homologous 
HCR system to construct a cascade HCR system, where the initial HCR copoly-
mer product could be elongated with new functional DNA branches through a 
sequential hybridization reaction [71]. The two-layered enzyme-free C-HCR circuit 

Fig. 16  a Scheme of the CHA–HCR–DNAzyme circuit. b The fluorescence monitoring the dual or triple 
DNA circuits initiated by their corresponding analytes. c Confocal imaging of miR-21 in MCF-7 cells 
through the CHA–HCR–DNAzyme system. Scale bar: 20 μm. Reprinted with permission from Ref. [69]. 
Copyright 2019 Royal Society of Chemistry
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is composed of HCR-1 and HCR-2 circuits, which allows the first HCR-1 layer to 
be cascaded into the other HCR-2 circuit as shown in Fig.  17a [72]. Without ini-
tiator I, all hairpin reactants coexist metastable in the initial state. The initiator I 
triggers the successive cross-hybridization reaction between hairpins  H1 and  H2 in 
upstream HCR-1 for generating long dsDNA HCR-1 nanowires that concomitantly 
assemble the tandem trigger T. Here, the system realizes the first amplification stage 
by converting the limited amount of initiator into thousands of triggers through the 
successful cross-hybridization of upstream HCR-1. Subsequently, the newly gener-
ated T triggers HCR-2 to assemble dsDNA copolymers in the as-achieved HCR-1 
DNA nanowires, where the fluorophore donor/acceptor pair is brought into close 
proximity for enabling the FRET process. This two-layered C-HCR circuit realizes 
a remarkably effective detection of microRNA with an improved anti-interference 
ability (Fig. 17b, c). Meanwhile, this amplification strategy has been further applied 
for miR-21 detection in living cells by coupling with a “plug-and-play” sensing 
module, whose promoted signal amplification capacity was demonstrated as com-
pared with the conventional HCR system (Fig. 17d).

The facile design of HCR facilitates the assembly of tandem colocalized DNA 
sequences with more different decorations, e.g., DNAzymes. The HCR–DNAzyme 
amplification paradigm introduced a sensitive HCR-assembled DNAzyme amplifica-
tion platform, Fig. 18a [73]. The HCR scheme is merely composed of two hairpins, 
which are grafted with two split functional DNAzyme subunits. The split DNAzyme 
stays in a catalytic inactive state for the absence of a favorable DNAzyme micro-
environment. Once the analyte induces the assembly of two hairpins into dsDNA 

Fig. 17  Schematic illustration of the cascaded HCR circuit with a miR-21 sensing module. b Specific 
detection with the cascaded HCR system: a-e for no analyte, β-actin mRNA, let-7a, son DNA, and miR-
21, respectively. Inset: summary of these fluorescence intensity readout. c The stability study of cascaded 
HCR-mediated miR-21 sensing system in serum buffer. bd Confocal imaging of miR-21 with FRET 
transduction (in the form of FA/FD) in (a/d) MCF-7/Hela cells by cascaded HCR amplifier, (b) MCF-7 
cells by conventional HCR amplifier and (c) miR-21-inhibited MCF-7 cells by cascaded HCR amplifier. 
Scale bars 20 μm. Reprinted with permission from Ref. [72]. Copyright 2018 Royal Society of Chemis-
try
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polymer nanowires, the split DNAzyme subunits would be brought into close prox-
imity on the HCR backbone, resulting in the assembly of a compact tandem DNA-
zyme nanostructures. These DNAzymes would be activated in the presence of their 
corresponding cofactors, leading to the cyclic cleavage of the F/Q-labeled DNA-
zyme substrate with a tremendously amplified fluorescence readout (Fig. 18b).

Many excellent systems have shown the merits of the cascade sensing features 
of synergistic HCRs, and sensitive HCR–DNAzyme systems [74]. Similarly, these 
previous cascaded HCR systems could also be integrated with the DNAzyme bioca-
talysis amplifier, Fig. 19a [75]. This triple-layered cascaded HCR–DNAzyme circuit 
is designed in a more compact and precise format. In the presence of an initiator, the 
preceding HCR-1 produces numerous analogous sequence T to motivate the follow-
ing HCR-2, which concomitantly promotes the assembly of numerous tandem DNA-
zyme biocatalysts on the HCR-2 copolymer backbone. As demonstrated by AFM, 
large amounts of linear dsDNA copolymers are observed for the initiator-triggered 
HCR-1 system (Fig. 19b). As anticipated, micrometer-long dsDNA branches were 
observed after the initiation of CHCR–DNAzyme process with a height of ~ 2 nm. 
By incorporating a flexibly sensing module, this sophisticated CHCR–DNAzyme 
system extends its broad application for miRNAs detection in EVs.

Besides these different DNA hybridization networks, the varied DNAzymes 
could also be integrated for amplified sensing applications. As functional catalytic 
DNA strands, DNAzymes require the involvement of cofactors for executing an effi-
cient biocatalysis and signal transduction. This property could be utilized for sensi-
tively and selectively analyzing their corresponding cofactors by using the different 
DNAzyme or cascade DNAzyme systems. For example, the  Pb2+- or l-histidine-
dependent DNAzyme could be initially applied to activate the assembly of two 

Fig. 18  a Schematic illustration of the HCR–DNAzyme cascade. Inset: AFM characterization of HCR 
copolymer nanowires. b Dynamic fluorescence changes of the HCR–DNAzyme system for detecting tar-
get with different concentrations: a–i for 0, 1 × 10−14, 1 × 10−13, 1 × 10−12, 1 × 10−11, 1 × 10−10, 1 × 10−9, 
4 × 10−8, and 2 × 10−7 M, respectively. Inset: Derived calibration curve. Reprinted with permission from 
Ref. [73]. Copyright 2011 American Chemical Society
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hemin/G-quadruplex HRP-mimicking DNAzyme through the catalyzed disassembly 
of two cooperatively stabilized duplexes (Fig. 20a). Only with their corresponding 
cofactors, the DNAzyme substrate could be cleaved for releasing the hemin/G-quad-
ruplex DNAzyme that enabled the colorimetric or chemiluminescence detection of 
 Pb2+ or l-histidine (Fig. 20b, c) [76]. Here, the compact DNAzyme could be easily 
reconfigured into other metal ions or amino acid-dependent DNAzyme sequences, 
e.g.,  Pb2+–DNAzyme (Fig. 20d), thus providing a universal and facile toolbox for 
more different bioassays.

DNAzymes also show great sensing performance through regenerating 
the target initiator by themselves [77], Fig.  21a. The autocatalytic DNAzyme 
system consists of two caged DNAzyme subunits and an initiator sequence-
containing hairpin, which is functionalized with a F/Q pair in the stem’s ends 
and a ribonucleobase (rA) in the loop. Target DNA induces the assembly of an 

Fig. 19  a Schematic illustration of the cascade HCR–DNAzyme strategy. b AFM images of the HCR-
1-assembled linear dsDNA polymers and c the cascade HCR-assembled branched dsDNA products. 
Reprinted with permission from Ref. [75]. Copyright 2019 American Chemical Society
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inactive DNAzyme to specifically cleave the functional hairpin substrate with 
an enhanced fluorescence readout. Meanwhile, the cleaved fragment contains 
the same sequence of target DNA, thus inducing the initial assembly of DNA-
zymes for capturing and cleaving the substrate. Based on this catabolic replica-
tion method, this isothermal regenerating DNAzyme system realizes a significant 
signal amplification. Here, the RNA-cleaving DNAzyme could be replaced with 
a ligation DNAzyme, resulting in the assembly of an enzyme-free self-replication 
DNAzyme machinery. This cascade ligation DNAzyme was developed for detect-
ing analyte, Fig. 21b [78]. Herein, target DNA hybridizes with the caged DNA-
zyme primer for generating a high fluorescence output and a new catalytic active 
ligation DNAzyme unit. With  Zn2+-cofactor, the ligation DNAzyme catalyzes 
the ligation of two fragments to form a similar strand of target DNA. The newly 
assembled target could be utilized for realizing ultrasensitive target DNA detec-
tion with the catalyzed assembly of more DNAzyme units.

In general, by taking advantage of these different amplification means, various 
integrated isothermal amplification strategies have provided more possibilities for 
realizing the more sensitive and selective detection of different analytes. These 
cascade DNA circuits could be considered as general amplification modules and 

Fig. 20  a Schematic illustration of the cascade DNAzyme-(HRP) DNAzyme circuit for  Pb2+ ions detec-
tion. b Absorbance and c chemiluminescence behaviors of DNAzyme cascade circuit for  Pb2+ ions 
detection: a–f for 0, 1 × 10−8, 1 × 10−7, 5 × 10−7, 1 × 10−6, and 1 × 10−5 M, respectively. Reprinted with 
permission from Ref. [76]. Copyright 2008 Royal Society of Chemistry. d Schematic illustration of the 
cascade DNAzyme-(HRP) DNAzyme circuit with one compact DNA nanoprobe
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further applied to parallelly detect various biomarkers with the help of other 
recognition elements, for example, aptamers [79], methylation [80, 81], uracil-
DNA glycosylase [82], and special recognition sequence, e.g., C–Ag–C [83] or 
T–Hg–T [84] bridge. It is also interesting to develop a parallel analysis for more 
different targets with one cascaded catalytic machinery. In cells, the catalytic cir-
cuitry-based logic gates also contribute to the accurate analysis of more different 
biologically important targets in a complicated environment [85, 86]. The cas-
cade DNA circuits could be applied for stimulating other signal transfer and com-
plex signaling pathways that are involved with selective branching and feedback 
mechanisms, which can facilitate an in-depth and comprehensive understanding 
about the magical nature of living entities.

3  Conclusions and Future Perspectives

This chapter has discussed the different autonomous enzyme-free DNA circuits, 
including, catalytic hairpin assembly (CHA), hybridization chain reaction (HCR), 
catalytic functional nucleic acids (DNAzymes), and the integrated DNA reac-
tion circuits in solution or on different nanoscaffolds (DNA, GOs [87] and AuNPs 
[88]). Based on the Watson–Crick base pairing, these enzyme-free amplification 
techniques have been successfully introduced for imaging intracellular mRNA [89, 
90] or microRNA [91–94], and some interesting works also reported on surface-
confined HCR on cells surface by the specific aptamer recognizing element (e.g., 

Fig. 21  a Scheme of the autocatalytic DNAzyme system based on the catabolic DNAzyme reaction. 
Reprinted with permission from Ref. [77]. Copyright 2011 Wiley–VCH. b Schematic illustration of a 
ligation DNAzyme-mediated replication DNAzyme machinery circuit. Reprinted with permission from 
Ref. [78]. Copyright 2012 American Chemical Society
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sgc8 aptamer binding PTK protein) with tremendously amplified transductions [95, 
96]. Meanwhile, CHA, HCR, and DNAzyme could be integrated into a versatile and 
powerful toolbox with special functions through the cascade reaction format, which 
is especially suitable for isothermal conditions without special enzymes. Moreover, 
most of these circuits have been implemented in serum biological environments 
after a moderate modification of these DNA probes. The integration of DNA circuits 
could achieve improved sensitivity and selectivity for sensing applications in living 
entities. It is expected that these methods can be implemented with multiple sensing 
transductions, and show extensive potential for clinical diagnosis and prognosis.

Despite this progress, several challenges are still ahead of us. It is more appealing 
to realize intracellular analysis and to construct portable devices for POCT-based 
diagnosis, even though some commercial products have emerged. The intracellular 
amplified analyses of mRNA or microRNA are developed and non-nucleic acid bio-
molecules could also be converted into nucleic acid amplification events by intro-
ducing more configurable sensing modules [97]. Yet these systems are still con-
fronted with more challenges, e.g., fragile and easy disturbance by the complicate 
bio-environment despite with relatively high stability. They are vulnerable to non-
specific adsorption and degradation in living animals. Single-layered enzyme-free 
circuits are relatively easy to be delivered into living cells by nanoparticles while 
cascade DNA circuits are more sophisticated with more DNA participants. This 
requires more efficient carriers to protect and transfer DNA primers to target tis-
sues and cells. The specific and targeted delivery of DNA probes also represents a 
great challenge, so that the sophisticate DNA circuits could realize their functions as 
expected. What’s more, all the reactants of DNA circuits need longer sensing dura-
tions. A promising route might be the utilization of intracellular cicerone to deliver 
them so that they can accumulate on a specific bio-compartments in a more efficient 
way. At the same time, some alternative nanomaterials could be introduced to ensure 
the proportional delivery of DNA probes and DNAzyme cofactors for DNAzyme-
involved DNA reaction circuits.

Furthermore, based on the corrected executions of individual pathways, the 
autonomous DNA circuits have more significantly scientific implications far beyond 
biosensing. They might yield new properties and functions for the integration of 
diagnosis and immediate therapy. For example, the conjugation of gene-silencing 
functional DNAzyme with CHA or HCR can construct multiplexed catalytic DNA 
circuits with dual functions of sensing and disease treatment [98]. What’s more, 
short-interfering RNAs are well developed to suppress gene expressions through a 
highly regulated enzyme-mediated process [99]. It is also a promising strategy to 
conjugate autonomous programmed cascade DNA circuits with siRNAs operations. 
In general, there is still much room for autonomous DNA circuits to implement. We 
hope this chapter will provide an overview of the autonomous enzyme-free DNA 
circuits for readers and inspire their interest to develop more strategies and discover-
ies in this interesting research field.
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Abstract
Single-nucleotide variants (SNVs) that are strongly associated with many genetic dis-
eases and tumors are important both biologically and clinically. Detection of SNVs 
holds great potential for disease diagnosis and prognosis. Recent advances in DNA 
nanotechnology have offered numerous principles and strategies amenable to the detec-
tion and quantification of SNVs with high sensitivity, specificity, and programmabil-
ity. In this review, we will focus our discussion on emerging techniques making use of 
DNA strand displacement, a basic building block in dynamic DNA nanotechnology. 
Based on their operation principles, we classify current SNV detection methods into 
three main categories, including strategies using toehold-mediated strand displace-
ment reactions, toehold-exchange reactions, and enzyme-mediated strand displacement 
reactions. These detection methods discriminate SNVs from their wild-type counter-
parts through subtle differences in thermodynamics, kinetics, or response to enzymatic 
manipulation. The remarkable programmability of dynamic DNA nanotechnology also 
allows the predictable design and flexible operation of diverse strand displacement 
probes and/or primers. Here, we offer a systematic survey of current strategies, with an 
emphasis on the molecular mechanisms and their applicability to in vitro diagnostics.

Keywords DNA · Single nucleotide variants · Toehold-mediated strand 
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1 Introduction

A single nucleotide variant (SNV) is a genetic variation in a single nucleotide. 
SNVs occur at a frequency of 1 every 100–300 bases in the human genome, 
which may have important clinical consequences. Genetic SNV at coding regions 
are closely related to the causes of many somatic diseases such as cancer, Alzhei-
mer’s disease, and many others [1–4]. Therefore, disease-related SNVs found in 
the blood circulation, such as circulating tumor DNA (ctDNA) and microRNAs, 
may serve as important disease biomarkers for in  vitro diagnosis, and can be 
used to monitor the development of the disease [5–9]. However, many important 
disease-related nucleic acids only present in trace levels. For example, the abun-
dance of ctDNA was estimated to be only 1% or even 0.01% of the entire circulat-
ing DNA. Discrimination of SNVs in such low abundant nucleic acid markers is 
often challenged by interference from the large excess of wild-type counterparts. 
Therefore, techniques capable of discriminating rare SNVs with high sensitivity 
and specificity in liquid biopsies are highly desired and hold great promise for 
disease diagnosis and prognosis.

Current techniques for analyzing SNVs rely mainly on polymerase chain reac-
tion (PCR) and nucleic acid sequencing [10–13]. However, both techniques are 
challenged by tedious and lengthy operation procedures, the need for expensive 
infrastructure and special expertise, and high error-rate for discriminating SNVs. 
The use of nucleic acid hybridization probes, such as molecular beacons [14, 
15] and Taqman probes [16, 17], have helped improve assay speed and accuracy 
through exquisite Watson–Crick base pairing rules, but are generally difficult to 
design and operate, and extensive experimental validation and optimization are 
required. This is because the thermodynamic difference between a SNV and 
its wild-type counterpart is only a few kcal  mol−1, the discrimination of which 
requires a delicate balance between hybridization yield and sequence selectiv-
ity. Moreover, coexisting nucleic acids with high sequence similarity in liquid 
biopsies are often at concentrations 100–10,000 times higher than those of target 
SNVs. As high sequence interference may further comprise the analytical per-
formance of hybridization probes, alternative strategies that are highly program-
mable and robust are thus urgently needed for the detection of SNVs over high 
abundance interfering sequences in real clinical samples.

Facing these challenges, DNA nanotechnology offers unique solutions for ana-
lyzing SNVs with high sensitivity, specificity, programmability and robustness. 
Specifically, DNA strand displacement reactions mediated by a short sticky end, 
known as the toehold, have shown remarkable tunability at both thermodynamic 
and kinetic levels [18]. As such, in silico sequence design becomes possible for 
generating strand displacement beacons or even more sophisticated strategies 
capable of isolating or enriching rare SNVs. DNA strand displacement can also 
be triggered or controlled using enzymes, which offer several unique mechanisms 
that facilitate signal amplification while maintaining high sequence specificity. 
In this review, we will summarize recent advances in SNV detection techniques 
that harness DNA strand displacement. We will first give a brief introduction of 
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the fundamental basis of varying strand displacement principles, and then discuss 
various SNV detection techniques based on three classes of strand displacement, 
including toehold-mediated DNA strand displacement, toehold-exchange, and 
DNA polymerase-mediated primer extension reaction.

2  Fundamental Basis of DNA Strand Displacement

Strand displacement reactions, such as toehold-mediated strand displacement and 
toehold-exchange, have been used widely as basic building blocks in DNA nano-
technology for the design of reconfigurable structures [19–21], logic gates, [22–26] 
DNA machines, [27–30] and biosensors [31–33] Compared with other nucleic acid 
hybridization probes, such as molecular beacons, strand displacement reactions offer 
much higher design-level and operation-level flexibility. Leveraging strand displace-
ment reactions, diverse DNA nanostructures or devices can be tailored into powerful 
tools to amplify the sensitivity and specificity for the detection of SNVs. Here, we 
will first discuss the fundamental basis of various DNA strand displacement reac-
tions with an emphasis on their potential for SNV analysis. Their applications in 
DNA nanotechnology have been reviewed elsewhere [34, 35].

2.1  Toehold‑Mediated Strand Displacement

Toehold-mediated strand displacement was first introduced by Yurke et al. [36] in 
their seminal work in creating DNA tweezers. As shown in Fig. 1a, toehold-medi-
ated strand displacement between a single-stranded input and a duplex substrate is 
initiated at a short complementary single-stranded domains on the substrate (referred 
to as toeholds), and progresses through a branch migration process that resembles a 
random walk. As more base pairs are formed, the reaction is thermodynamically 
favored. When the hybrid domain is short, the kinetics of strand displacement are 
determined mainly by the length and sequence of the toehold domain. Depending on 
the binding strength of the toehold (length and GC content), the rate constant may 
vary from 1 to 6 × 106 M−1s−1 [22]. When a point mutation occurs at or close to the 
toehold domain, it may significantly alter the kinetics of a strand displacement. Such 
a kinetic difference may be used to design assays that discriminate SNVs from wild-
type counterparts. To guide the design of such assays, the rate of toehold-mediated 
strand displacement reactions in the presence of varying mutations can be predicted 
theoretically using an intuitive energy landscape model (IEL model) established by 
Srinivas and Winfree [37].

Toehold-mediated strand displacement also inspired the development of sev-
eral other types of toehold designs capable of fine-tuning the thermodynamics or 
kinetics of strand displacement reactions. For example, the remote toehold, where a 
spacer is introduced between the toehold domain and branch migration domain, can 
be used to control the kinetics of strand displacement with a higher precision than 
the normal toehold (Fig. 1b) [38]. The allosteric toehold can increase the flexibility 
of regulating strand displacement reactions by splitting the toehold domain and the 
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branch migration domain (Fig. 1c) [39]. Such advanced toehold designs have also 
been adapted to create unique assays for discriminating SNVs [40].

2.2  Toehold‑Exchange

Of all toehold designs, toehold-exchange is one of the most powerful and widely 
used strategies for designing assays and probes that discriminate SNVs (Fig.  1d). 
This reaction, which was first introduced by Zhang et al. [41], involves a reverse toe-
hold introduced into the duplex substrate. By simply tuning the length of the forward 
and reverse toehold, one can control the thermodynamics of the reaction with high 
precision. Moreover, the toehold-exchange principle also effectively decouples the 
thermodynamics and kinetics of the strand displacement, allowing the reaction to 
progress rapidly regardless of the thermodynamics. To better describe the kinetics of 
toehold-exchange, Zhang and Winfree [18] established a three-step reaction model, 
through which the kinetics can be predicted using a flow chart (Fig. 2). For a given 
toehold-exchange reaction, n and m represent the length of the forward and reverse 
toeholds, respectively. The reaction rate constant of this reaction can be determined 
roughly based on the numeric values of n and m. One of the most remarkable appli-
cations of toehold-exchange is to discriminate SNVs through fine-tuning the ther-
modynamics, i.e., the Gibbs free energy, of the reaction, which will be detailed in 
the section on SNV detection using toehold-exchange.

2.3  DNA Polymerase‑Mediated Primer Extension Reaction

Stand displacement may also be triggered through a primer extension reaction medi-
ated by DNA polymerases possessing high displacement activities (Fig.  1e) [42]. 
Enzyme-assisted DNA strand displacement has been used widely for isothermal 
nucleic acid amplification as well as for the development of enzyme-mediated DNA 
machinery. For example, strand displacement amplification that combines enzyme-
assisted DNA strand displacement and a nicking endonuclease has been widely 

Fig. 1  a Schematic of the toehold-mediated strand displacement reaction. Input A hybridizes with the 
complementary toehold of complex X to initiate branching migration, and then A displaces B to form 
a new complex Y [36]. b Schematic of remote toehold-mediated strand displacement. The toehold and 
displacement domains on both the duplex substrate and a single-stranded input strand are separated by 
spacer domains. Bounding of the duplex substrate and the input strand by hybridization of the toehold 
domains is followed by an internal diffusion step, initiating the branch migration reaction by which the 
short strand of the substrate is displaced [38]. c Schematic of allosteric toehold-mediated strand dis-
placement. A short strand R first reacts with CP to form a reaction intermediate CPR, and the invading 
region of R exposes a short segment of C that serves as a secondary toehold to drive the strand-exchange 
between X and CPR to form XC and RP [39]. d Schematic of the toehold exchange reaction. Hybridiza-
tion of the duplex substrate to the input X strand is initiated at the 5′ toehold of the substrate, proceeds 
through a branch migration process, and is completed via the spontaneous dissociation of the 3′ base 
pairs of the substrate to release single-stranded protector Y. The toeholds allow the forward and reverse 
reactions to proceed with fast kinetics [41]. e Schematic of the primer extension reaction mediated by 
DNA polymerases. Conformation of the probe is changed by hybridization of the probe with the tar-
get DNA, and then the target DNA is displaced in the process of the polymerization reaction and then 
hybridized to another probe [42]

▸
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adopted as an isothermal alternative to polymerase chain reactions [43, 44]. Further 
integration of strand displacement amplification with DNA hairpins also led to the 
development of beacon-assisted detection amplification [43]. Enzyme-assisted DNA 
strand displacement has also been incorporated as a signal amplification compo-
nent into various assays for discriminating SNVs [45]. Sequence specificity can be 
achieved through the differential response to enzymes or through the integration of 
well-designed probes, primers, or other strand displacement techniques.

3  Discrimination of SNVs Using Strand Displacement Reactions

DNA strand displacement technology provides numerous tools for SNV detection, 
such as toehold-mediated strand displacement reactions, strand exchange reactions, 
and enzyme-assisted strand displacement reactions. These tools can be used to 
determine the presence or absence of SNV from a thermodynamic and kinetic per-
spective. Disease progression can be monitored by diagnosing the presence and con-
centration of SNV. The practical application of the above-mentioned related tools in 
SNV will be described in detail below.

3.1  SNV Detection Using Toehold‑Mediated Strand Displacement Reaction

Current research on the detection of SNVs based on the strand displacement reac-
tion relies mainly on reaction kinetics to achieve SNV detection [46–48]. When a 
point mutation occurs at, or near, the toehold region, the rate of strand displacement 
reaction is significantly reduced, thereby allowing the mutation to be distinguished 
from the wild type kinetically. Li [49] proposed a new SNV detection method using 
double-stranded probes to identify SNVs, improving the low specificity of direct 

Fig. 2  Predicting the rate of toehold-mediated strand displacement reaction using a flow chart of three-
step reaction model (reprinted with permission from [18])
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hybridization of single-stranded probes. The double-stranded probe overcomes the 
small difference in free energy between the single-stranded probe–wild type and 
the single-stranded probe–SNV direct binding, thereby enhancing the specificity 
of the recognition probe (see Fig. 3a, b). The length of the double-stranded probe 
toehold is also found to have a significant influence on the specificity of SNV rec-
ognition. When the toehold length is 6 or 7 nt, wild type and SNV can exhibit sig-
nificant kinetic reaction rate differences, which is beneficial to the identification of 
SNV. For SNV detection in rare SNVs, Li introduced other double-stranded probes 
corresponding to the non-target SNV to shield from interference of the non-target 
SNV, thereby ensuring specific recognition of the target SNV (see Fig. 3c). Since 
then, SNV detection technology based on toehold-mediated strand displacement has 
mushroomed.

With the rapid development of the application of toehold-mediated strand dis-
placement reaction in SNV detection, researchers were not satisfied with the SNV 
recognition specificity achieved by conventional linear probes. Therefore, how to 
improve the specificity of SNV detection method is now the focus of research. As 
shown in Fig. 4, most researchers studied probe structure with a view to increas-
ing the difficulty of the strand displacement reaction between SNV sequences 
and probes by increasing the thermal stability of the probes, so as to enhance the 
difference in reaction kinetics between wild type and SNV and further improve 
specificity. Y-type [50] and X-type [51] probes are widely favored because 
their thermal stability is much higher than that of linear probes [52]. In addi-
tion to optimization of probe structure, locked-nucleic acid (LNA) can be used 
in strand displacement to improve the specificity of detection methods because 

Fig. 3  a Labeling scheme for comparing double-stranded probe with linear probes. b Comparison of 
reaction kinetics of double-stranded probe with linear probes with matched and mismatched targets. 
While linear probes react equally with matched (solid line) and mismatched (dotted line) targets, double-
stranded probes react well with matched (dashed line) but not with mismatched (dot-dash line) targets. 
c Dependence of the reaction rate on the difference in length between the long and short strands in the 
presence of the perfectly match (solid circle) and the single mismatch oligonucleotide (open circle) [49]
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of its function in amplifying the destabilization of mutations in double-stranded 
DNA. LNA contains a methylene linkage between the 2′-O atom and 4′-C atom 
of the ribose ring [53, 54], leading to restricted ribose conformations, resulting in 
a higher melting temperature of double-stranded with LNA [55, 56]. Therefore, 
the affinity between wild type and probe, and the repulsion between SNV and 
probe, can both be enhanced by replacing natural nucleotides with LNA at muta-
tion sites. As a result, the reaction efficiency of the probe with the wild type was 
improved, while that with SNV was weakened, so as to expand the kinetic differ-
ence and enhance the specificity.

Fig. 4  Application of the double-stranded probe (a) [53], Y probe (b) [51], and (c) X-probe in single 
nucleotide variant (SNV) recognition [52]
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Typical toehold-mediated strand displacement reaction is limited by the toehold 
length of the hybridization probe. The toehold strand displacement rates of wild 
type and SNV are not much different when the toehold length is too long, result-
ing in poor recognition specificity. Therefore, Li et al. [57] proposed the one-sided 
remote toehold design based on a toehold-mediated strand displacement and internal 
diffusion driven branch migration mechanism [38] (Fig. 5a). In this design, a spacer 
region was added between the toehold and branch migration regions to introduce the 
internal diffusion step. In this way, one-sided remote toehold strategy increases the 
energy threshold of the strand displacement reaction to increase the difficulty of the 
reaction. By increasing the spacer length, the rate of the SNV reaction can be greatly 
reduced, while that of the complementary reaction changes little, thereby increasing 
the kinetic difference and the detection specificity.

A single binding event resulting from a single target binding domain of the 
probe may cause only small thermodynamic constraints for SNV. Compared with 
the overall reaction thermodynamics, this constraint has little effect on the reaction 
results of wild type and SNV, resulting in poor recognition specificity. Therefore, 
Liu et al. [58] increased thermodynamic limitations by designing probes with two 

Fig. 5  a Schematic diagram of SNV discrimination based on the one-sided remote toehold-mediated 
strand displacement reaction response. Reprinted with permission from [57]. b Schematic diagram of 
SNV discrimination method based on cooperativity system (Reprinted with permission from [58])
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target binding domains (as shown in Fig. 5b). Liu et al. [58] achieved the diagnosis 
of KRAS-G12D mutations by combining this design with PCR amplification. In this 
design, the SR double-stranded probe reacts with the target to achieve two binding 
events with synergistic effects [59, 60]. If the target contains SNV, two mismatched 
bubbles will be generated during the reaction, increasing the thermodynamic con-
straints. Thermodynamically, the probe with the double toehold has higher ther-
modynamic constraints, resulting in increased specificity. The system can also be 
combined with an isolation system to develop a highly specific dual discrimination 
strategy.

In addition to these tools, a framework nucleic acid (FNA) acting as a detec-
tion platform is also an important method to increase sensitivity and specificity. 
The probe-based FNA not only spatially segregates neighboring probes avoiding 
molecular entanglements but also molecular diffusion and convection is expected 
to be faster than at smooth macroscopic sites, which improves sensitivity of sen-
sors greatly [61]. Zhang et  al. [62] combined FNA with a DNA strand displace-
ment reaction to develop a sensing platform for detecting SNPs. The probe marker 
with streptavidin captures the target nucleic acid by a strand displacement reaction, 
and, if a SNP is present, the process is aborted (Fig. 6a) [62]. Seeman et  al. [63] 
also developed a DNA origami chip for SNP genotyping. This rectangular DNA tile 
harbors a pattern of alphabetic characters representing the four nucleotides (i.e., A, 
T, G, and C) that enable AFM imaging with a symbolic display. In the presence 
of complementary sequences, the corresponding probe can trigger DNA strand dis-
placement and remove the symbolic character while other toehold-based migrations 
would be inhibited by a single-base mismatch (Fig. 6b).

Moreover, a defect of the toehold-mediated strand displacement reaction method 
is that it can judge only whether nucleic acids have a mutation, but not mutation 
location. To solve this problem, Liu et al. [39] proposed using the logic judgment 
function of DNA logic circuit to identify the location of SNV. As shown in Fig. 7a, 
The 4-to-2 encoder was constructed based on the allosteric toehold-mediated strand 
displacement reaction, which can be used to specifically determine SNVs and 
their positions [64]. There are two recognition elements in the encoder, B-C and 
G-L, which distinguish mutations of region 1* and 2* and region 2* and 3* of the 
sequence, respectively. After the SNV sequence is recognized by the circuit, the 
encoder will output different signal combinations according to the region where the 
SNV site is located. As Fig. 7b shows, when the first number is 1, the analyte has no 
SNV in domains 1* and 3*. When the second number is 1, the analyte has no SNV 
in domains 3* and 2*. Thus, SNV sites can be located precisely in an exact domain. 
Although this circuit is a useful SNV recognition circuit, it has some limitations in 
the recognition of rare SNVs. Therefore, the circuit is hopefully cascaded with the 
amplification circuit to achieve a lower detection limit.

3.2  SNV Detection Using Toehold‑Exchange

Although the toehold-mediated displacement reaction can be used to differentiate 
SNVs, it suffers from the limitation that the SNV needs to be in the vicinity of the 
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toehold area. This strand displacement reaction also shows poor performance on 
SNVs that are very close in thermodynamic energy to the wild type. These limita-
tions can be overcome by probes operated using toehold-exchange principles [65]. 
The reversible nature of toehold-exchange makes it very sensitive to subtle changes 
in thermodynamic difference caused by SNVs. Reaction yield and discrimination 
factors (DFs) can be predicted accurately and tuned by altering the lengths of the 
forward and reverse toeholds. It is also possible to further improve the specificity 
for discriminating rare SNVs by introducing competitive “sink” probes [66]. This 
“sink” strategy takes advantage of both kinetics and thermodynamics to enhance 
hybridization specificity, making it possible to detect a minute amount of SNVs with 
a large excess of wild-type interference. Zhang et al. [65] achieved in vitro diagnosis 
of mutant nucleic acids such as EGFR-L858R by this strategy with a large excess of 
wild-type interference.

The fundamental basis of discriminating SNVs using toehold-exchange was first 
established by Zhang and colleagues in 2012 (Fig. 8) [65]. The standard Gibbs free 
energy (ΔG°) of a toehold-exchange reaction between an input X and duplex CP was 
found to be tunable by altering the length of the forward and reverse toehold. When 
ΔG° is highly negative, this reaction has a high reaction yield but low sequence 
specificity (DF is close to 1). However, when ΔG° is tuned to be near 0, the reac-
tion yield approaches 50% and the DF increases dramatically. Hybridization probes 
making use of toehold exchange were also found to be highly robust, and resistant 
to changes in assays conditions such as buffer saline and temperature. In addition to 
toehold length, it is also possible to further fine-tune the toehold-exchange through 
auxiliary probes such as the protector probe (P) in Fig. 8. Because thermodynamic 
parameters of toehold-exchange probes are readily available, it is possible to achieve 
the in silico design of such probes without the need for experimental optimization. 
Such simulation-guided designs and operations of toehold-exchange probes make 
them highly attractive for practical application in SNV analyses. Zhang et al. [65] 
detected the let 7 g and other SNV nucleic acids through this design.

One inherent restriction of typical toehold exchange reaction is that the hybrid-
ization probes can only recognize single-stranded targets with mutations sites. 
Therefore, Zhang et al. further expanded the target to double-stranded nucleic acids 
through the development of an X-probe (Fig. 9) [67]. In this design, two different 
toeholds are created at the same end of each complementary strand in a duplex. 
Upon binding with the probe, a quadruplex DNA structure will be formed. If the 
target contained a base pair of SNVs, two mismatch bubbles will be generated in 
the produced duplexes. Thermodynamically, SNVs in the double-toehold exchange 
reaction are less favorable than that in a single-toehold counterpart, resulting in the 
enhancement in specificity.

Despite excellent performance for discriminating SNVs using toehold-exchange, 
it remains analytically challenging to detect rare SNVs in the presence of a large 
excess of somatic nucleic acids. To address the need for discriminating rare muta-
tions, Zhang et al. [66] introduced a “sink” strategy, which dramatically improved 
the specificity of toehold-exchange probes. Because of the complexity in the reac-
tion network, they built a model to simulate and predict the yield and DF distribu-
tion as a function of probe and sink reaction free energy. The basic principle is to 
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reduce the reaction potential between unexpected spurious targets and signal-gener-
ating probes by splitting the target-probe hybridization process. The perfect match 
target-probe pairs have faster kinetics than that with a SNV mismatch. Therefore, 
unwanted wild-type target will be annihilated by the sink instead of competing the 
SNV target to generate a signal. Seelig et al. [68] further improve the sensitivity of 
the Sink design by introducing two fuel strands (Fig. 10). Using this strategy, both 
the sensitivity and specificity can be enhanced. In addition to linear probes, DNA 
hairpins may also be used as competitive “sink” probes to enhance the sequence 

Fig. 10  Using an engineered two step sink and catalytic probe, SNVs in any position of the input can 
be reliably identified. a Two-step reaction mechanism. The first reaction step is a reversible toehold 
exchange reaction between the input strand (I) and the waste strand (W1). In the second step, an auxiliary 
helper molecule (H) competes with W1 for binding to the magenta toeholds. Binding of H makes the 
overall reaction irreversible. b An amplification probe mechanism. Binding of the input strand is revers-
ible, exactly as for the two step probe. In the second reaction step, the longer helper (or fuel) sequence 
hybridizes to the bottom strand using the pink toehold and displaces not only the waste strand W2 but 
also the input irreversibly. After the input is released, it can react with another probe to initiate the 
next catalytic cycle. c An amplification circuit with a competitive two-step sink exhibits dramatically 
increased specificity and sensitivity for SNVs (reprinted with permission from [68])
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specificity [69]. For example, Liu and coworkers combined hairpin competitor and 
asymmetric PCR amplification with in vitro diagnostics. Eventually, they success-
fully detected mutant nucleic acids (KRAS-G12D) with only 0.2% abundance [58] 
(Fig. 11).

When discriminating SNVs using toehold-exchange reaction, a tradeoff between 
assay sensitivity and specificity often occurs. Integration of toehold-exchange 
probes with nucleic acid amplification can help address this intrinsic trade-off. PCR 
and isothermal nucleic acid amplification was often used to pre-amplify the target 
sequence before the SNV analysis. It is also possible to amplify the detection signal 
during toehold-exchange process by introducing catalytic DNA circuits. Recently, Li 
and coworkers [70] explored the possibility of post-SNV-recognition amplification 
through the integration of toehold-exchange with a three-dimensional (3D) DNA 
nanomachine (Fig. 12). The 3D DNA nanomachine was designed by co-conjugat-
ing a toehold exchange probe with hundreds of signal reporters on a single gold 
nanoparticle. In the presence of the target, the nanomachine was activated through 
toehold-exchange and then cleaved signal reporters processive through nicking rec-
ognition and cleavage. As a result, each target could trigger the release of hundreds 
of fluorogenic signal reporters and the signal could thus be amplified by over 100 
times. This strategy was shown to be fully compatible with toehold-exchange, allow-
ing simulation-guided sequence designs and high sequence specificity. In addition 
to enzyme-powered DNA nanomachine, signal amplifications can also be achieved 
through enzyme-free strand displacement networks, which will be detailed in the 
next section.

3.3  Amplified SNV Detection Using Enzyme‑Free Strand Displacement Networks

An enzyme-free strand displacement network [71] is often used in conjunction 
with strand displacement probes to amplify detection signals to address the trade-
off in sensitivity and specificity [40, 72, 73]. The target can be used as a promoter 
for the amplification network or recognized by a recognition mechanism to induce 
an amplification mechanism. Both can amplify the target signal and distinguish it 
from SNV. For example, catalytic hairpin assembly (CHA), as an isothermal and 
enzyme-free signal amplification DNA network, plays an important role in recog-
nition of SNV due to its remarkable inhibition of catalytic activity in the catalytic 
strand [74]. As shown in Fig. 13a, in the early stage of the reaction, the wild type 
as the catalytic strand undergo a CHA reaction, rapidly amplifying the signal in a 
short time, and expanding the signal difference with the SNV, thereby increasing DF 
[71]. Signal amplification can be achieved through target recycling. Similarly, Chen 
et al. [73] also achieved signal amplification by re-releasing the target into the DNA 
tetrahedron, which was based on FNA, thereby achieving an increase in specific-
ity and sensitivity (as shown in Fig. 13b). The recognition probe modified on the 
tetrahedron limits the freedom of single-stranded DNA, providing a rigid platform 
to facilitate the strand displacement amplification process. In addition to the reuse 
of targets on an amplification network, mass amplification has also been used as a 
novel amplification method (Fig. 13c). In this design, only wild type can be captured 
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by probes modified on the quartz crystal microbalance to assemble dendrimer nano-
structures, increasing mass and changing the signal frequency shift response [75]. 
Among them, Streptavidin’s special four binding sites allow one DNA1-SA to bind 
to three DNA2-SAs, and one DNA2-SA can be binded to three DNA1-SAs, so the 
probe mass is increasing violently, achieving amplification. Furthermore, the com-
plementary target signal is significantly amplified and the SNV signal does not, 
which result in significant kinetic signal differences and increases DF. The use of 
this enzyme-free strand displacement amplification network can improve the sen-
sitivity and specificity of the recognition technology, which has broad application 
prospects in SNV applications.

3.4  SNV Detection Using DNA Polymerase‑Mediated Primer Extension Reaction

DNA polymerase-mediated primer extension reaction can be used as a signal ampli-
fication component or as a terminal mutation recognition component, which plays 
an important role in SNV detection [45, 76–78]. The reaction was originally pro-
posed by Guo et  al. [42] and the relevant principles were clarified in 2009. DNA 
polymerase-mediated primer extension reaction is divided into four steps. Steps 1 
and 2 are commonly used for SNV detection. As shown in Fig. 14a, when the target 
is identified based on step 1, the wild-type DNA can fold the hairpin and the sig-
nal cannot be recovered [44]. The mutant DNA can unfold the hairpin to initiate an 
enzyme-assisted strand-displacement reaction, which in turn releases the target and 
reuses it for signal amplification. Based on isothermal strand-displacement polymer-
ase reactions, Liu et al. [45] realized the detection of mutations R156H and R156C 
which will be causing epidermolytic hyperkeratosis (EHK). This further extends the 
signal difference between the SNV and the target. When the SNV is identified based 
on the step 2, the target to be tested is usually set as a primer (Fig. 14b). At this time, 
a polymerase such as Klenow enzyme functions. Such enzymes have the 5′ → 3′ pol-
ymerase activity and 3′ → 5′ exonuclease activity of normal polymerases, but lack 
the 5′ → 3′ exonuclease activity of intact polymerase. This means that such enzymes 
cannot cleave mutant bases when they encounter an SNV site during polymeriza-
tion, so that polymerization still occurs but the reaction rate becomes extremely 
slow, forming a significant kinetic difference with the complementary target [79]. 
This special property makes the detection of terminal mutations feasible. In addi-
tion, the polymerase-assisted strand displacement reaction can also form a two-step 
recognition mechanism with the toehold exchange reaction, which has high speci-
ficity recognition and can achieve low abundance detection as low as 0.3% within 
5 min (Fig. 14c). In this system, DNA polymerase-mediated primer extension reac-
tion calibrates the products of the first-order discrimination reaction and determines 
whether to continue the reaction [80]. Since the products of the first-order discrimi-
nation reaction of the non-target nucleic acid are not completely complementary, 
when the reaction proceeds, it is terminated by incomplete matching. This mech-
anism allows SNV to cause significant deviations in conversion rates and achieve 
high specificity for low abundance detection. Zhao et  al. [77] detected mutant 
nucleic acids (BRAF V600E) with only 1% abundance using this mechanism.
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3.5  The performance evaluation index of SNV detection method

Specificity and sensitivity are commonly used as indicators of detection in SNV 
detection. Sensitivity, or detection limit, refers to the lowest analytical concentra-
tion detectable by the detection system. Specificity is usually assessed using the DF, 
indicating the discrimination degree of the method against false targets. The calcula-
tion formula of specificity and sensitivity is as follows: [66] 

where T and N represent the target and non-target molecules, respectively. � is the 
hybridization yield. [T]0 and [N]0 represent the initial concentration of T and N mol-
ecules, respectively. [T ⋅ Probe] and [N ⋅ Probe] represent the product concentration 
of T and N molecules reaction, respectively. ΔF is the net increment of the signal.

The literature recognizing mutation based on strand displacement reactions and 
explicitly calculated DF values is listed in Table 1.

Although the DF index can be applied to most scenarios, there is an error in the 
evaluation of DF in actual sample detection. Because the SNV target usually has a 
low abundance, the tradeoff between sensitivity and specificity becomes extremely 

Specificity (DF) =
�T

�N

≅

[T⋅Probe]

[T]0

[N⋅Probe]

[N]0

or DF =
�T

�N

≅
ΔF

T

ΔF
N

,

Sensitivity(yield) =
[T ⋅ Probe]

[T]0

Table 1  Discrimination factor (DF) values of different mutation identification methods

Discrimination format Discrimination factor (DF) Reference

Toehold-mediated strand displacement
 Quartz crystal microbalance biosensor based on toehold 

mediated strand displacement reaction
63 (G > C substitution) [46]

 Amplified quartz crystal microbalance platform 17–72 (3 SNVs) [75]
 Competition and catalytic amplification 23 (A > G substitution) [68]
 Combining cooperativity with sequestration 67–618, median = 194 (12 SNVs) [58]

DNA polymerases mediated primer extension reaction
 The droplet-based microfluidic platform 100–550 [79]

Toehold exchange mediated strand displacement
 Competitive and amplification assisted by exonuclease 

III
33–44 [81]

 Energy driven cascade recognition 45–109, median = 70 (6 SNVs) [82]
 A branch-migration based fluorescent probe 89–311 [80]
 Enzyme-powered 3D DNA nanomachine 7–26, median = 12 (9 SNVs) [70]
 Conditionally fluorescent molecular probes Median = 43 [67]
 Simulation-guided DNA probe and sink design Median β = 890c (44 SNVs) [66]
 Optimizing the specificity of nucleic acid hybridization 3–100, median = 26 [65]
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significant. In order to solve this problem, Zhang et al. [66] introduced a new metric, 
the normalized multiple change β, mathematically expressed as:

Variant allele frequency (VAF) is defined as the VAF ≅
[T]0

[N]0
.

This equation also takes into account the influence of the background, which is 
a constant, representing a collection of all sources of unavoidable detection signals 
(e.g., detector dark current, autofluorescence, ambient noise, etc.). It is worth not-
ing that when the background is equal to 0, β is the same as DF, so β explains the 
specificity. When the background is positive, the minimum signal required for the 
detection mechanism increases, resulting in an increase in detection limit, a decrease 
in sensitivity, and a decrease in β value. Therefore, the β value also explains the 
sensitivity. Since it can explain the specificity and the sensitivity, the β value has a 
more accurate and comprehensive evaluation index than the DF value in the detec-
tion environment of the low abundance target.

As shown in Fig.  15, Zhang et  al. [66] used X-probes to detect SNV. When 
VAF = 1%, the mutant nucleic acid EGFR L858R was low in abundance. In 
this case, the background signal is not negligible. In this system, β = 145 when 
VAF = 1%. Further, they proposed using a competitor to detect SNV to improve the 
specificity of the detection method. When VAF = 1%, β = 560, when VAF = 0.1%, 
β = 2420; when VAF = 0.01%, β = 5460. In the lower VAF experiments, the β value 
is higher because of the relatively small contribution of background fluorescence. In 
addition, the β value takes into account the non-target signal interference under low 
abundance conditions, and can more accurately judge the specificity of the method.

4  Conclusion and Prospects

Techniques that can detect SNVs with high specificity and high sensitivity are of 
great value for both fundamental research and clinical applications. Recent advances 
in DNA strand displacement provide ever finer tools to develop sensitive methods 
for SNV detection. In this review, we highlighted different strand displacement tech-
niques that are universal and can be generalized to most nucleic acid targets of inter-
est. Therefore, they hold great application potential. These techniques generally rely 
on the specificity of Waston–Crick complementary base pairing, and each strategy 
has its own advantages and disadvantages. For SNV detection based on toehold-
mediated strand displacement reaction, the discrimination factor based on the initial 
data response rate detection mode is much higher than that based on the maximum 
strength detection mode. Moreover, the method is sensitive only to mutations occur-
ring in and near the toehold region, and is insensitive to SNVs that are far away 
from the toehold. For SNV detection based on toehold exchange, it can specifically 
identify SNV in any region but with the disadvantage of low hybridization yield 
and long reaction time. The DNA polymerase-mediated primer extension reaction 
is involved in recognition of SNV as an amplification component or as a sensitive 

� ≅
(T ⋅ Probe)∕VAF

background + (N ⋅ Probe)
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detection method for the 3′-end mutation, supplementing the defect of terminal 
mutation detection.

To further expand the ultrasensitive SNV detection techniques for actual samples, 
several challenges remain to be addressed. First, it is known that mutant nucleic 
acids in an actual sample are low-abundance, and samples usually contains a large 
number of highly homologous sequences. Thus, methods with high selectivity and 
high specificity are desirable. Priority enrichment methods have been developed 
to increase the collision probability between the probe and the target to increase 
specificity. Or, through competitive separation strategies, unexpected reactions in 
the mixture can be eliminated, ensuring probe selection and improved recognition 
specificity. These methods are designed to ensure the probe prefers to react with tar-
get, thereby increasing specificity and selectivity. Second, many analytical methods 

Fig. 15  a SNV detection based on X probe. b Competitive composition here consists of a target-specific 
X-Probe and a WT-specific Sink, with near-optimal ΔG° rxn values (kcal  mol−1). c Different variant 
allele frequencies (VAF) of the target [66]
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require the design of an equal number of probes to identify multiple different SNVs, 
which results in unnecessary manual checks and increased system complexity. 
Therefore, DNA logic circuits are very promising in the application of multiple 
SNVs identification. Third, the combination of multiple strategies is a good solu-
tion when conventional detection methods fail to provide the required performance. 
For example, more SNV recognition strategies in series can obtain high specificity. 
The combination of recognition strategy and amplification strategy can address the 
trade-offs of specificity and sensitivity. Towards these challenges, we anticipate that 
the unique properties of DNA strand displacement techniques will be continuously 
explored, generating powerful analytical tools for nucleic acid analysis and clinical 
diagnosis in the near future.
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