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As an important genetic material for life, DNA has been investigated widely in recent years, especially in
interdisciplinary fields crossing nanomaterials and biomedical applications. It plays an important role
because of its extraordinary molecular recognition capability and novel conformational polymorphism.
DNA is also a powerful and versatile building block for the fabrication of nanostructures and

nanodevices. Such DNA-based nanomaterials have also been successfully applied in various aspects
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Accepted 7th May 2019 ranging from biosensors to biomedicine and special logic gates, as well as in emerging molecular
nanomachines. In this present mini-review, we briefly overview the recent progress in these fields.

DOI: 10.1039/c9ra01261c Furthermore, some challenges are also discussed in the conclusions and perspectives section, which
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1 Introduction

Deoxyribonucleic acid (DNA) is a biological molecule that
consists of various base pairs for storage and propagation of
genetic information. At the same time, DNA has also become
a powerful and versatile functional material in nanotechnology
and in biomedical applications, which benefit from its exciting
physicochemical properties. Apart from the classic right-
handed B-form double helix DNA,* other DNA structures, such
as the A-/Z- form and triplex, G-quadruplex and i-motif DNA etc.,
were developed later and have been widely applied.” In addition,
the more complicated conformational polymorphism DNA
structures (e.g. DNA origami) have also been used and assem-
bled in DNA nanotechnology. These functional nanostructures
can be considered as templates or scaffolds for biomedical
applications with novel functions.® Furthermore, a great deal of
DNA based biocomputing applications have been developed,
which cannot be ignored within the rapid growth of DNA
nanotechnology.

In this mini-review, we mainly focus on the role of DNA in
biosensors, disease diagnostics and in therapeutic applications.
Furthermore, we summarize the strategies of DNA nano-
structures applied in logic gates and biocomputing, as well as in
molecular nanomachines. We hope that this review will provide
useful information towards broader scientific interests in DNA
nano-biomedical/biocomputing applications.

“Materials Genome Institute, Shanghai University, Shanghai 200444, China. E-mail:
lingyanfeng@t.shu.edu.cn

*Department of Chemistry, College of Science, Shanghai University, Shanghai 200444,
China

T These authors contributed equally.

This journal is © The Royal Society of Chemistry 2019

aims to stimulate broader scientific interest in DNA nanotechnology and its biomedical applications.

2 DNA biosensors

Biosensors are a class of analytical devices that have biological
sensing elements, which convert a biological response into an
analytically useful signal via a physicochemical transducer.
DNA biosensors have been widely applied in biological fields,
environment monitoring and in the food safety industry. DNA
plays an important role in the design and application of
a biosensor, including as a target,* a recognition motif,” a staple
strand for linking®” and as a signal report probe etc.*® DNA-
based biosensors have gained significant achievements over
the past decades.” In this section, electrochemical and fluo-
rescent DNA biosensors will be first introduced according to
their signal readout, and recent publications of DNA-based
biosensors will be mainly summarized, particularly with
respect to heavy metal ions, cancer biomedicine, and pathogen
detections.

A typical electrochemical DNA-based (E-DNA) sensing plat-
form generally involves a redox-labelled single strand DNA
(ssDNA) probe immobilized on an electrode surface.' Then the
target-binding event will induce a change in the DNA struc-
ture,” which has been proven to be rapid, sensitive, and
reagentless.” Aptamer, as a new kind of selected DNA/RNA, has
been widely employed to construct electrochemical/optical
sensors with a highly specific binding ability."* In addition,
some novel nanomaterials, such as CdSe quantum dots, are
labelled on the DNA signal strand as probes to realize signal
amplification.”™ To enhance the performance of electrochemical
DNA sensors, Plaxco's group has systematically investigated the
influence of different electrode surface modifications for
favourable performances.'®'” By adopting two labelled probes
(e.g. methylene blue, MB, and anthraquinone, AQ) with

RSC Aadv., 2019, 9, 16479-16491 | 16479


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01261c&domain=pdf&date_stamp=2019-05-27
http://orcid.org/0000-0001-9817-8680
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01261c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009029

Open Access Article. Published on 28 May 2019. Downloaded on 10/19/2025 3:55:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Advances

distinguishable electroactive potentials, a dual-reporter
approach greatly eliminates E-AB baseline drift, even in flow-
ing, undiluted whole blood (Fig. 1A).** MB, AQ and ferrocene
(Fc) are widely used electroactive probes in E-DNA sensors with
stable redox signal readouts. Fan et al. developed a series of
works using the tetrahedral structure of DNA to construct E-
DNA biosensors. In such DNA nanostructures, rigid branched
DNA motifs could be obtained through complementary base
pairing, and then further assembled into discrete finite objects.
In order to investigate the DNA-mediated charge transport (CT)
method, they modified the redox probes at different positions
on the 3D tetrahedral DNA. CT rate measurements provided
unambiguous evidence that the intercalative MB undergoes
efficient mediated CT over longer distances along the duplex,
whereas the non-intercalative Fc probe tunnels electrons
through the space. Furthermore, ultrasensitive microRNA
detection has also been realized by combining the tetrahedral
DNA nanostructure and hybridization chain reaction amplifi-
cation (Fig. 1B).*®

Another typical DNA self-assembled nanostructure, DNA
origami, has also been successfully applied in biosensing, smart
drug delivery, enzyme cascades and in analysis platforms, etc.
Very recently, Hemmig et al. explored the potential applications
of DNA origami nanotechnology in novel optical voltage sensing
nanodevices. The voltage responsive DNA origami structures
were labelled with a single pair of fluorescent dyes and were
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Fig.1 (A) Electrochemical aptamer-based sensors with dual-reporter
drift correction. (B) 3D tetrahedral DNA scaffold and hybridization
chain reaction for electrochemical miRNA detection. These figures
have been adapted from ref. 18 and 19, with permission from the
American Chemical Society.
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immobilized on a nanocapillary tip. Upon application of an
electric field, controlled structural changes could be obtained.
This novel proof-of-concept sensing mechanism opens up a new
pathway for determining the mechanical properties of DNA
origami, enabling potential application in voltage sensors.>* 3D
origami structures are stable enough to resist deformation in
harsh environments, making them suitable for potential
application in in vivo biosensing.

Fluorescence detection demonstrates an immediate
response and real time detection with high sensitivity and
minimal sample consumption properties. Natural state DNA is
usually non-fluorescent, so fluorescent DNA biosensors always
employ an external fluorophore.”® With the application of
a labelled probe, various fluorescent DNA biosensors have been
constructed. Carboxyfluorescein (FAM) and other fluorescent
dyes are commonly used to functionalize DNA and are
quenched by the complementary strand labelled with
a quenching group.”>*

In addition, a very common and effective approach is to
introduce novel nanomaterials (gold and silver nanoclusters,
carbon dots (CD) and graphene dots) into fluorescent biosen-
sors.”*?*® Due to their adsorption of DNA with appropriate
affinity and the ability to quench different types of fluorophores,
graphene-based nanomaterials can act as unique platforms for
fluorescence sensing.”” Luo et al. demonstrated that different
DNA conformations have distinguishable affinities for GO, and
this can be used for pH detection.?® Biosensors with novel DNA
structures have been developed, along with multi-stranded DNA
structures. Triplex DNA is easily formed from a duplex and
a third strand via Hoogsteen or reverse Hoogsteen hydrogen
base pairing. TA.T and CG.C" are two typical Hoogsteen bonds
and are commonly utilized for sensor design. Two labelled DNA
probes contain a certain amount of TAT under acidic condi-
tions, and the probes fold into triplex DNA structures, which are
not absorbed onto the GO surface and so retain strong fluo-
rescence. In contrast, under alkaline conditions the probes
contain a single stranded tail, which can be absorbed onto the
GO, and so substantially quenching the fluorescence (Fig. 2).

50% TAT  80% TAT

S0%TAT 80% TAT

50% TAT  80% TAT

Fig.2 pH detection by applying the different conformations of a DNA
duplex and triplex and their varying affinities to the GO surface. This
figure has been adapted from ref. 28, with permission from the Royal
Society of Chemistry.
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A sensitive signal readout strategy has made great contri-
bution to the application of DNA biosensors for various targets,
including heavy metal ions, toxins, pathogens, as well as in
cancer biomarkers. Metal ion detection is a typical application
in DNA based biosensors. Many heavy metal ions are harmful
when a certain threshold is exceeded, leading to a great risk to
human health and to the environment.?*** However, traditional
detection methods severely limit the on-site and real-time
detections.**** The interaction between DNA and the metal
ions is vital for sensitive sensor design. Based on the confor-
mation transition of the DNA, highly sensitive DNA biosensors
have been designed.**?*® Furthermore, nanomaterials such as
polymers, quantum dots and noble metal nanoclusters, can be
modified onto the electrode to improve DNA biosensor perfor-
mances. Recently, CdSe@CdS quantum dot core-shell nano-
particles were labelled on hemin/G-quadruplex DNA to detect
Pb**. CDs and GO modified DNA fluorescent biosensors were
designed for Hg”>* detection by forming a T-Hg>*-T duplex,*”*®
and Ag" was detected based on a similar mechanism involving
C-Ag'-C formation.” There are also artificial bases reported to
form stabilized pairs with Cu®".***2 In order to solve the jonic
strength dependent problem of DNA-based sensors, Liu* et al.
used 2-aminopurine with high robust fluorescent signalling to
label DNA homopolymers for Hg>" and Ag" detections. To date,
K*,# Mg?*,#8-5° Zn?* 5153 Co®* > Mn**,**5 and Cd*" metal-ion
dependent DNA biosensors have been obtained through
combinatorial selection and rational design of DNA structures,
and these biosensors have been applied further in real-time
environmental monitoring and for on-site medical diagnostics.

Furthermore, DNA-based biosensors have also been devel-
oped for carcinogen and antibiotic detection in food safety. A
series of sensitive aptamer-based biosensors were reported to
detect aflatoxin B1 (AFB1) using quadruplex DNA on a gold
electrode or by cy5-modified DNA probes with electrochemical
and fluorescent readouts.***” Liu et al.*® detected microcystin-
LR via a multiple amplified enzyme-free electrochemical
immunosensor, in which SiO,@MSN-functionalized DNAzyme
concatemers load hemin and MB as a mimic enzyme. In addi-
tion, the quantitative detection of streptomycin residues in
blood serum, milk and animal derived foods has been reported
based on aptamer-complimentary strand conjugates and fluo-
rescence quenching by gold nanoparticles (AuNPs).*>*® Another
important antibiotic in food safety and clinical diagnosis,
kanamycin, has also been detected by a fluorescent aptasensor
based on the catalytic recycling activity of exonuclease and
AuNPs.**

Most importantly, DNA biosensors have made a great
contribution to the early diagnosis and efficient therapy of
various diseases. By combining different nanomaterials, such
as silver nanoclusters, and gold nanorods, sensitive fluores-
cence sensors were used for human immunodeficiency virus
(HIV) and hepatitis B virus (HBV) detections through the
hybridization =~ chain  reaction  (HCR).***  Different
electrochemical/fluorescent DNA sensors have been designed
for cancer biomarker detection, involving typical miRNAs,
prostate specific antigen (PSA),** and carcinoembryonic antigen
(CEA).** For example, ECL biosensors were constructed for
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cancer relevant DNA/miRNA detection via programmable DNA
cyclic amplification.®**® A dual-mode AuNPs@MoS, electro-
chemical sensor was also constructed for miRNA-21 detection.®
In addition, the fluorescent DNA-AgNCs biosensor with a cell-
specific internalization aptamer could be internalized into
tumor cells specifically, realizing multiple tumor-related miRNA
detections and imaging.” The activity of human intracellular
telomerase is an important biomarker in primary human
tumors for early clinical diagnosis. With high intracellular
stability, biocompatibility and good specificity, a silver pyramid
probe-based biosensor detecting telomerase activity in situ in
living cells has been reported.” A porphyrin-functionalized
graphene ECL technique has also been constructed for label-
free ultrasensitive telomerase activity detection, according to
the amount of DNA loading on the electrode surface.”” Our
group has also demonstrated an electrochemically triggered
click reaction strategy for an aptamer-based biosensor that
effectively detected VEGF,65, which is another important
biomarker in cancer and neuron diseases.”

In addition, the non-invasive or minimally-invasive nuclear
imaging detections were usually employed to specifically iden-
tify diseased tissues at the molecular level, and they play critical
roles in biomedical research.”*”® For example, fluorescence
labelled DNA nanostructures with high biocompatibility and
flexibility were designed to perform sentinel lymph node
imaging’””® and dual modality targeted imaging detections in
cancer cells.” In order to enhance the imaging detection
quality, AuNRs were also assembled on the surface of the DNA
origami structure, along with an in vivo photothermal therapy
function at the same time.*

3 Biomedical therapies using DNA
nanotechnology

Cancer is a leading cause of death worldwide. At present,
chemotherapy,*** radiotherapy® and immunotherapy are three
important therapeutic strategies, but they are also subject to
many challenges. Numerous efforts have been made for more
effective therapies. In recent years, the emergence of molecular
medicine based on DNA nanotechnology has attracted
tremendous interest. In this section, the recent research prog-
resses in chemotherapy and immunotherapy involving DNA
nanostructures will mainly be summarized.

Chemotherapy as a primary therapy cancer strategy has
made great contributions to cancer treatment over the last
several decades. However, typical chemotherapy agents exhibit
poor drug selectivity and side effects,** therefore it is necessary
to develop new chemotherapeutic drug-loading platforms to
solve these problems. DNA nanostructures with unique
features®*” have been used to design heterogeneous anticancer
agents (including molecular drugs, RNA® and proteins®) for
targeted cancer treatments.””** A wide range of DNA nano-
structures have been used to create chemotherapeutic drug-
loading platforms, as well as for aptamer-based delivery for
the specific uptake of drugs in vivo.”* Doxorubicin (DOX) as
a typical chemotherapeutic anticancer drug is widely used in
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cancer treatment, as it interacts with DNA and restrains
macromolecular biosynthesis.””> A DNA icosahedra nano-
structure has been used as the nanocarrier of DOX by assem-
bling motifs, demonstrating it as an efficient and specific
strategy for epithelial cancer cells.”® Furthermore, the release of
DOX can be rationally controlled through adjusting the twisting
degree of the DNA tubular carrier. With the development of
DNA nanotechnology, DNA origami technology has also been
created with abundant and complicated nanostructures as
drug-loading platforms for DOX (Fig. 3A), showing promising
cancer therapeutic efficiency in vivo.””*® For maximum loading
of DOX, multiple GC-pair sequences were embedded in a self-
degradable cocoon-like DNA nanoclew (Fig. 3B).”” An open-
caged pyramidal DNA@DOX nanostructure was developed for
drug delivery, which exhibited a significant enhancement in
cytotoxicity to breast and liver cancer cells compared to the free
DOX.' By combining an aptamer and GC-rich dsDNA, Ma
et al.*** developed a multifunctional drug delivery platform with
high stability, an efficient payload capacity and reduced side
effects in order to solve multi-drug resistance through targeted
drug delivery. Meanwhile, a novel self-assembled DNA nano-
structure was able to specifically recognize cancer cells and
further release the loaded anticancer drug at pH 5.0 (Fig. 3C).'*>

With the advantages of a well-defined 3D shape, a uniform
size, good biocompatibility and precise spatial addressability,
3D polyhedral structures based on DNA self-assembling
promise novel application to in vivo molecular cargo delivery
processes.'®'** A tetrahedral DNA nanostructure (TDN) is
a novel type of 3D DNA nanostructure that has also been rapidly
explored in biomedical fields. It was reported that TDN was able
to promote cell proliferation. The expression of cyclin-
dependent kinase like-1 gene was up-regulated in the pres-
ence of TDN by activating the Wnt/B-catenin pathway.'*
Walsh' et al. investigated the access of the DNA tetrahedron
cage to cultured mammalian cells without transfection reagent
for at least 48 h. Furthermore, it was investigated, utilizing the
DNA nanostructure, for effective drug delivery. The endocytic
and transport of tetrahedral DNA nanostructures through
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a caveolin dependent pathway in mammalian cells was
demonstrated. Moreover, Krishnan and co-workers'”” employed
a novel DNA icosahedron-based intelligent nanovehicle with
chemically responsive behaviour for FITC dextran encapsula-
tion and delivery (Fig. 4A). In addition, Gianneschi et al*®®
presented a reversible nanoscale anticoagulant by combining

encapsulation

Controlled
release

VUt elroso

+Vig

/\/ Anneal / BMB (Photosensitlzer) . :

% N Loading
Synthetic b4 :
DNA oligonucleotides ([(,::fnlg) M?l:‘;a@f‘}g)”

In vitro % ¥
o e
3 —
°°° Irradiation 10, .
?\*} Cell death
In vivo /

—_—
Irradiation

Tumor bearing mouse Tumor therapy

Fig. 4 (A) Controlled release of encapsulated cargo from a DNA
icosahedron using a chemical trigger. This figure has been adapted
from ref. 107, with permission from John Wiley and Sons. (B) Loading
of MB onto DNA Td constructed with four DNA strands for in vivo
photodynamic therapy. This figure has been adapted from ref. 109,
with permission from the Royal Society of Chemistry.

‘ "
H CCOTAACCCTAACCCTAACES e H
| prova + @ Donerbicin |

H GGOATTIGGOATIGGOATIGGG

(A) The triangular, square, and tube DNA origami used as DOX vehicles for cancer therapy. This figure has been adapted from ref. 98, with

permission from the American Chemical Society. (B) Cocoon-like self-degradable DNA nanoclew for anticancer drug delivery. This figure has
been adapted from ref. 99, with permission from the American Chemical Society. (C) A self-assembled DNA nanostructure for targeted and pH-
triggered DOX delivery. This figure has been adapted from ref. 102, with permission from the Royal Society of Chemistry.
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thrombin and DNA-aptamer polymer amphiphilic spherical
NPs (DAPA-NPs), which effectively inhibited human plasma
clotting. However, this effect can rapidly be reversed by adding
the complementary oligonucleotides, in order to control blood
circulation times in vivo. In addition, the nano-size DNA tetra-
hedron carrying MB provided an effective photodynamic
therapy (Fig. 4B)."*°

Small interfering RNA is known to interfere with protein
synthesis by binding to complementary messenger RNA mole-
cules, which then silences the specific genes being
expressed.''*"> DNA nanostructures have been enhanced for
use as powerful delivery carriers of the therapeutic nucleic
agents for cancer targeted therapy. Anderson et al.'® assembled
DNA/siRNA tetrahedral nanoparticles using six ssDNA frag-
ments and six double-stranded siRNAs to deliver siRNA into the
target genes. The introduction of nanoparticles improves the
stability of tethered RNA molecules, and this greatly enhances
their interference efficacy in biomedicine. Recently, it has been
reported that DNA nanoparticles (DNPs) with DNA bricks could
be easily constructed as delivery vehicles of siRNA, which would
target anti-apoptotic protein Bcl2 and significantly inhibit cell
growth in vitro and in vivo."?

Moreover, immunotherapy has provided another strategy
due to its specificity and minimal side effects compared with
chemotherapy. Cytosino-phosphate-guanine (CpG) DNA as
a ligand for toll-like receptor 9 (TLR9) has been used for the
immunotherapy of cancers, infectious diseases, asthma etc., by
triggering the innate immune responses.'™* However, sSDNA
containing CpG sequences is unstable and can be digested in
physiological conditions. Much effort has been made to develop
CpG DNA nanostructures with high delivery efficiency and low
toxicity for clinical applications.”> Various complicated DNA
nanostructures (TDN, DNA origami and DNA polypod struc-
tures etc.) have been fabricated and have significantly enhanced
the CpG loading efficiency of the immunostimulatory effect in
vivo (Fig. 5A)."*>'*® CpG-tripodna and CpG-hexapodna were also
designed to induce a higher tumor necrosis factor alpha (TNF-a)
release from RAW 264.7 cells, thus increasing the potency of
CpG-SS in vivo."" Fan's group'*® has assembled a functional and
multivalent DNA tetrahedral nanostructure with unmethylated
CpG motifs, and this has enhanced the immunostimulatory
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effect when entering macrophage-like RAW264.7 cells even
without transfection agents. The group has also used a DNA
rolling circle amplification (RCA) strategy to assemble DNA-
origami, such as nanoribbons, for carrying CpG ODNs. It was
demonstrated that this strategy was readily internalized by
mammalian cells, and thus enhanced immunostimulatory
activity."™® Taking advantage of the strong and long-lasting
specific antibody response in vivo, the antigen-adjuvant DNA
complex has also been demonstrated as a potential candidate to
recognize various vaccines.'” Recently, a DNA vaccine con-
taining a CpG motif was developed, and the cytotoxicity and
survival life time were greatly increased. Liu et al. constructed
a bicistronic plasmid to extract the fusion genes of survivin/
MUC1 (MS) and IL-2, which showed good effects on colorectal
cancer and successfully simplified the whole industrial
production process. Furthermore, the anti-tumour effects of
this fusion gene could be enhanced by combining it with oxa-
liplatin.*** Meanwhile, the dendrimer-like DNA and nano-
centipedes structures were considered as efficient vehicles to
deliver immunostimulatory CpG sequences, which could be
internalized by cancer cells and trigger the corresponding
stronger immune response (Fig. 5B)."*>'>

4 DNA molecular logic gates and
computing

With the development of technology, the conventional elec-
tronic computer based on Boolean logic encounters great
technical  bottlenecks for complex problems and
manufacturing.” However, with the development of DNA
nanotechnology, DNA as a basic and promising alternative
material for the construction of molecular logic gates has
attracted remarkable attention. DNA can perform various
logical operations by transforming inputs into defined outputs
in logic circuit systems due to its outstanding data-storage
capacity, highly specific hybridizations and flexibility
design.’*"* Numerous DNA computer applications will be
briefly introduced.

A great deal of effort has been devoted to designing and
developing typical DNA logic gates, including YES, NOT, AND,
NAND, OR, NOR, XOR, XNOR, IMPLY and N-IMPLY etc. The
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(A) Nanosized DNA assemblies in polypod-like structures as efficient vehicles for immunostimulatory CpG motifs. (B) A self-assembled

DNA dendrimer nanoparticle for efficient delivery of the immunostimulatory CpG motifs. These figures have been adapted from ref. 116 and 122,

with permission from the American Chemical Society.
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inputs of DNA/RNA, metal ions or light will activate the logic
gates and then produce output signals based on Watson-Crick
base-pairing, DNA strand displacement, DNAzyme cleavage,*’
nucleic acid ligand binding,**® i-motif transformation, DNA
hairpins'® and PCR.™ Ghadiri et al.*** successfully created
three photonic logic gates, AND, NAND and INHIBIT, using the
unique base-pairing properties of DNA and FRET between
fluorescent molecules. Subsequently, ssDNA was exploited to
invade and displace local sections of complementary dsDNA. A
series of entirely AND, OR and XOR logic gates and a half-adder
were assembled by AND and XOR gates."**

Recently, numerous novel DNA logic gates have been re-
ported. By taking advantage of biocatalysis, colorimetric logic
gates and multi-level circuits have been developed based on
a typical triplex-helix molecular switch machine and DNAzyme
(Fig. 6A), and this paved a simple path for designing complex
DNA-based logic devices.””® Based on the previous work
involving DNA interactions with carbon nanotubes, our group
has  reported novel photoluminescence  spermine-
functionalized C-dots for the induction of the DNA B-Z
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Fig. 6 (A) DNA colorimetric logic gates based on a triplex-helix
molecular switch. This figure has been adapted from ref. 133, with
permission from the American Chemical Society. (B) An optical DNA
logic gate based on strand displacement and magnetic separation,
which responds to multiple microRNAs. This figure has been adapted
from ref. 136, with permission from Springer Nature. (C) A DNA
sequential logic gate using two-ring DNA. This figure has been
adapted from ref. 138, with permission from the American Chemical
Society.
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structure transition. Several DNA logic gates under physiolog-
ical low salt conditions were constructed using a FRET
design.”* In addition, a multi-level logic gate was built from
sequential INHIBIT and AND gates for the analysis of a net XOR
gate with an electrochemical signal as the output. In addition,
Fan's team**® constructed a series of on-chip DNA logic gates via
DNA strand displacement reactions. By regulating the ssDNA
inputs into mammalian cells, the behavior of the cells can be
accurately controlled. This has provided an alternative route to
programming cell movements and functions in biomedical
applications. With the help of hemin-G-quadruplex complexes,
a set of optical DNA logic gates and a Boolean logic circuitry
were constructed based on strand displacement and magnetic
separation. The coloured ABTS product can be formed in
response to three microRNA input signals from cancer cells
(Fig. 6B)."** Moreover, a sequential logic DNA gate was estab-
lished utilizing a two-ring DNA structure (Fig. 6C), and this
recognizes two DNA signals with different triggering sequences
via the “loop-open” mechanism."”*3*

With more sophisticated precision in their uses, DNA
molecular logic gates can hold great potential for diagnosis and
therapy at the molecular level. In comparison to conventional
single input and output states (0 or 1), DNA-based molecular
logic gates usually depend on the change in fluorescent or
colorimetric signals to realize multiple detections of small
molecules or macromolecules in bioanalysis and biological
diagnosis. A series of AND, OR and SET-RESET logic gates have
been constructed by employing ion-driven conformational
changes of a DNA G-quadruplex.”® In addition, an INHIBIT
logic gate based on K' or Pb*"-switched DNA structures,
a chemical XOR gate and a three-input molecular logic gate was
also designed."*>"** With relentless electronic signals and
reusable sensing elements, this device can be applied for
continuous monitoring, particularly in heavy metal ion, path-
ogen, and genetic biomedicine detections.'** Furthermore, the
ECL signals have been used as new outputs using energy or an
electron transfer-quenching path.'** Recently, Macdonald**
arranged user-friendly deoxyribozyme-based molecular logic
gate networks into visual displays, and then further developed
a prototype molecular automation. This was able to compre-
hensively differentiate seven different genotypes of the Lyssa-
virus genus, and an AND-NOT gate was designed to prevent non-
specific activation. The DNAzyme-DNA complexes have been
applied in the design of powerful colorimetric biosensors with
logic gate operations to identify DNA,"* and the target can be
viewed directly by colour changes during the OR logic gate
operation (Fig. 7A).

Numerous research on the properties and advantages of 3D
DNA tetrahedral nanostructures has been reported."'®'¢148
Using a series of reconfigurable DNA tetrahedrons that respond
to a target, various scaffold logic gates were constructed.'*® DNA
origami nanostructures also provided programmable platforms
for logic gates, which could be operated to capture or release
small molecules, proteins, nanoparticles or external light
signals.” Kjems and Birkedal demonstrated that the logic gate
complexes can control the lid of a 3D DNA origami box with
high reliability and high fidelity."** The unique DNA origami

This journal is © The Royal Society of Chemistry 2019
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Fig.7 (A) A colorimetric biosensor based on DNAzyme logic gate operations for DNA screening. This figure has been adapted from ref. 145, with

permission from Elsevier. (B) A programmable and multi-parameter DNA-based logic platform for cancer recognition and targeted therapy. This
figure has been adapted from ref. 153, with permission from the American Chemical Society. (C) DNA-templated Ag nanoclusters as signal
transducers for a resettable keypad lock. This figure has been adapted from ref. 159, with permission from the Royal Society of Chemistry.

structures provide masses of potential applications in nano-
medicine for diagnostics and therapeutics. For multiple cancer
cell-surface markers, a “Nano-Claw” has been reported to
perform autonomous logic analysis.®> Meanwhile, by
combining the special structure-transition of DNA aptamers
with toehold-mediated strand displacement reactions, a diag-
nostic signal can be produced and targeted photodynamic
therapy can be realized. High-order multiple cell-surface
markers have been successfully identified via integrating AND,
OR and NOT logic gates (Fig. 7B)."*?

Furthermore, researchers have paid much attention to the
molecular-scale keypad lock, which is a novel data security
device. Its output signals rely on the proper combination of
inputs or the inputting sequence. Until now, the fluorescein-
linker-pyrene assembly system and photonic keypad locks
using ions as inputs had only been reported.’**'** Qu's group
first constructed a nucleic acid-based molecular keypad lock
with sequence specific recognition of DNA and solid-phase
substrates.”” Recently, the novel nanomaterial AgNCs as
signal transducers that convert inputs into fluorescence output,
can be constructed for various DNA-based logic gates and
a sequential logic gate.'*® These AgNC-based logic systems have
been used to fabricate a biomolecular resettable keypad for
crossword puzzles, which provides a universal design and
biocompatible operation. These versatile logic devices with new
signal transducer materials are simple in practical applications
(Fig. 7C).**® Wang et al. further developed a resettable DNA-
based keypad lock' and a visible multi-digit DNA keypad
lock based on cleavable G-quadruplex DNAzyme and silver
microspheres.*®* Zhou et al. first constructed concatenated logic
circuits as a visible keypad-lock security system based on
toehold-mediated strand displacement and a three-way DNA
junction. This system could reset and cycle for a greater number

This journal is © The Royal Society of Chemistry 2019

of times automatically, without an external stimulus, compared
to previous reports.*®>

Since 1994, Adleman has used DNA oligonucleotides to
perform logical operations for solving complex mathematical
problems.’® Qian et al. experimentally demonstrated several
scaled up digital logic circuits with a four-bit square-root circuit
consisting of 130 DNA strands for threshold and catalysis,
achieving digital signal restoration within logical operation.**
Furthermore, researchers have demonstrated the autonomous
smart behaviors of molecular systems using a simple DNA gate
architecture for multilayer digital circuits based on the vastness
of DNA computing and strand displacement cascades.'®

5 DNA molecular machines

In the design of artificial molecular machines, DNA represents
a smart building material with specific base-pairing, predictable
assembly, abundant polymorphisms and unique physical/
chemical properties.’*® By the rational design of a DNA
sequence and stimulus conditions, the transformation of DNA
structures can be manipulated and can endow DNA with
controllable motion or special functions. It is important to
study DNA molecular machines during the conversion of energy
and the interaction of biomolecules at the nanometer level, as
this is important for the development of biosensors, trans-
porters and controlled drug delivery systems.'” Over the past
few years, the construction of artificial DNA machines has
attracted much attention.’®®'® A great deal of machine-like
functioning DNA nanostructures have been reported,**® such
as DNA tweezers,"”>'"* gears,'* walkers,"”>"'”® cranes,"’*'"” cate-
nanes,"’® rotaxanes,'’”® metronome operations**® and so on."*'"*%”
For instance, a contractile DNA machine has been developed
based on the crosslinking of circular DNA into nanowires, and
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this can be used in target medicine delivery or non-viral gene
delivery and will transduce DNA hybridization energy into
controlled movement energy on the biomolecular level.®®
Molecular walking machines have transported cargoes on the
nanometer scale in the presence of DNA fuels."” Yuan and
Xiang have designed a restriction enzyme-powered, autono-
mous DNA walking machine to detect sequence-specific target
DNA with high sensitivity and selectivity.*® Tao et al.™* engi-
neered a phage T4 DNA packaging machine by incorporating
vaccine/reporter genes, functional enzymes and target ligands
to deliver genes and proteins into mammalian cells with a near
100% efficiency. This has promoted the development of effica-
cious vaccines against complex HIV-1, malaria and TB infec-
tious agents.

With high sensitivity and selectivity, DNA machines also
have astonishing applications in biosensors and
screening.'®® The duplicator-like DNA molecular machines
offer a number of DNA templates to fabricate AgNCs for Hg*>"
ion detection,*® and this autonomous bio-barcode DNA
machine has carried out exponential DNA circular amplifi-
cation for Hg?", DNA or small biomolecule detection.**
Another RCA-based DNA machine has been fabricated by
coupling miRNA and a catalytic hairpin for the formation of
DNAzyme."** By integrating strand displacement and nicking
enzyme signal amplification into a one-step system,
polymerase-nicking enzyme synergetic quadratic DNA
machines have been designed to sense Pb**, miRNA and DNA
methyltransferase.’****” In addition, powered by the hydro-
lysis of NAD', a repair ligation-mediated light-producing
DNA machine has been universally developed for DNA,
thrombin, adenosine, K* and endonuclease detection in
human serum."”® Yuan'®® has constructed an Fe-switched ECL
“off-on” sensor for the sensitive detection of cardiac
troponin with a DNA walking machine. Willner's group has
spent much effort on constructing a set of DNA machines
based on the activation of replication and scission reactions
or the aggregation of different nanomaterials.>**>** In addi-
tion, Hg>"/cysteine as well as H/OH ™ triggers can activate
bipedal DNA devices by walking through and stepping on the
template track.>**?°* Depending on the addition of different
fuels and anti-fuels, reconfigurable stimuli-responsive DNA
machines can be triggered.>**>%”

Very recently, a variety of novel and dynamic DNA-
hydrogel machines have been constructed. Linked bridge
hybridizing was induced to develop split G-quadruplex DNA
machines for uracil-DNA glycosylase detection.**® The ener-
getic and mechanical performances of compact (fold) and
extended (unfold) DNA motifs have been explored, by teth-
ering small DNA hairpins onto the central seam of a DNA
origami frame. Yang and Zhan>* have constructed a central
axis and an external sliding tube on a DNA origami
mechanical device with controllable regulation of the
microcosmic structural rigidity of liposome. The used fuel
and anti-fuel strands are important for cell proliferation. A
novel proton-driven DNA nanopump has also been developed
by incorporating a pH-sensitive i-motif structure into
a surface-confined 3D DNA tetrahedron (Fig. 8A).> A
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Fig. 8 (A) A surface-confined proton-driven DNA pump using a rigid
DNA tetrahedron nanostructure as a dynamic scaffold. This figure has
been adapted from ref. 210, with permission from John Wiley and
Sons. (B) A molecular platform with an integrated rotatable positioning
arm controlled by electric fields. This figure has been adapted from ref.
212, with permission from Science Publishing Group.

plasmonic nanorod decorated with DNA strands has been
designed to carry out directional, progressive and reverse
walking on a DNA origami, as an efficient walker robot.***
Friedrich's group has developed a DNA-based molecular
platform with a robotic arm (with a length range from 25 to
400 nanometers) that will be actuated under external electric
fields. The robotic arm can rotate in arbitrary positions on
the platform within milliseconds, in a precise and computer-
controlled way (Fig. 8B). Combined with lithographic
patterning and self-assembly techniques, multiple DNA robot
arms or extended lattices have been created. The robot arm
arrays with defined platform orientation have been applied
for electrically driven delivery of molecules or nanoparticles
within tens of nanometers.**?

On the basic research of multi-component DNA origami
nanostructures directing folding pathways,*** Su et al. designed
a complex 3D DNA origami mechanism to analyse and manu-
facture DNA machines and robots by assembling basic building
blocks together, such as six links or five kinematic joins.***
Stimuli-responsive hydrogels as functional matrices can be
integrated with DNA hairpin structures, exhibiting switchable
mechanical, structural and chemical properties. The DNA-
hydrogel complex could be used for drug delivery, in valves or
actuators, and in biosensors and information process.***> Can-
gialosi et al. demonstrated that a 100-fold volumetric expansion
was realized by DNA in a hydrogel system upon external stimuli.
Then the controllable bend, twist, or actuated shape changes
were realized with the successive extension of cross-links with
different DNA hairpins. Moreover, the author has further
fabricated dynamic DNA “flower” and “crab” hydrogel devices
with the petals, antennae, claws, and legs responding to
different sequences (Fig. 9). This strategy provided the possi-
bility of building soft DNA robots, programmable devices and
smart medicine via diverse biochemical inputs.***

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 DNA sequence-directed shape changes of photopatterned
hydrogels of six-petal flower and crab structures. This figure has been
adapted from ref. 216, with permission from Science Publishing Group.

6 Conclusions and perspectives

Over the past decades, much effort has been made towards DNA
biomedical applications with the rapid development of DNA
nanotechnology. In this mini-review, we have mainly summa-
rized the recent progresses in the design and applications of
DNA nanomaterials, including their use in novel biosensors,
bioimaging and therapies, DNA logic gates and molecular
nanomachines, covering a wide range of aspects of potential
future uses of DNA. Notably, despite substantial applications
quickly blooming, several issues remain that need to be
addressed. One major challenge is that, until now, the devel-
oped applications are still highly limited at the bench research
stage. Some restrictions are urgently needed to be overcome in
order to make a breakthrough, including the difficult
construction, unstable and high-cost chemical synthesis, poor
reproducibility and being susceptible to interference, especially
for the promising clinical applications. In the near future, DNA-
based biosensors and biocomputing applications have the
potential to be improved by overcoming false interference at the
molecular level with a more rigid and stable nanostructure
design, or by introducing variable DNA analogues to inhibit
degradation in a complex medium. We positively believe that
DNA nanomaterials will provide various novel and powerful
methodologies in biomedical applications, as well as for
exploring new paths to address more complex mathematical
logic problems and mechanical behaviours.
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