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Abstract
Nucleic acid nanotechnology designs and develops synthetic nucleic acid strands to fabricate nanosized functional systems.
Structural properties and the conformational polymorphism of nucleic acid sequences are inherent characteristics that make
nucleic acid nanostructures attractive systems in biosensing. This review critically discusses recent advances in biosensing
derived from molecular beacon and DNA origami structures. Molecular beacons belong to a conventional class of nucleic acid
structures used in biosensing, whereas DNA origami nanostructures are fabricated by fully exploiting possibilities offered by
nucleic acid nanotechnology. We present nucleic acid scaffolds divided into conventional hairpin molecular beacons and DNA
origami, and discuss some relevant examples by focusing on peculiar aspects exploited in biosensing applications. We also
critically evaluate analytical uses of the synthetic nucleic acid structures in biosensing to point out similarities and differences
between traditional hairpin nucleic acid sequences and DNA origami.
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Introduction

Nucleic acid (NA) nanotechnology designs and develops syn-
thetic nucleic acid strands to fabricate nanosized functional
systems. Such systems are exploited in biosensing [1–5] and
computing fields [6, 7], molecular transport processes [8–10],
and catalysis [11, 12]. Structural properties and the conforma-
tional polymorphism of nucleic acid sequences are inherent
characteristics that make them attractive biomaterials in bio-
sensing. The defined NA sequence allows for knowing the
DNA scaffolds’ possible interactions and thermodynamics.
Such a peculiar property can be easily exploited to design

spatially controlled nanostructures suitable for preferential
binding of a specific target compound [13–15].

Compared to other biomolecules used in biosensing, such
as enzymes and antibodies, NA nanostructures exhibit im-
proved stability [16].Moreover, NA sequences can bind target
molecules with good affinity and specificity, establishing var-
ious interactions, including hydrophobic and electrostatic in-
teractions, hydrogen bonds, and covalent bonds. The most
commonly adopted NA-based biosensing approach exploits
synthetic single-stranded (ss) DNA recognition elements to
detect the complementary sequence in a DNA target molecule
through Watson-Crick base pairs [17]. A similar approach is
adopted to recognize selected nucleic acid sequences [18, 19]
and detect single-base mismatches related to specific diseases
[20]. Besides a facile design, DNA-based platforms’ main
advantage is their specificity in identifying the target sequence
by reporting significant discrimination in the detected signal.
However, such platforms are limited to biosensing applica-
tions involving a small NA target family. For this reason,
functional DNAs such as aptamers have also been designed
and applied in the biosensor field, thanks to their particular
recognition ability and biocompatibility with the cellular en-
vironment [21].

DNA aptamers are synthetic oligonucleotides able to detect
different target molecules (including metal ions, organic dyes,
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proteins, amino acids, and even whole cells) with a good af-
finity (nanomolar to micromolar) and specificity by folding
into secondary and tertiary structures. Aptamers are identified
with a combinatorial method called systematic evolution of
ligands by exponential enrichment (SELEX) because their
function cannot be simply designed based on the primary
structure predictable interactions [22]. Since aptamers have
been first described, they have been widely used to build bio-
sensors, leading to the evolution of DNA sensing perfor-
mances [23, 24]. Furthermore, some DNA analogues, like
peptide nucleic acids (PNA) and locked nucleic acids
(LNA), demonstrated to be functional tools for high-
performance affinity biosensors [25, 26]. Besides, circular
NA moieties or backbone-modified (e.g., 2-O′-methyl) NAs
have been used to prevent degradation by nucleases with no
alteration of NA-based sensor functionalities [27].

The avai labi l i ty of var ious s t ra tegies for the
functionalization of NA scaffolds has made it extremely ad-
vantageous to use such synthetic sequences as recognition
elements and signal probes or as probe linkers/amplifiers.
When employed in amplification methods such as hybridiza-
tion chain reaction and catalytic hairpin assembly as strand-
mediated signal amplifiers, NA scaffolds specifically hybrid-
ize the target molecule, thus triggering DNA amplicons’ con-
tinuous production. The cascade event responsible for the am-
plification is specific and allows achieving exceptional detec-
tion limits [28]. Such amplification methods can use function-
alized NA scaffolds to generate fluorescence, electrochemical,
magnetic, and electrochemiluminescence signals [29].

Several reactive groups operating as signalling moieties
(i.e., fluorophore/quencher pairs or electrochemical redox la-
bels) or anchoring tags (i.e., thiol, amino, and biotin groups)
can be easily added to the DNA sequence to identify the spe-
cific interaction with the target molecule in sensing applica-
tions. In particular, when a DNA sequence is functionalized
with fluorophore/quencher terminal groups, its shape transi-
tions caused by the target hybridization can increase the dis-
tance between a tagged fluorophore and another fluorophore
or a quencher, leading to alterations in the Förster resonance
energy transfer (FRET) properties and, consequently, in the
produced optical signal. Hairpin-shaped molecular beacon
(MB) probes operate based on the above-described mecha-
nism. The MB recognition of a NA target causes the lineari-
zation of the hairpin structure and the detection of the hybrid-
ization event by fluorophore/quencher pair [30]. Along this
way, the use of different fluorescent or electroactive labelling
probes to get different signal read-outs from different targets
could be an appealing approach to achieve high-throughput
multiplex detection.

NA nanotechnology has contributed to improving biosensor
design and performance by exploiting the conformational poly-
morphism of DNA sequences, through the self-assembly of
multiple NA fragments to fabricate innovative scaffolds called

DNAorigami [31]. DNAorigami can be precisely assembled to
build a wide range of flexible NA scaffolds in two-dimensional
(2D) or three-dimensional (3D) frameworks taking advantage
of hybridization reactions’ programmability. Some origami
scaffolds are highly versatile and capable of achieving either
extracellular or intracellular environments [32], where the sens-
ing mechanism exclusively depends on the conformational
change of the probe portion involved in target interaction.
Probes, which can include aptamers or i-motifs (i.e., C-rich
regions with intercalated parallel duplexes) connected to
fluorophores and quenchers, are also applied for the recognition
of small molecules or ions (e.g., ATP, Hg2+ H+) [33].

The technical aspects related to the design, assembly, and
characterization of DNA origami structures have been already
discussed in excellent reviews [34–36] and are not the focus of
this review. Here, we review advances in DNA structures for
biosensing applications over the last 5 years. We briefly pres-
ent relevant DNA scaffolds divided into conventional hairpin
MBs and DNA origami and discuss some relevant examples
by focusing on peculiarities exploited in biosensing applica-
tions.We selectedMB and origami scaffolds from those struc-
tures based on DNA sequences to provide a direct comparison
in biosensing between the simple hairpin shape of MBs and
the complex, multidimensional design of origami. Both sys-
tems exploit the same building block (DNA) and offer the
possibility to precisely design the final structure’s geometry
and function based on Watson-Crick base pairs. For those
reasons, functional DNAs such as aptamers and DNAzymes
are not reviewed together with DNAmimics such as PNA and
LNA, whose building blocks are different than DNA building
blocks. In the following section, we critically evaluate the
practical analytical uses of synthetic DNA structures as recog-
nition elements and probe signalling in biosensing to point out
similarities and differences between traditional hairpin DNA
sequences or MBs and DNA origami scaffolds. We highlight
each of them’ pros and cons by also providing examples of
applications exploiting their peculiar features. In light of these
aspects, we finally provide future perspectives on these DNA-
based structures in biosensing applications.

Molecular beacon design and mechanisms

In 1996, Tyagi and Kramer reported MB technology’s first
application for single-strand DNA detection [37]. MB is based
on a hairpin-shaped stem-loop structure and usually consists
of two complementary stems bearing a donor dye (commonly
referred to as the fluorophore, F) and an acceptor dye (the
quencher, Q) at the two ends, respectively (Fig. 1A). The loop
region is usually complementary to the target sequence. In its
stable stem-loop configuration (close-state conformation)
(Fig. 1A), MB produces a very low background fluorescence
due to the fluorophore and quencher proximity. The
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interaction of the target molecule with the loop region’s com-
plementary sequence (Fig. 1B) causes a conformational
change of the hairpin structure (open-state conformation).
The fluorophore and the quencher are then spatially separated,
and an intense fluorescence is produced. MB probes can be
described as sensing molecular systems able to switch be-
tween two different signalling conformations (close-state
and open-state) according to the specific analyte’s presence
and amount. For this reason, MB probes are used to detect and
quantify nucleic acids and applied in clinical diagnosis,
genotyping, and allele identification [37–41].

MBs’ selectivity depends on the stem sequences designed
to ensure interactions keeping a stable close-state arrangement
for MB and favour the conformational change after the hy-
bridization with the target. Instead, MBs’ sensitivity depends
on the signalling pair (fluorophore and quencher) attached to
stems end termini. A fluorescent signal produced in the close-
state conformation and/or a low-intensity signal generated in
the open-state conformation translate into a reduced detection
sensitivity.

Criteria for achieving optimal stability for MBs include its
length, usually ranging between 25 to 35 nucleotides, se-
quence, guanine-cytosine (GC) content of both the stem and
loop sequence, and the melting temperature of the MB-target
duplex. The loop should include a 15 to 30 single-stranded
sequence region complementary to the target sequence. The
stem should have a melting temperature 7–10 °C higher than
the detection temperature, and its sequence should include 5–
7 bps [42].

Various signalling labels are available to obtain MBs pro-
ducing high signal-to-background ratios. These include inor-
ganic materials, organic compounds [43], nanomaterials, met-
al complexes, conjugated polymers, superquenchers (SQs),
and other materials exhibiting superior photophysical proper-
ties for sensing purpose [43–45].

A typical signalling pair comprises a fluorophore and a
quencher (Fig. 2A(a)), whose selection depends on the detec-
tor’s read-out system. MBs are instead functionalized with

only two fluorophores (no quencher) (Fig. 2A(b)) to analyse
intermolecular interactions among structured nucleic acids,
including hairpin structures [46]. In this case, the MB/target
hybridization significantly increases FRET between
fluorophores, making dual-fluorophore-labelled MBs better
suited for in vitro and in vivo sensing than regular MBs
[47]. Guanosine residues in the stem portion of MB can re-
place the quencher by generating single-labelled MB systems
(Fig. 2A(c)) [48]. Single-labelled MBs are cheaper and can be
obtained with more straightforward functionalization proce-
dures than dual-modified MBs and are particularly suited for
biosensing applications involving solid supports. MB probes
bearing multiple signalling labels in the same structure have
been synthesized to enhance the fluorescence intensity. Yang
et al. [49] reported an MB bearing a fluorophore and more
quenchers by developing an SQ structure (Fig. 2B(a)), leading
to a 320-fold increase of the fluorescent signal, far better than
conventional MBs. Multiple-labelled MB probes may include
one fluorophore at one end of the stem of the hairpin structure
and two quenchers, such as guanine and organic quenchers, at
the other end to obtain a double quenching MB [50]. The
efficient transfer of energy from the fluorophore to quenchers
in similar MBs can be exploited to detect DNA target 200–
300 pM in concentration.

Some nanomaterials hold excellent quenching properties
that significantly enhance the quenching efficiency compared
to conventional quenchers used for MB probes (Fig. 2C).
They are often used for nucleic acid target discrimination.
Wang et al. [51] synthesized gold nanoparticle (AuNP)–based
MBs (Fig. 2C(a)) exhibiting good stability and resistance to
nuclease degradation and adequate quenching capacity and
sensing performances for the detection of microRNA targets.
Also, silver nanoparticles (AgNPs) exhibit similar quenching
properties (Fig. 2C(b)) combined with an effective increase of
the fluorescence generated when the fluorophore is separated
from AgNPs as a consequence of MB conformational change
[52]. MBs with AgNP quenchers combined with surface
plasmon–coupled emission provided a 67-fold signal-to-
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Fig. 1 (A) Molecular beacon
structure (MB) and (B) confor-
mational change of the structure
after the binding with a target se-
quence. F, fluorophore (donor
dye); Q, quencher (acceptor dye)
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background ratio and a discriminating capability for mismatch
detection more than 25-fold compared to traditional surface
plasmon–coupled emission.

Quantum dots (QDs) offer superior optical properties, such
as broad absorption spectra and narrow emission spectra, high
quantum yield, and remarkable photostability, which make
them suitable for MB-based biosensing (Fig. 2D(a)) [53].
Depending on their size, QDs exhibit efficient fluorescence
energy transfer that translates into better detection limits [54].
They are stable under high-salt conditions and critical pH
values. MBs modified with both QDs and AuNPs (Fig.
2D(b)) overcome most of the limitations of conventional
MBs that suffer from the modest half-life when used for
in vivo applications. MBs modified with both QDs and
AuNPs have been shown to promote DNA target sequences’
detection with a 1.4 fM limit of detection and the capacity to
discriminate single-base mismatch and non-complementary
sequences efficiently [50].

Carbon quantum dots (CQDs) offer low cytotoxicity, water
solubility, and photostability. AnMBwith CQD and Black Hole
Quencher 1 (BHQ1) connected to the stem ends (Fig. 2D(c)) has
been used to detect microRNA-21 target [55]. The simple detec-
tion scheme adopted, exploiting the conventional conformational
change of the MB probe triggered by the MB/target hybridiza-
tion, provided a good sensitivity (300 pM detection limit) in
detecting microRNA-21. The detection’s excellent specificity
was proved by the perfect discrimination between microRNA-
21 and single-mismatched sequence detection.

Graphene and graphene oxide (GO) represent emerging
nanomaterials in biosensing. They combine exceptional optical,
electrochemical, and electronic properties with an excellent fluo-
rescence quenching activity [56–58]. Various MB-based bio-
sensing approaches have been investigated by exploiting the
spontaneous adsorption of DNA on GO via π–π stacking and

hydrogen bonding [59]. Other carbon-based nanostructures,
spherical fullerene (C60), also exhibit fluorescence quenching
properties that have been used in combination with QDs to
fabricate an MB nanosensor (Fig. 2D(d)) for DNA detection
[60]. The quenching efficiency depends on the number and the
size of C60 nanostructures next to each QD. Multiple QD-C60-
labelled MB probes immobilized onto magnetic nanoparticle
(MNP) amplify the fluorescence signal produced after target
hybridization. The QD-C60-labelled MB-modified magnetic
nanoparticles efficiently captured DNA targets in the sample
then the magnetic force was applied to concentrate the MB/
MNP complex to amplify the fluorescence signal for target
quantification. The assay enabled rapid detection (<10 min)
and, thanks to high signal-to-noise ratio produced by the QD-
C60 pairs, a 100-fM detection limit in DNA detection.

MBsmodifiedwith a G-quadruplex scaffold (G4MB) com-
bined with duplex-specific nuclease have been used to obtain
a highly selective detection of microRNA-141 [61]. The du-
plex formed after the hybridization between the microRNA
target and G4MB triggers the duplex’s enzymatic degrada-
tion. The duplex-specific nuclease cleaves only G4MB releas-
ing the microRNA molecule from the duplex. The target
microRNA is then recycled, causing the amplification of the
fluorescence signal used to detect microRNA-141 with 1 pM
detection limit. The G-quadruplex resistance to duplex-
specific nuclease activity enables a reduction of false-
positive signals leading to a low background signal.

Origami-based structure design
and mechanisms

Synthetic NAs have been used as engineering materials to
create structures and functional devices with nanoscale
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Fig. 2 MB configurations. (A) Regular MBs: (a) MB modified with
common signalling pairs (one fluorophore and one quencher), (b) MB
with two different fluorophores, (c) MB with guanosine-rich sequences
acting as the quencher. (B) Multiple-labelled MBs: (a) MB with a
superquencher (SQ). (C) Nanomaterial-labelledMBs: (a) MBwith a gold
nanoparticle (AuNP) acting as the quencher; (b) MB with a silver

nanoparticle (AgNP) acting as the quencher. (D) (a) MB with a quantum
dot (QD) and a fluorophore acting as the energy donor and acceptor,
respectively; (b) MB with a QD and an AuNP acting as the energy donor
and acceptor, respectively; (c) MBwith a QD and a quencher acting as the
energy donor and acceptor, respectively; (d) MBwith a QD and spherical
fullerene (G) acting as the energy donor and acceptor, respectively
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precision [62]. Rothemund [63] demonstrated how folded
DNA could be used as a versatile scaffold to assemble com-
plex nanostructures with a bottom-up approach. DNA origami
nanostructures provide new opportunities to develop innova-
tive biosensing approaches (Fig. 3) [64]. A DNA origami is
usually produced with a 7-kb ssDNA scaffold obtained from
the circular genomic DNA of M13 bacteriophage
(M13mp18). Hundreds of short ssDNAs (named staples) are
then used to fold more extended scaffolds into a specific struc-
ture with extraordinary precision and high yield [13].

Atomic force microscopy (AFM), transmission electron
microscopy (TEM), and dynamic light scattering (DLS) are
used to confirm the optimal folding of components of the
mixture [66].

Molecules and nanomaterials such as proteins [67], en-
zymes [68], and nanoparticles [69] can be incorporated into
the origami structure, thus offering the opportunity to design
new integrated functional interfaces. The extension of 2D
scaffolds into 3D nanostructures [31] provides additional op-
portunities to fabricate engineered nanodevices with more
complex structures and functions [70].

The envisaged possibility of adopting biotechnology-based
methods for the mass production of DNA origami compo-
nents [71] can enable the broad applicability of DNA origami
platforms for sensing [70]. The rational design of programma-
ble DNA origami nanostructures with various levels of com-
plexity (i.e., tetrahedral DNA, DNA nanopores, static and dy-
namic DNA origami, DNA nanopillars, DNA nanoantennas,
DNA nanocubes, DNA wireframe, etc.) (Fig. 4) could con-
tribute to overcoming labour-intensive and time-consuming
approaches in biosensing, leading to the development of a
new generation of specific, rapid, and high-throughput analyt-
ical platforms [72].

Tetrahedral DNAs are among the simplest 3D DNA nano-
structures [73]. They can be used as cages to build more com-
plicated nanostructures, exploiting functional moieties tai-
lored to improve the biosensing capacity [74]. 3D shape, size,
and double-stranded nature of the tetrahedron determine their
optimal spacing and orientation on the sensing surface to fa-
vour target access and resistance to enzymatic degradation
[75].

DNA origami nanostructures offer the opportunity to fab-
ricate nanosensors that dynamically change their configura-
tion in response to the analyte’s presence. The shuttling be-
tween an open and close conformation of the nanostructure

can be triggered by modifying the reaction environment or the
target detection [76]. The different configurations can also be
associated with the generation of optical or electrochemical
signals [77, 78]. DNA origami nanopores offer the opportuni-
ty to move sensing capacity at the single-molecule level [79].
Nanopores are typically produced with either solid-state
methods or biological methods based on membrane-
spanning protein’s reconstitution into a lipid bilayer. The
nanopore geometry enables the selectivity of the detection
method based on the physical size of the target molecule.
The nanopore surface functionality instead allows for chemi-
cal specificity in nanopore-based detection. DNA origami
nanopores have attracted considerable attention due to their
peculiar features, allowing tuning the synthesized nanopores’
size and chemically modifying their surface. Recent literature
has paid great attention to possibilities offered by DNA origa-
mi nanopores. Here, we emphasize the recent progress and
innovation in the context of DNA origami nanopores com-
pared with other DNA origami nanostructures.

Small solid-state nanopores are not easily obtained while
biological nanopores are produced with atomic control, but
their use for the detection of large molecules including
double-stranded DNA and protein is still limited. DNA origa-
mi nanopores open new perspectives for the production of
nanopores with accurate geometry and chemical functionality
[80]. Two different approaches have been adopted to combine
DNA origami features with nanopore technology [81]. DNA
origami nanostructures have been trapped at the mouth of
solid-state nanopores, thereby fabricating hybrid DNA
origami-solid state nanopores [82]. DNA origami structures
are, instead, inserted into a lipid bilayer membrane either by
using hydrophobic moieties or streptavidin binding to bio-
tinylated nanopores [83]. The latter approach leads to struc-
tures that more closely mimic membrane proteins’ behaviour
controlling the transport of molecules and ions through cell
membranes.

The ability to modulate hybrid DNA origami nanopores’
size allows extending the potential of nanopore technologies
into biosensing and point-of-care diagnostics. The transloca-
tion of a single molecule through the nanopore modulates the
electric or electro-optical detected signal, enabling selective
detection and quantification [84]. Programmability and bio-
compatibility make DNA origami nanostructures excellent
molecular systems for in vivo biomedical applications [85].
These include the biosensing of biomarkers in clinically

Fig. 3 A pictorial description of
DNA origami synthesis. It
involves the annealing process
among a long single-strand DNA
(scaffold) and several hundreds of
short ssDNA strands (staples) into
2D or 3D structures. From ref.
[65]
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relevant fluids coupled with a nanopore read-out [84]. Such a
biosensing approach has been applied to detect C-reactive
protein (CRP) in human plasma using a concentric square
DNA origami bearing a target-specific aptamer within its cen-
tral cavity. The aptamer-functionalized DNA origami captures
CRP, and the detected electric signal allows distinguishing
between the occupied and unoccupied DNA origami’s trans-
location fingerprints.

Hybrid DNA origami nanopores display peculiar features
for single-molecule detection [86] since they allow to precise-
ly modulate the size of the nanopore to establish size-
dependent discrimination of molecules or to enable the trans-
location ofmolecules with a selected arrangement (e.g., folded
DNA vs unfolded DNA) [87]. However, constraints related to
the length of the origami scaffold and the adequate number of
membrane-anchoring positions are still present in DNA
nanopores’ production [83]. The widest synthetic transmem-
brane DNA origami nanopore so far obtained (inner diameter
9.6 nm; outer diameter 22 nm; length 32 nm) is based on a
double-layered hexagonal DNA origami structure [88]. Such

nanopores allow the translocation of large proteins (more than
150 kDa). They also allow the management of a programma-
ble functionality of the whole system to drive the nanopore’s
opening thus exposing lipid moieties that permit membrane
insertion.

Densely packed 3D DNA nanostructures have also been
considered for their stability and resistance to nuclease and
high temperatures [89–91]. Seeman [92] reported the
pioneering example of a similar structure consisting of a dis-
crete 3D DNA structure forming a nanocube. Later on, Shih
and co-workers [93] synthesized a nanoscale octahedron
using a ssDNA. Both systems were 3D structures whose dy-
namic properties were triggered by the components used to
form the structure. Other triggers such as temperature [94], pH
change [95], and light [96] have also been investigated to
activate DNA origami responses with different shapes.

DNA nanostructures have also been employed for in vivo
imaging. Bhatia and co-workers [97] synthesized a DNA ico-
sahedron encapsulating a fluorescent biopolymer to monitor
pH in Caenorhabditis elegans (C. elegans), whereas Kim and

Fig. 4 DNA origami assembly,
from top to bottom: the scaffold
strand is combined with different
staple strands to build different
2D, 3D, or wireframe DNA
origami structures. Such DNA
origami can include sticky ends or
blunt ends to assemble DNA
origami units to form large-scale
hierarchical 2D or 3D structures.
Sticky ends are only shown for
2D DNA origami on the figure.
From ref. [99]
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co-workers [98] used a fluorescently labelled DNA tetrahe-
dron for imaging sentinel lymph nodes in mouse models.

DNA nanostructures can improve the antifouling proper-
ties of biosensing surfaces [100]. The minimization of the
non-specific adsorption of biological fluids’ components
[101] on the surface of a biosensor improves sensitivity and
selectivity of biosensing assays, thus allowing the detection of
ultra-low-concentrated biomarkers in complex biofluids [102,
103]. The ability to detect biomarkers directly in the biological
fluids is a pre-requisite to developing challenging biosensing
applications for clinical diagnostics [104–106]. With this per-
spective, surface plasmon resonance (SPR) has been used to
detect human thrombin with a 3D DNA origami structure
modified with an aptamer [107]. The DNA origami allows
arranging the thrombin-specific aptamer on the SPR sensor’s
surface with nanoscale precision and contributes to favouring
the thrombin detection with a broad linear detection range.

Molecular beacons and DNA origami
in biosensing: a comparison and peculiar
applications

MB and origami scaffolds are here compared to highlight the
pros and cons in biosensing of structures resulting from the
programmable design of interactions between DNA se-
quences. In this respect, MBs represent the simplest structure
discussed, whereas multidimensional origamis are the most
complex systems whose structure and function can be de-
signed mostly based on Watson-Crick base pair.

The application of the conventional stem-loop hairpin
structure of MB probes, including fluorophore/quencher sig-
nalling pair, allows for measuring an instantaneous signal
emission directly in solution, without removing unreacted
MB molecules, in one single “mix-and-measure” step. MB-
based sensing approaches can operate in the open-to signal or
close-to signal configurations, depending on the design and
the conformation of the MB probe [43]. The open-to signal
configuration enables detecting the fluorescent signal related
to the target molecule after linearising the stem-loop hairpin
MB structure, thus defining turn-on biosensors. Instead, the
fluorescence emission is initially maximum in the close-to
signal state due to the MB interaction with a helper oligonu-
cleotide sequence. The interaction between the target and
helper sequences triggers the hairpin probe’s closure, thus
turning off the fluorescent signal. Such a mechanism identifies
turn-off biosensors that operate with lower detection sensitiv-
ity than turn-on biosensors [108]. A turn-off biosensor may
report a further loss of fluorescence due to the unspecific in-
teraction of molecules available in the biological sample with
the MB probe. A similar interaction causes the unspecific
quenching of the fluorescence signal. Conversely, a turn-on

biosensor generates an intense signal when a specific interac-
tion between target and MB probe is established.

Besides MB-based homogeneous biosensing methods,
stem-loop hairpin structures can also operate as sensing
probes after their immobilization on surfaces [108]. In this
case, optical or electrochemical signalling tags are introduced
to label one of the stems of the hairpin-shaped MB, while the
other stem is anchored on a solid substrate. A specific signal is
produced due to the structure’s conformational change when
the hybridization between the target and the loop region oc-
curs. Similar MB-based biosensors have been largely applied
to detect DNAs [109, 110], microRNAs [111], proteins [112],
metal ions [113–115], and pathogens/viruses [116].

MB-based homogeneous biosensing is faster than solid-
state biosensing because hybridization reactions are kinetical-
ly favoured. MB-based solid-state biosensors’ analytical per-
formances are also negatively affected by steric hindrance and
slow kinetics of the diffusion of target molecules to the sens-
ing surface. Moreover, the fabrication ofMB-based solid-state
biosensors involves labourious protocols for the immobiliza-
tion of the MB probe, ensuring an optimal spatial orientation
and availability of the anchored probe [117]. Nevertheless,
MB-based solid-state biosensing platforms provide optimal
signal-to-background ratio, resulting in a sensitivity enhance-
ment. They can also be regenerated with no significant atten-
uation of the signal after the regeneration. MB-based solid-
state biosensing can take on the photobleaching phenomenon
of dye-labelled probes [118].

DNA origami scaffolds help overcome the limitations of
MB-based solid-state biosensors related to the constrained
availability of the sensing probe to the target. Such a possibil-
ity improves the performance of the biosensing device, partic-
ularly when its surface is exposed to complex biological
fluids, and optimal control of probe packing density and target
hybridization efficiency is required [119]. The sensitivity of
electrochemical biosensors in NA detection is greatly influ-
enced by the limited accessibility of the probe immobilized on
the electrode surface due to surface crowding and charge ef-
fects. Such biosensors greatly benefit from replacing MB
probes with rigid DNA tetrahedra that reduce steric hindrance
and promote suitable probe spacing and orientation [120].

Liu et al. [121] fabricated a 3D DNA tetrahedron using a
multistranded approach. In this case, the scaffold strand of
conventional origami structures is not used and a stem-loop
probe and thiol moieties are introduced to modify the top
corner and the bottom of the 3DDNA tetrahedron, respective-
ly. A ferrocene tag modified the stem-loop probe to allow
electrochemical biosensing. The hybridization of
microRNA-21 (lung cancer biomarker) with the stem-loop
structure enabled a conformational change of the probe giving
rise to a detectable differential pulse voltammetry output
caused by the interaction of the ferrocene tag with the gold
electrode. The new detection approach allowed detecting
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microRNA-21 with 10 pM LOD and linear range response
spanning from 100 pM to 1 μM.

The use of conventionalMB scaffolds for the real-timemon-
itoring of targets in living cells represents another challenging
application hindered by limitations in cell membrane perme-
abilization and efficient delivery of the MB probe into the cy-
toplasm [122]. Several strategies have been proposed to make
MB structures more readily applicable for in vivo diagnosis
[122]. Tay et al. [123] proposed an innovative combination of
a 3D DNA pyramid-shaped nanoshell and an MB probe bear-
ing a fluorophore/quencher signalling pair. The complex was
internalized in the cell and protected from non-discriminatory
enzymatic digestion. A similar approach was also used to de-
velop a nanoprobe to detect cancer-related messenger RNA in
living cells [124]. The experiments mentioned above demon-
strate that DNA origami structures combined with stem-loop
MB sequences provide advanced diagnostic performances be-
cause their cellular permeabilization in vivo is favoured com-
pared to conventional MBs and because they prevent nuclease
degradation ofMBs and interactionwith DNA-binding proteins
leading to false-positive signals.

As already mentioned, many attempts have been made to
extend the modest half-life of conventional MBs for in vivo
applications by using nanomaterial-based signalling and
quenching moieties. The modification of the MB backbone
or the use of DNA mimics [125] (e.g., PNA or LNA) [26,
126] further contributes to overcoming limitations of tradi-
tional MBs for in vivo biosensing. The stability of PNA-
DNA duplexes has been also proven to favour the incorpora-
tion of PNA into a rectangular DNA origami [127].

DNA origami nanostructures offer additional possibilities
for biosensing compared with MBs thanks to the capacity to
regulate the activity of enzymes encapsulated in the nano-
structure [128]. A DNA origami nanovault allows loading
the enzyme in the DNA nanostructure cavity and controlling
the access to the substrate molecules [68]. However, it is to
underline that the use of such nanostructures in in vitro culture
environments may be critical and conditions that prevent the
loss of nanostructure integrity should be accurately selected
and managed [129].

Conventional MB probes operate based on a one-to-one sig-
nal read-out approach (i.e., one target molecule recognizes and
hybridizes with one MB probe, thus triggering an output signal)
[130]. MBs’ ability to accurately monitor low-abundant levels is
limited due to the poor sensitivity and the relatively low signal-
to-noise ratio. Such a peculiar feature is particularly critical in
designing advanced and high-throughput MB-based biosensing
platforms formicroRNAdetection and quantification [131]. The
ability to monitor the microRNA expression profile is funda-
mental for clinical diagnostic purposes. Therefore, efforts have
been paid in identifying solutions for optimal use of MB bio-
sensing features in microRNA detection. In this context, Wang
et al. [132] reported a relevant application of an

electrochemiluminescence biosensor using a DNA hairpin
probe and graphene oxide to detect a femtomolar microRNA
target (miR-21) in human adenocarcinoma cells (A549).

The multiplexed detection of exosomal microRNAs can be
used to develop innovative diagnostic approaches based on
the analysis of liquid biopsies [104]. In this context, MBs have
been employed for the simultaneous detection of miR-21,
miR-375, and miR-27a in exosomes from breast cancer cells
[133]. Although multiplexed detection and cell permeability
are critical issues when dealing with conventional MBs, MB
probes have been shown to penetrate exosomes and hybridize
microRNA targets inside the exosomal environment. The de-
tection is performed with nanomolar sensitivity to be com-
pared with the sub-picomolar sensitivity reported for
origami-based structures in similar applications. Also, the
immunodetection of exosomal proteins has been demonstrat-
ed using a similar MB-based approach [134].

The optical detection of microRNA has also been per-
formed with the DNA “points accumulation for imaging in
nanoscale topography” (PAINT) approach using synthetic
DNA nanostructures as a programmable microRNA capture
array [135–137]. The multiplexed PAINT imaging approach
quantified endogenous microRNAs in total RNA extract from
HeLa cells and achieved the multiplexed detection of
microRNAs in either 30 pM or 100 pM concentrations.

The plasmonic enhancement in the gap between metal
nanoparticles or collective chiral plasmonic systems can be
exploited to improve the optical detection process’s sensitivity
significantly. DNA origami nanostructures help precisely tune
the interparticle gap between assembled plasmonic nanoparti-
cles by exhibiting drastic SERS effects allowing single-
molecule detection [138]. Funck and co-workers [139] devel-
oped a chiral optical nanodevice consisting of two arms each
carrying one gold nanorod. The two arms were connected by
ssDNAs allowing the turning of the two arms. The resulting
structure consisted of a cross-shaped DNA origami whose
structure’s conformation changes introduced modifications
in the detected plasmonic circular dichroism spectrum. In the
absence of the target, the two levers were linked by a single-
stranded hinge and included complementary single-stranded
extensions on each lever initially prevented by the hybridiza-
tion of a blocking oligonucleotide. The hybridization of the
picomolar viral RNA displaced the oligonucleotides and
established the closed configuration of the nanodevice.

Metal nanoparticles can constitute a plasmonic hotspot in
the DNA scaffold [70, 140] to favour enhancing the detected
signal. DNA origami nanoantennas have been used to locate
AuNP pairs at a gap of 12–17 nm, thus obtaining a 5000-fold
fluorescence enhancement and single-molecule detection
[141]. A single-molecule platform for the label-free detection
of DNA and RNA Zika virus sequences by confocal micros-
copy has been fabricated [142], combining DNA origami with
an MB structure and Au/Si nanoparticles. The optical
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nanoantenna produced a plasmonic hotspot on a DNA origami
scaffold, on the bottom of which the dye-quencher pairs of an
MB induced the reduction of fluorescence emission. The

platform detected the target sequences in human serum with
1 nM sensitivity and enabled multiplexed detection by com-
bining multiple antenna designs.

Table 1 Examples of different MBs and DNA origami for biosensing applications

Design Features Target Ref.

Molecular
beacons
(MBs)

Dual-fluorophore-labelled MBs Dual FRET signal
In vitro and in vivo sensing
Signal-to-background ratio enhancement

Non-repetitive regions of MUC4 gene [47]

Single-labelled MBs Low-cost synthesis
Simple functionalization
Rapid and multiplexed detection

Tumour suppressor genes (p16, p53) [48]

Multiple-labelled MBs (SQs) Synergistic quenching effect
High sensitivity and accuracy
Rapid analysis
Low-cost detection

HBV and HIV sequences in serum [50]

Nanomaterials
(AuNPs/AgNPs)-MBs

Resistance to nuclease cleavage
High quenching efficiency
High sensitivity and specificity
High specificity with mismatches and

homologous discrimination

microRNAs
(miR-21-5p, miR-92a-3p)
Sequences of Staphylococcus aureus

femA methicillin resistance genes
in serum

[51]
[52]

Quantum dots
(QD-AuNPs/CQD)-MBs

FRET efficiency
Low detection limit
Low cytotoxicity
Water solubility
Photostability

Full complementary, single nucleotide
and non-complementary DNAs

miR-21

[143]
[55]

Graphene (fullerene C60/GO)-MBs High quenching efficiency
Rapid, robust sensing

DNA
miR-21

[60]
[132]

G-quadruplex (G4)-MBs Resistance to nuclease cleavage
False-positive reduction
Low background signal
Single-base selectivity
Multiplexed detection

microRNAs (miR-141, miR-429,
miR-200b, miR-21)

[61]

DNA origami Nanopore on concentric
square structures

Single-molecule detection
Multimodal read-out signal

hCRP in plasma [84]

3D tetrahedron Low detection limit
Cost-effective read-out signal

miR-21 [121]

3D pyramid-shaped nanoshell-MB Live cell imaging
Resistance to nuclease cleavage

mRNA [123]

Tetrahedron-MBs Live cell imaging TK1 mRNA [124]

Nanocage Catalytic activity improvement
No enzyme aggregation
Cost-effective signal transducer

HRP, MDH, G6PDH, LDH, GOx, β-Gal [128]

Nano-arrays Nanometre-precise spacing
Multiplexed detection
Single-molecule detection
Super-resolution imaging

microRNAs (miR-342-3p, miR-21-5p,
miR-16-5p, miR-145-5p, miR-375,
miR-24-3p, miR-378a-3p, miR-221-3p,
miR-186-5p, miR-155-5p, miR-642b-3p,
let-7a-5p, miR-485-3p, miR-372-3p,
miR-491-5p, miR-154-5p)

[135]

Cross-shape-AuNRs Low detection limit
Large signal variation with

conformational change

Viral RNA in serum [139]

Nanoantenna-AuNPs Quantum-yield improvement
Reduced interparticle distance
Single-molecule detection

DNA [141]

Nanoantenna-MBs-Au/Si NPs No signal amplification required
Plasmonic hotspot for sensing enhancement
Single-molecule detection

Zika virus DNA and RNA in serum [142]

MUC4, Mucin 4 gene; hCRP, human C-reactive protein;mRNA, messenger RNA; TK1, Thymidine kinase 1;HRP, horseradish peroxidase;MDH, malic
dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase; LDH, lactic dehydrogenase; GOx, glucose oxidase; β-Gal, β-galactosidase
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Table 1 summarizes the most relevant MBs and DNA ori-
gami systems used in biosensing.

Conclusions and perspectives

Over the past two decades, NA sequences have been used to
assemble a plethora of nanostructures exploiting complementa-
ry base pairing, straightforward programmability of interactions
between NA sequences, and NA structure rigidity and stability.
The efforts paid have identified NA nanotechnology as an
emerging and fascinating new field with substantial implica-
tions for biosensing. Here, we have summarized recent ad-
vances in MBs and DNA origami structures by critically eval-
uating their intrinsic role as biosensing elements. MBs belong
to a more conventional class of NA structures used in biosens-
ing, whereas DNA origami structures are fabricated by fully
exploiting possibilities offered by NA nanotechnology.

MB-based structures detect NAs (including DNA and
microRNA) with satisfactory performances. Different strate-
gies have been adopted to fabricate MB devices well-
performing in biosensing. These include MB self-assembly
or combination with nanomaterials such as AuNPs, QDs,
and superquenchers.

Pushing the limit of detection of MB platforms to the sub-
picomolar range would bring more opportunities to detect
targets such as circulating tumour DNA (ctDNAs), viral
DNA or RNAs, and small molecules available in biological
fluids at low concentrations. Along this way, conventional
hairpin structures, acting as strand-mediated signal amplifiers,
combined with 3D DNA origami structures, enhance the

signal amplification, thus allowing achieving exceptional de-
tection limits through continuous DNA amplification
reactions.

The challenging label-free single-molecule detection of
complex targets, such as viruses or exosomes, in biological
fluids (plasma or serum) remain a prerogative of the more re-
cent origami nanostructures. Moreover, these structures’ pro-
grammable nature at the nanoscale level enables multiplexed
detection of more than one biomarker in a single assay.

Origami nanostructures help improve the control of probe
spacing and orientation at the biosensing interface, improving
detection sensitivity and selectivity. The stability in vivo of
origami nanostructures is better compared with MBs. Besides,
they exhibit unpredictable properties such as permeability
across the cellular membranes, leading to several exciting ap-
plications when combined with other nanomaterials.

Despite all these examples, some key challenges still need
to be addressed before routinely translating DNA origami
nanostructures into robust devices for biosensing applications.
The folding of DNA origami nanostructures requires thermal
annealing in the presence of a minimum concentration of cat-
ions to prevail the negative charge-repulsion of the backbone.
Origami nanostructures are usually formed in a buffer com-
prising Mg2+ at a concentration of about one order of magni-
tude higher than its concentration in blood and tissues. Such a
difference may cause the denaturation of the nanostructure in
biological environments even though various DNA origami
nanostructures keeping their integrity in low magnesium
buffers have been described [144]. Such a requirement still
limits their use for in vivo diagnosis even though simpler
structures operating as nucleic acid nanoswitch have been

Table 2 Advantages and limitations of MBs and DNA origami-based structures in biosensing

DNA-based
structures

Advantages Limitations

Molecular beacons
(MBs)

Higher selectivity than linear DNA probes
Photo-stability owing to quencher and dye labels
Intrinsic sensing mechanism
Good biorecognition
Chemical simplicity
Small size
Good thermal stability
Cost-effective

High signal background due to incomplete quenching
Limited sensitivity
Low efficiency
Labelling requirement
No long-term in vivo applications
Toxicity of labels
Reduced availability of the sensing probe to target at the

solid-liquid interface
One-to-one signal read-out

DNA origami Single-step folding process in high yields
Specific site addressability
Easy modification
Wide applicability
Enhancement in sensitivity with single-molecule detection
Resistance to fouling in complex matrices
Improved accessibility of sensing probe to target at the

solid-liquid interface
Significant resistance to nuclease degradation
Multiple hybridization ratio with target molecules

Conventional and expensive characterization techniques
Salt concentration in the biological environment may alter the

origami stability
Limited size depending on the scaffold length
High ion permeability
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used to rapidly measure immunoglobulin (IgG and IgE) levels
directly in blood serum and other bodily fluids [145].

DNA nanostructures are assembled from a scaffold structure
held in place by many ssDNA staples. The large number of
ssDNA sequences required to assemble such structures ham-
pers the massive production of origami-based biosensors due to
production and cost restrictions. However, new possibilities
paving the way toward the large-scale production of DNA
nanostructures have been recently identified. Praetorius et al.
defined an innovative protocol for litre-scale ssDNAproduction
and large-scale DNA origami assembly [71]. The protocol is
compatible with existing DNA origami design frameworks and
uses bacteriophages to generate ssDNA precursors. Precursors
contains target strand sequences interleaved with self-excising
DNAzyme cassettes. A compromise between design simplicity
and complexity of the explicated function obtained with origa-
mi structures assembled using a low number of DNA strands
designed with user-friendly design platforms and produced
with automated synthesis will be a breakthrough to make such
scaffolds more accessible for biosensing applications. Despite
the above still unresolved challenges, it is surprising to see how
many multidisciplinary approaches among different fields have
converged to deal with these issues continually proposing new
strategies and ideas to extend DNAmolecular assembly, detec-
tion, and applications.

MBs and DNA origami nanostructures, each with own
strengths and weaknesses (Table 2), will help understand
complex biological systems contributing to reveal nanoscale-
level molecular interactions while providing a route to
smarter, more accurate, more sensitive NA devices able to
solve real-life problems in human healthcare.
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