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This paper explores how DNA nanotechnology enhances biosensors in medicine and pharmacology by
taking advantage of the unique characteristics of DNA and the unique advantages of DNA origami
technology. DNA origami allows the establishment of complex nanoobjects with precise size and
complete molecular writability as well as the possibility of seamless integration and biocompatibility with

biological systems. Utilizing this, the chemical denaturation of DNA chains allows for the combination of
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allowed DNA origami to become a transformative tool in biotechnology and other fields because of its

DOI: 10.1039/d4ay01803f versatility, use in innovative applications improving the design and function of biosensors, and potential
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Introduction

Nucleic acids are large biomolecules that define the DNA of
every living organism. The unique sequences and combinations
of nucleic acids within DNA allow for the vast diversity of life
that can be seen today. Aside from their intrinsic value in life,
nucleic acids play another important role in aiding scientific
innovations and discoveries. In modern society, they have
already revolutionized the fields of medicine and technology
and are the basis of DNA nanotechnology. DNA nanotechnology
focuses on the interactions between nucleic acids to create
biosensors, nanoarchitecture, drug delivery systems, and
computational tools.

Before the emergence of DNA nanotechnology, DNA was
primarily studied in life sciences and medicine. However, with
DNA nanotech, DNA's exceptional properties in stability, flexi-
bility, and specific binding were emphasized. These properties
are crucial for applications such as biosensors and drug devel-
opment. This can be seen through researchers who have
explored DNA-based technologies like DNA origami structures,
DNA-based biosensors, vaccines, and therapeutic agents such
as aptamers and DNAzymes. These biomolecules mimic anti-
bodies and enzymes, offering advantages like high binding
affinity and versatility in production through methods like
SELEX. The aptamers can be applied to fields including medi-
cine, pharmacology, and molecular biology, while offering
benefits over traditional antibodies in terms of cost and
production scalability. Similarly, DNAzymes, acting as catalytic
DNA, exhibit diverse functionalities useful in biosensor devel-
opment and other biochemical applications.
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to provide greater possibilities for early disease diagnosis and personalized medicine.

Furthermore, the study of DNA nanotechnology has intro-
duced novel structural designs like DNA 3-way and 4-way junc-
tions, allowing for the enhanced functionality of biosensors
through unique design.

In 1982, Ned Seeman set the groundwork for a ground-
breaking concept: using DNA as a construction material to
assemble geometrically defined structures with nanoscale
characteristics." This suggestion resulted in what is now known
as “structural DNA nanotechnology”. Researchers used DNA's
natural self-recognition capabilities, specifically the comple-
mentary Watson-Crick base pairing, to create rigid branched
DNA patterns between segments of certain oligonucleotides.
The resulting superstructures, also known as DNA tiles, serve as
basic building blocks for further assembly into discrete finite
objects or infinite periodic lattices, which is accomplished
through the cohesive force of sticky ends.? However, this “multi-
strand” technique is not without its challenges. First, the
building of complex structures necessitates precise stoichio-
metric control and frequently entails the purification of
constituent oligonucleotides and/or tiles, resulting in error-
prone and time-consuming synthetic methods. Next, the
complexity achieved by this technique is limited to simple
geometric shapes and the repeated use of fundamental building
components. In 2006, Rothemund introduced the scaffold-
based DNA origami approach, which appeared to be an
answer to these issues.®* DNA origami, inspired by the precision
of Japanese paper folding, includes meticulously folding a long
single-stranded DNA strand (scaffold) into a predefined shape
using hundreds of small oligonucleotides known as staple
strands.* Rothemund's groundbreaking research demonstrated
the folding of a 7.25-kilobase-long circular M13mp18 genome
into an antiparallel array of helices via periodic crossings.
Unlike previous approaches, DNA origami has a rather efficient
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self-assembly process that includes thermal annealing with
a rapid increase in temperature and a moderate fall, as well as
time spent at specific temperatures. However, this efficiency is
due to the entropy advantage acquired by folding a single long
scaffold strand. Instead of binding with each other, staple
strands hybridize with a shared scaffold, removing the need for
precise control over their relative stoichiometric ratio and
considerably lowering experimental errors and synthesis
timeframes.

The DNA origami technology is unique not only in its effi-
ciency, but also in its capacity to create nano-objects with
complicated geometries of set dimensions and full molecular
addressability. This review will look at the various applications
of DNA origami in sensing. These DNA nanostructures have
received a lot of interest for their many biological and medicinal
uses, which are being driven by a number of fundamental
aspects. For starters, their DNA-based makeup makes them
intrinsically biocompatible, allowing them to integrate effort-
lessly with biological systems. Second, DNA structures, partic-
ularly origami, provide unmatched addressability at the
nanoscale, similar to small breadboards. Staple strands are
versatile substrates for grafting and arranging biomolecules
such as nucleic acids, proteins, and nanoparticles, providing
fine control over functionalization and organization. Thirdly,
these nanostructures' usefulness is further increased by the
individual DNA strands' chemical modifiability. This versatility
makes it possible to add a wider range of functionalities to DNA
strands by incorporating different organic fluorophores and
photoresponsive moieties like azobenzene. DNA's chemical
flexibility and adaptability make it a prime choice for a wide
range of uses in various fields, highlighting its potential to spur
innovation in biotechnology and other fields.

Detection

DNA nanotechnology offers significant advantages in disease
detection due to its adaptability and efficiency. It is particularly
adept at pinpointing genetic markers and mutations that are
linked to various diseases, which enables the early identifica-
tion of genetic conditions, hereditary illnesses, and cancers.
Since DNA nanotechnology can detect diseases before they
become life threatening, it can expedite the treatment process
and decrease risk. In addition, because of the nature of DNA
sensing nanotechnology, its core being DNA, the development
of personalized treatment is made possible. This benefit is
especially valuable when it comes to fighting against cancer,
a mutative disease that is unique in every occurrence. Having
the ability to identify specific genetic mutations or changes
allows doctors to identify the best way to combat a patient's
specific version of cancer. This can not only speed up the
treatment, in that it becomes more effective, but also decrease
the risk of adverse reactions to the treatment. Furthermore,
existing treatments, such as liquid biopsies, are non invasive,
which makes treatment more attractive to patients and less
intimidating.

In an attempt to prove detecting cancer is possible, Liu et al.®
proposed that targeting specific microRNAs associated with

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Scheme® of the proposed electrochemical genosensor to
detect target microRNA. (A) Au NPs were electrochemically deposited
on a bare gold disk electrode. (B) Constructing 3D DNA probes with
four oligonucleotides (Tetra-A, Tetra-B, Tetra-C and Tetra-D). (C) The
3D DNA probes were self-assembled on the electrode surface. (D) The
Au NPs-coated gold electrode was blocked with MCH. (E) With the
presence of microRNA, the stem-loop structure of the 3D DNA probe
was opened and the ferrocene groups had access to the gold elec-
trode surface after the hybridization with the target microRNA.

lung cancer could lead to its early detection. As a result, they
devised a 3D DNA origami structure tailored for electrochemical
detection of lung cancer-related microRNAs, the electro-
chemical genosensor. This structure comprises a stem-loop
DNA with ferrocene labeling on its upper part, coupled with
a thiolated tetrahedron DNA nanostructure at the base. While
the upper section binds to lung cancer-related microRNAs, the
lower portion is affixed onto a gold disk electrode surface, which
is modified with gold nanoparticles (Au NPs) and treated with
mercaptoethanol (MCH) (Fig. 1). All of the tests regarding the
performance of the electrochemical genosensor were conducted
through the use of scanning electron microscopy (SEM), atomic
force microscopy (AFM), cyclic voltammetry (CV), and differen-
tial pulse voltammetry (DPV). Through these tests they found
that under optimized conditions, the genosensor demonstrated
a detection limit of 10 pM and exhibited a linear response over
microRNA concentrations ranging from 100 pM to 1 uM,
highlighting its potential for highly sensitive clinical cancer
diagnosis applications.

Static vs. dynamic

It can be said that biomolecular sensors consist of two main
components: target recognition elements and signal trans-
ducers, which are integrated into DNA nanostructures. Dynamic
DNA structures change their shapes upon recognizing analytes,
serving as signal readouts, often detected with atomic force
microscopy (AFM). Static structures serve as platforms where
target binding events are recorded directly with AFM or
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indirectly using techniques like fluorescence resonance energy
transfer (FRET)-based optical detection. These elements
primarily rely on interactions between targets and ligands;
ligands commonly being nucleic acids, aptamers, and antibody
proteins.

Fig. 2 demonstrates an example of how static DNA nano-
structures were used in biomolecular sensing. In the figure,
Endo & Sugiyama® engineered origami rectangles with square
holes at the center, incorporating DNA cantilevers bridged
across the holes (Fig. 2a). This was then utilized to study the
dynamic motions and kinetics of biomolecular analytes at the
single-molecule level using high-speed AFM. Afterword, DNA
binding events, such as DNA base pairing, guanine quadruplex
formation, and DNA-enzyme binding, induced association or
dissociation of the cantilever bridges, were detected by the AFM.
Similar methodologies were employed to detect B-Z transitions
of DNA strands in response to varying Mg>* concentrations and
to demonstrate photo regulated DNA base pairing using pho-
toisomerizable azobenzene moieties.

Next, the programmability and addressability of DNA
origami structures were showcased in a label-free hybridization
assay (Fig. 2b). Yan and colleagues’ designed an origami rect-
angle containing three different probes arranged spatially. The
capture of target RNA strands by the probes stiffened the
probes, enabling detection by AFM. This study is important
because it shows the straightforward yet effective approach of
DNA nanostructures, and paved the way for the development of
other DNA assembly-based biosensors.
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Fig. 2 (a) Single-molecule biosensing and biophysics platform.® (b)
DNA origami-based label-free RNA hybridization assay.” Abbreviation:
AFM, atomic force microscopy.
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Fig. 3 (a and b) Nanopliers as a single-molecule sensing platform.®°
The DNA plier pinches closed or open upon target binding. (c) Enzy-
matic nanoreactor enabled by reconfigurable DNA assemblies.*® (d)
Biosensing via allosteric activation.* Abbreviations: AFM, atomic force
microscopy; BamHI, a type Il restriction endonuclease from Bacillus
amyloliquefaciens; G6pDH, glucose-6-phosphate dehydrogenase;
miR-210, a short microRNA; NAD+, an oxidized form of nicotinamide
adenine dinucleotide (NAD).

In dynamic biosensor schemes, structural reconfigurations
are linked to analyte binding events. A prevalent sensor design
involves a scissor/plier-type structure, demonstrated indepen-
dently by multiple research groups. A project run by Kuzuya
et al.,® started by crafting single-molecule beacons from DNA
origami that would close upon binding to a target molecule
(Fig. 3a). Their design enabled the examination of various
analytes, including streptavidin, immunoglobulin G, telomere
strands, microRNA (miRNA), and ATP. Structural changes could
also be detected by AFM and fluorescence measurements. A
similar structural design was adopted by Niemeyer and
colleagues® to investigate analyte binding kinetics (Fig. 3b).

Expanding on this concept, the Liu group' devised a DNA
tweezer that pinches near a fuel strand, initiating a NAD+/
NADH reaction by glucose-6-phosphate dehydrogenase (Fig. 3c).
The reconfiguration dynamics of the structure were analyzed by
reading and recording the fluorescence signals resulting from
a by-product molecule and a FRET pair. Additionally, Fig. 3d
presents a nanomechanical origami device capable of long-
range allosteric activation, proposed by Ke et al.** This device,
which consists of four rigid rods connected by flexible single-
stranded hinges, allows for the reconfiguration of the entire
structure via allosteric changes upon recognition of analyte
molecules. Dynamic nanodevices such as these demonstrate
how applications in biosensing and single-molecule biophysics
studies are viable.

Biosensors for virus detection

DNA nanotechnology is a strong “bottom-up” way to design and
create nucleic acid nanostructures. By employing DNA mole-
cules as structural materials, this method enables precise
control at the nanoscale, resulting in the development of stan-
dardized and modular tools suitable for novel virus-detection
systems. Researchers can employ DNA nanotechnology to

This journal is © The Royal Society of Chemistry 2025
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create personalized, highly sensitive biosensors that detect
viruses more accurately and efficiently. The self-assembly of
DNA tiles generates DNA nanostructures with addressable
properties, high sensitivity, and affinity. These distinctive
features have paved the way for DNA nanotechnology-based
biosensors. Rapid progress in this discipline has accelerated
the development of highly sensitive and precise viral detection
technologies. DNA nanobiosensors,"** which use DNA nano-
technology, may detect the presence of target DNA via electrical,
optical, or audio signals. These devices typically consist of two
key components: a molecular recognition element and a trans-
ducer. The molecular recognition element detects the target
DNA in the sample, and the transducer turns the signal into
viewable and recordable data. In DNA nanobiosensors, DNA
molecules form programmable supramolecular nanostructures.
These nanostructures serve as templates for accurately assem-
bling sensing elements, hence improving sensing performance
and enabling the construction of advanced biosensors."**¢
Supramolecular DNA structures, including DNA tetrahedron-
based biosensors,"” function as programmable anchor points.
Recently, many DNA nanobiosensors have been produced, with
optical and electrochemical DNA nanobiosensors being the
most investigated due to their great sensitivity, inexpensive
cost, and short detection times.

Surface-enhanced Raman scattering (SERS)

When nearby noble metal nanoparticles are close together, the
gap between them generates an amplified electromagnetic field,
greatly increasing the signal strength of Raman-active mole-
cules.’® Surface-Enhanced Raman Scattering (SERS) aims to
amplify Raman-scattering signals by adhering the analyte to the
surfaces of metal nanoparticles or nanostructures, hence
boosting the signal and making it easier to detect. SERS-based
sensing techniques have grown in popularity over the last few
decades due to numerous advantages: (i) exceptional sensitivity;
(ii) capability for multiplex sensing; (iii) suitability for point-of-
care (POC) devices; and (iv) ease of sample preparation.>*?* The
main advantage of DNA nanobiosensors based on SERS tech-
nology is their capacity to detect specific analytes at extremely
low concentrations.> However, a key difficulty for SERS-based
DNA nanobiosensors is the need for tight contact between the
analyte and the surface, which might degrade with prolonged
usage, reducing signal intensity.”® SERS-sensing technologies
have demonstrated significant potential for a variety of immu-
noassays,*® meeting the growing demand for precise and quick
virus detection.

To identify the DNA sequence of the dengue virus (DENV),*
Song et al. developed a SERS sensor based on a locally catalyzed
hairpin assembly (LCHA) and hybridization chain reaction
(HCR) from DNA tiles (Fig. 4a). The LCHA system, which
consists of L1 and L2 strands and Hairpin C1, self-assembles
with the ROX dye-labeled Hairpin C2, allowing for continuous
recycling of the DENV DNA sequence. ROX-labeled hairpins (H1
and H2) were also added to the SERS-AgNRS array, triggering
HCR and increasing the ROX signal. This combined LCHA and
HCR biosensor had a SERS intensity that was approximately 2.8

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 SERS DNA nanobiosensors for virus detection. (a) Schematic
diagram of SERS biosensor for DENV gene by cascade enzyme-free
signal amplification strategy of local catalytic hairpin assembly (LCHA)
and hybridization chain reaction (HCR).#” Copyright 2020, Elsevier. (b)
SERS-based design strategy for the SARS-CoV-2 label-free sensitive-
sensor platform.2® Copyright 2023, Elsevier.

times larger than the single LCHA method and more than 4.5
times that of the ordinary CHA strategy. The signal-to-noise
ratio (S/N, IDENV/Iblank) of LCHA-HCR was 5.4 times greater
than that of individual CHA, with a limit of detection (LOD) for
DENV as low as 0.49 fM, which was much better than earlier
SERS sensors.*

Park et al. created a sensitive, label-free SERS aptamer sensor
to identify SARS-CoV-2 variations of interest (Fig. 4b).>® High-
throughput screening revealed two DNA aptamers with affini-
ties of 1.47 £ 0.30 nM and 1.81 £ 0.39 nM for the SARS-CoV-2
spike protein. The combination of aptamers and silver nano-
forests resulted in an ultrasensitive SERS platform with
a detection limit of 10™*® M for recombinant trimeric spike
proteins. They also developed a label-free aptamer sensor that
does not require Raman labels and relies on the aptamer's
intrinsic signals. This label-free SERS sensor performed admi-
rably in clinical samples, detecting wild-type, Delta, and Omi-
cron variations.

Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR)-based DNA nanobiosensors
work by sensing changes in the refractive index at the interface
of the dielectric and metal layers.***> The SPR response is highly
dependent on the characteristics of the metal layer, with gold
being the most desired material.*® Traditional SPR sensors are
made up of a stationary recognition element, an optical prism,
and an analyte.>* In an SPR-based DNA nanobiosensor, manu-
factured DNA nanostructures are initially immobilized on the
surface of a metal film. Following surface functionalization,
a sample solution containing analytes is applied to the surface.
When incident light strikes the medium from various angles,

Anal. Methods, 2025, 17, 148-1159 | 1151


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ay01803f

Open Access Article. Published on 06 December 2024. Downloaded on 12/7/2025 8:53:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analytical Methods

photons are absorbed by the plasma wave at the critical angle,
which is affected by the medium's refractive index. When a virus
sample's nucleic acid interacts with DNA nanoparticles, the
refractive index near the metal film's surface changes, resulting
in a resonant angular shift of the plasma wave and virus
detection.®® SPR-based DNA nanobiosensors have shown
tremendous potential for rapid point-of-care (POC) virus
detection due to their sensitive and label-free detection mech-
anism.*® These sensors provide high accuracy, label-free moni-
toring, speed, and sensitivity. However, additional
advancements in specificity and sensitivity are required to
properly employ SPR technology for early viral detection.?”

Diao et al. created an SPR DNA biosensor to detect HIV-
related DNA using an entropy-driven strand displacement
reaction (ESDR) and dsDNA tetrahedron (DDT) (Fig. 5a).°® This
biosensor detects target DNA within a linear range of 150 nM to
1 pM, with a limit of detection (LOD) of 48 fM. Lee et al
developed a label-free biosensor for detecting avian influenza
(AIV H5N1) utilizing localized surface plasmon resonance
(LSPR) technology (Fig. 5b).* This biosensor, which consists of
a multifunctional DNA three-way junction (3WJ) on a hollow
gold spike-shaped nanomaterial, can detect AIV and other
viruses. SPR biosensors have several advantages, including
label-free detection, simpler molecular hybridization, and rapid
detection. They do not require labels, such as fluorescence or
radioisotopes, which simplifies sample processing and mini-
mizes the influence on biological molecules.

Chowdhury et al. created a DNA nanobiosensor for the quick
and quantitative detection of all four dengue virus serotypes
using the distance-based LSPR effect between cadmium tellu-
ride selenide fluorescent quantum dots (CdSeTeS QDs) and gold
nanoparticles (AuNPs) (Fig. 5¢).*° They created four nanoprobes
covalently coupled to serotype-specific hairpin ssDNA primers
at various places on the CdSeTeS QDs. The hairpin structure
contained a self-complementary anchoring area composed of
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Fig. 5 SPR DNA nanobiosensors for virus detection. (a) Schematic
diagram of SPR biosensors based on ESDRs and DDTs nanostructures
for the detection of HIV-related DNA.3® Copyright 2017, Elsevier. (b)
Diagram of the AlV detection biosensor fabricated based on the LSPR

method.*® Copyright 2019, Elsevier. (c) Schematic of the mechanism of
DENV detection by AuNPs and hairpin ssDNA-CdSeTeS QDs.*°
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six polyguanines (poly-G) and polycytosines (poly-C) coupled to
CdSeTeS QDs. Thiolated poly-C functionalized AuNPs were also
produced. We employed both synthetic ssDNA and actual RNA
samples to detect DENV serotypes. DENV's target sSSDNA/RNA
sequences hybridized with the hairpins' complementary
ssDNA loop sequence, resulting in the formation of a linear
ssDNA probe strand conjugated to QDs. The target DNA/RNA
sequences are subsequently precisely coupled to the nanop-
robe using complementary binding. The distance effect based
on LSPR allowed for rapid and quantitative detection of DENV
serotypes. This approach showed excellent sensitivity, with
LODs of 24.6 fM for DENV1, 11.4 fM for DENV2, 39.8 fM for
DENV3, and 39.7 fM for DENV4. This DNA nanobiosensor has
enormous promise for practical applications in identifying
dengue virus serotypes with high accuracy and efficiency.

Fluorescence-based (FB)

The fluorescence-based DNA nanobiosensor detects changes in
fluorescence signals as a fluorescent dye-labeled DNA probe
attaches to the target molecule.***** Typically, the fluorescent
dye on the DNA probe is not activated until it attaches to the
target molecule. The spatial position of the fluorescent dye
varies when it is specifically paired with the target, resulting in
changed fluorescence signals and allowing for target identifi-
cation. This type of biosensor has good spatial and temporal
resolution, sensitivity, and a quick reaction time, making it
perfect for multiplexed assays.* These properties make
fluorescence-based DNA nanobiosensors a useful instrument
for virus detection and biomolecule analysis.***” However,
fluorescence-based DNA nanobiosensors encounter problems
such as fluorophore scintillation and photobleaching, which
may limit their uses. Furthermore, non-specific binding of
fluorescent markers to ambient components can hamper their
application.**>°

Shen et al. created a fluorescent DNA biosensor that detects
four strains of dengue virus (DENV) using a quantum dot-
capped DNA capture probe (QD-CPs) (Fig. 6a).”* In this
biosensor, DNA capture probes are bonded to the surfaces of
quantum dots and magnetic beads. During detection, DENV
ssRNA creates heterologous double strands with the DNA
capture strand, which are then broken by double-strand-specific
nuclease (DSN) to release quantum dots from the magnetic
beads. This approach allows for continued hybridization with
the leftover DNA capture probe, resulting in ultrasensitive
DENV detection at a limit of detection (LOD) of 0.5 fM, which is
substantially more sensitive than earlier methods.

Teengam et al. developed a paper-based fluorescent DNA
biosensor that uses acpcDNA to selectively detect the Hepatitis
C virus (HCV) (Fig. 6b).** This biosensor demonstrated a linear
relationship between fluorescence changes and HCV DNA
concentration, with an LOD of 5 pM, and successfully detected
HCV complementary DNA (cDNA) in clinical samples. Jiao et al.
developed a DNA nanoscaffold hybridization chain reaction
(DNHCR)-based nucleic acid assay for quick SARS-CoV-2
detection.”® When the target SARS-CoV-2 RNA is present,
a cascade reaction occurs within the DNA nanoscaffold,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Fluorescence-based DNA nanobiosensors for virus detection.
(a) Schematic representation of the working principle of the fluores-
cence DENV assay based on QD-CPs.** Copyright 2015, Elsevier. (b)
The working principle of the fluorescence-based detection of HCV
using the acpcPNA-immobilized PAD and ssDNA-specific fluores-
cence dye.>? Copyright 2021, Elsevier. (c) Dimensional analysis and
design concept of the DNA tile structure corresponding to the ED3
cluster on the DENV surface.®®* Copyright 2019, Springer Nature. (d)
Schematic design concept and detection of DNA mesh structures
binding to SARS-CoV-2.5* Copyright 2019, Springer Nature.

resulting in fluorescence recovery and instantaneous, highly
amplified signal generation. This assay can be done in serum
and saliva samples in 10 minutes at temperatures ranging from
15 to 35 °C.

Kwon et al. created fluorescent DNA biosensors that target
the DENV surface antigen and paired them with nucleic acid
aptamers to detect fluorescence and suppress DENV activity
(Fig. 6¢).* They revealed that 2D spatial pattern recognition is
critical for binding DNA nanostructures to targets, offering
suggestions for enhancing ligand-DNA nanostructure binding.
Ochmann et al. improved fluorescence signals for target nucleic
acids by combining DNA folding-based optical antennas with
metal nanoparticles and utilizing plasma phenomena to
generate particular signals.”® This approach successfully detec-
ted Zika-specific artificial DNA and RNA in buffer solutions and
heat-inactivated human serum, demonstrating sensitivity to
minor nucleotide differences. Chowdhury et al. created a fluo-
rescent DNA biosensor to measure four DENV serotypes.®” The
researchers employed AuNP-graphene quantum dots nano-
composites (GQD-AuNP) with dye-labeled DNA probes to detect
DENV at concentrations ranging from 10~ to 107° M, with
a LOD of 9.4 fM. This sensor also worked admirably in clinical
applications for DENV detection.

Chauhan et al. demonstrated a unique mesh DNA nano-
structure known as “DNA Net” for specifically identifying and

This journal is © The Royal Society of Chemistry 2025
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trapping intact SARS-CoV-2 viruses (Fig. 6d).** This DNA Net,
which includes aptamers that target viral surface spike glyco-
proteins, emits a fluorescent signal when bound to the virus,
allowing for rapid and sensitive COVID-19 detection. The
sensor, which operates at room temperature and does not
require complicated equipment, has a LOD comparable to
clinical SARS-CoV-2 viral loads (1 x 10* to 1 x 10'° copies per
mL). It can identify intact virus in a sample.

Gogianu et al. created an innovative microarray platform to
improve DNA detection.”® They created three-dimensional
microarray chips on silicon nanowire substrates using metal-
assisted chemical etching, then coated them with SU-8 poly-
mer and customized them with carbon quantum dots (CDs).
When high-quality tagged HPV 16-targeted ssDNA was hybrid-
ized to the SiNWs/SU-8/CDs platform, it produced a robust
fluorescence signal, which was increased by the addition of
CDs. Coimmobilizing the HPV 16 probe with PDDA resulted in
optimal signal intensity and coefficient of variation.

Electrochemical

Electrochemical DNA biosensors use single-stranded DNA
(ssDNA) probes with recognition capabilities that are mounted
on an electrode. These probes can hybridize with target sSDNA,
forming bgymdouble-stranded DNA (dsDNA) on the electrode
surface. This hybridization alters electrical signals like current,
potential, and impedance, which can subsequently be utilized
to calculate the amount of target DNA. Electrochemical
biosensors can recognize complementary target sequences by
immobilizing DNA probes on a substrate surface and convert-
ing sequence-recognition hybridization signals into electrical
signals using a signal transduction device.

The resulting electrical signals can be classed as ampero-
metric or resistive sensors based on the electrical quantity they
measure. These biosensors, with their real-time monitoring and
quick on-site detection capabilities, are a potential point-of-care
(POC) diagnostic method for viral detection.®® They provide
great sensitivity, simplicity, low cost, and ease of downsizing,
making them an appealing choice for constructing portable
diagnostic equipment.

Voltammetry

Voltammetry uses voltage ramps to monitor current changes,
yielding different oxidation and reduction peaks for each ana-
Iyte. Recently, researchers have concentrated on cyclic voltam-
metry (CV), differential pulse voltammetry (DPV),**** and
square-wave voltammetry (SWV)® for virus identification. DPV
involves administering a differential potential pulse with
a constant amplitude while constantly increasing the scanning
potential. The current in each pulse is separated into two pha-
ses: before the potential application and after the pulse. The
differential between these currents is shown against the
potential. SWV, a differential voltammetry technique distin-
guished by large-amplitude pulses, entails applying a constant-
amplitude pulse as the scanning potential gradually increases.
In SWV, the potential-time plot is created by subtracting the
current at the end of the pulse from the current at the start of
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the pulse, and then plotting this difference against the growing
scanning potential.®*** SWV's advantage over DPV is its rapid
speed.

Lee et al. created a DNA-based biosensor using label-free
porous gold nanoparticles (pAuNPs) to detect the H5N1 virus
(Fig. 7a).** The electrodes, coated with pAuNPs to improve
surface roughness and electron transfer, used DNA three-way
junctions (3WJs) that included HA protein detection (recogni-
tion fragment), electrochemical signal generation (DNAzyme),
and immobilization parts (thiol group) introduced on the Au
electrode. The biosensor had a limit of detection (LOD) of 9.43
pM in HEPES buffer and 1 pM in diluted chicken serum. Ju et al.
created a very sensitive and adaptable electrochemical bio-
sensing approach for detecting DENV nucleic acids (Fig. 7b).*
This approach uses a dendritic hybridization chain reaction to
immobilize trapped DNA on the electrode. The target DENV
DNA sequence recognizes the dsDNA in the block state, releases
the initiator strand, and a gold electrode modified with capture
DNA captures the initiator strand, forming a triplet-state
nanostructure. Following the introduction of supplementary
Strand 2, a tree-like HCR is triggered, resulting in a branching
DNA nanostructure and an enhanced current signal. This
approach has a linear detection range for DENV of 1.6 to 1000
PM, a limit of detection of 188 fM, and can discriminate single-
base alterations.

Dong et al. created an electrochemical biosensor using DNA
tetrahedral nanostructures to detect the H7N9 virus by detect-
ing portions of the hemagglutinin gene sequence (Fig. 7¢).” A
DNA tetrahedral probe was mounted on a gold electrode
surface, and hybridization to the target ssDNA was
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Fig. 7 Electrochemical DNA nanobiosensors for virus detection. (a)
Schematic image of the fabricated AlV detection biosensor.®* Copy-
right 2019, Elsevier. (b) Schematic illustration of triplet nanostructure-
mediated dendritic HCR for electrochemical detection of DENV.%®
Copyright 2021, Elsevier. (c) Schematic diagram of an electrochemical
biosensor based on DNA tetrahedral nanostructures for the detection
of H7N9 virus.®” Copyright 2015, American Chemical Society.
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accomplished through the self-assembly of three thiol-modified
nucleotide sequences and longer nucleotide sequences con-
taining complementary DNA. The collected target DNA strands
hybridize to a biotinylated ssDNA probe, which is then activated
by the affinity hormone horseradish peroxidase, resulting in an
amperometric signal when reacting with a 3,3',5,5'-tetramethy-
laniline substrate. This biosensor identifies the H7N9 virus DNA
uniquely, distinguishing it from other influenza viruses (e.g.,
H1N1 and H3N2) and single-base mismatched oligonucleo-
tides, with a limit of detection (LOD) of 100 fM. The study also
shows that DNA tetrahedral probe-based electrochemical
biosensors can detect target DNA in clinical samples.

The tetrahedral DNA maximizes surface area, allowing for
greater binding capacity and improving sensitivity, especially
critical for detecting low viral loads. Furthermore, the high
specificity of the tetrahedral DNA probe reduces the likelihood of
false positives, thus ensuring reliable results essential for clinical
applications. The study also underscores the practical potential
of this technology, demonstrating how tetrahedral DNA nano-
structures can be used in real-world virus detection scenarios.
This work opens up possibilities for rapid diagnostic tools that
could play a vital role in managing viral outbreaks effectively.

Mahmoodi et al. described a DNA-based, selective, and
sensitive electrochemical biosensor for HPV-18 detection.®®
They deposited reduced graphene oxide (rGO) and multi-walled
carbon nanotubes (MWCNTs) on printed carbon electrodes,
then added gold nanoparticles (AuNPs) dropwise to the modi-
fied electrodes and immobilized ssDNA probes. DPV identified
HPV-18 by measuring variations in the oxidation signal of
anthraquinone sulfonate (AQMS) before and after probe
hybridization with target DNA. The biosensor demonstrated
linear detection throughout a concentration range of 0.01 fM to
0.01 nM, with an LOD of 0.05 fM, and performed well with
clinical samples.

Impedance-based

Impedance-based sensors detect target molecules via imped-
ance changes, as opposed to direct current (DC) measurements
employed in voltammetry.®>”® Impedance-based DNA nano-
biosensors produce DNA duplexes when biomolecules interact
with DNA probes on the sensor surface. When an alternating
electric field is provided, the process of duplex construction and
breakdown influences the current through the sensor, resulting
in a change in impedance. By monitoring this change, the target
molecule’'s existence and concentration can be determined.”
These biosensors typically have low limits of detection (LOD) in
the picomolar (pM) range and are highly stable, making them
excellent for viral detection.”

Shariati et al. created a label-free electrochemical impedance
DNA biosensor for HBV detection that employs gold nano-
crystals (AuNCs).” This biosensor was created by immobilizing
the HBV DNA probe (ssDNA) on the surface of AuNCs. The
electrochemical impedance spectroscopy (EIS) investigation
demonstrated that a LOD of 0.1 fM could be reached for HBV
DNA, as well as the ability to differentiate between comple-
mentary and non-complementary DNA targets, including those
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with one, two, or three mismatches. The biosensor also showed
the ability to detect HBV in serum samples. Wang et al. created
an EIS-based DNA sensor to detect HBV and HPV.” This sensor
uses ssSDNA probes that self-assemble on AuNP-coated single-
walled carbon nanotubes (SWCNT/Au). The limit of detection
(LOD) for this biosensor is 0.1 pM for HBV and 1 aM for HPV.
Furthermore, this biosensor is extremely stable, delivering
dependable and consistent results throughout time. Steinmetz
et al. created a DNA biosensor for the Zika virus (ZIKV) in
human serum samples by modifying an oxidized glassy carbon
electrode (ox-GCE) with silsesquioxane-functionalized gold
nanoparticles (AuNPs-SiPy) (Fig. 8a).” The biosensor detects
ZIKV by analyzing charge transfer resistance (AR.) and elec-
trode surface roughness (Ry). The detection limit was 0.82 pM,
with a linear range of 1.0 x 10~ to 1.0 x 107 ° M.

Ilkhani et al. created a unique electrochemical DNA nano-
biosensor for detecting Ebola virus DNA, which uses an enzy-
matic amplification assay to improve sensitivity and selectivity
(Fig. 8b).” This nanobiosensor was created by immobilizing
a sulthydrylated DNA capture probe on a printed electrode,
which then hybridized with a biotinylated target strand DNA. The
biotinylated hybridization product was tagged with streptavidin-
alkaline phosphatase conjugate on the working electrode's
surface, allowing the enzymatic product to be detected using
DPV. EIS was used to optimize the experimental technique,
resulting in suitable circumstances for biosensor development.
This nanobiosensor had a LOD of 4.7 nM for Ebola virus DNA,
indicating its potential as a sensitive detection tool.
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Fig. 8 Impedance-based DNA nanobiosensors for virus detection. (a)
Schematic representation of the construction and DNA hybridization
stages of the oxidized-GCE-[AuNP-SiPyl/ZIKV1 biosensor.”* Copyright
2019, Elsevier. (b) Schematic representation of different steps for the
fabrication of electrochemical DNA biosensors.”> Copyright 2018,
Elsevier. (c) AUNT PC surface probe immobilization and hybridization
of HPV-DNA target sequences with AuNT surface modifications and
schematic diagrams.”® Copyright 2019, Elsevier.
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Zucolotto et al. demonstrated an electrochemical DNA
nanobiosensor that detects the Zika virus label-free using an
impedance method.” This biosensor uses disposable electrodes
made by thermal evaporation on a polyethylene terephthalate
substrate covered with a nanoscale gold layer. A three-contact
electrode arrangement can identify DNA sequences in a tiny
sample volume, eliminating the necessity for labeling in Zika
virus sequence identification. The nanobiosensor has a reaction
time of 1.5 hours and a limit of detection (LOD) of 25.0 + 1.7 nM
using impedance measurements, indicating selectivity for Zika
virus synthetic DNA.

Shariati et al. developed a label-free DNA nanobiosensor for
HPV detection using gold nanotubes (AuNTs) (Fig. 8c).”® AuUNT-
modified nanoporous polycarbonate (AuNT-PC) templates were
created by electrodeposition, and ssDNA probes were covalently
anchored on the AuNT-PC electrodes. The hybridization
between the target DNA sequence and the ssDNA probe was
evaluated using the EIS approach. This nanobiosensor detects
HPV DNA with a LOD of 1 fM and a linear response range of 0.01
pM to 1 puM. It is highly selective for complementary, mis-
matched, and non-complementary DNA sequences.

Advanced DNA-based biosensors
CRISPR-Cas12a

DNA origami have led to innovative detection tools in biological
testing. One notable application is using DNA origami with
CRISPR-Cas12a to achieve high-sensitivity detection of genetic
mutations in cancer diagnostics. Researchers have engineered
DNA origami structures that, when combined with CRISPR, can
discriminate between single-base differences in DNA
sequences, making it possible to identify specific cancer
mutations at extremely low concentrations, even at the zepto-
molar level (107>" mol L7'). This level of sensitivity far
surpasses conventional methods like PCR, allowing for more
accurate detection of mutations crucial for personalized cancer
treatment. The method has shown promise in detecting muta-
tions in non-small cell lung cancer samples, even in cases where
PCR failed to identify mutations, highlighting its potential to
reduce false negatives in clinical diagnostics.”®

SPECTRA tool

Developed specifically for the detection of aggressive cancer cells,
SPECTRA use DNA origami scaffolds combined with Raman
spectroscopy to improve cancer imaging accuracy. It utilizes
folded DNA structures to maintain Raman reporter genes and
cancer-targeting DNA sequences in controlled arrangements,
thereby enhancing signal strength. SPECTRA probes differen-
tiate metastatic cancer cells by generating strong Raman signals
in the presence of molecular markers specific to these cells. This
allows clinicians to locate metastatic cells earlier and more
accurately than traditional imaging methods such as MRI.”

Challenges facing DNA nanotech

Although DNA nanotechnology has the potential to significantly
advance therapeutic applications through sensing, stability
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concerns may arise about DNA structures. DNA molecules are
intrinsically subject to deterioration by nucleases, which are
enzymes that break down DNA. Furthermore, DNA structures
can become unstable in settings that depart from physiological
standards, such as high temperatures, severe pH levels, or the
presence of specific chemicals. Ensuring the stability of DNA
nanostructures in various conditions is critical for their prac-
tical uses, particularly in medicine and biotechnology. Strate-
gies for improving stability, such as chemical changes to DNA or
protective coatings, are being investigated, but obtaining
consistent and long-term stability remains a challenge.?**®
Another key challenge is producing DNA nanostructures on
a large scale suitable for clinical applications. While traditional
pharmaceuticals and nanomedicines have well-established
manufacturing procedures, DNA nanotechnology remains
mostly in the research stage. It is difficult to increase the
production of DNA nanostructures while maintaining their
quality, usefulness, and safety. Furthermore, the cost of
creating these nanostructures remains considerable, thereby
limiting their accessibility and widespread use in the medical
area. The use of DNA nanotechnology in medicine also raises
regulatory and ethical concerns. The FDA and other regulatory
organizations demand substantial testing and validation to
assure the safety and efficacy of new medical innovations.
Because DNA nanotechnology is innovative, existing regulatory
frameworks may be inadequate to analyze it, thereby delaying
approval and deployment. Furthermore, ethical issues are
raised about the use of synthetic DNA, particularly in terms of
genetic privacy, the possibility of unintentional genetic
changes, and the long-term effects on human health.

Conclusions

DNA origami not only simplifies the assembly process, but also
allows for the production of nanostructures with complicated
shapes and precise functionality. In terms of sensing, DNA
nanostructures are extremely versatile in illness detection,
providing early detection of genetic problems, infectious
diseases, and many malignancies. These structures are used as
platforms to detect specific biomolecular interactions with great
sensitivity and precision. DNA nanotechnology represents
a revolutionary approach to medicine, providing unique
options for illness detection, therapy, and imaging. The
amazing progress made in this discipline demonstrates its
potential to change healthcare and pave the path for personal-
ized therapy in the future.
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