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Abstract

Specific nucleic acid detection in vitro or in vivo has become increasingly important
in the discovery of genetic diseases, diagnosing pathogen infection and monitoring
disease treatment. One challenge, however, is that the amount of target nucleic acid
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in specimens is limited. Furthermore, direct sensing methods are also unable to provide
sufficient sensitivity and specificity. Fortunately, due to advances in nanotechnology
and nanomaterials, nanotechnology-based bioassays have emerged as powerful and
promising approaches providing ultra-high sensitivity and specificity in nucleic acid
detection. This chapter presents an overview of strategies used in the development
and integration of nanotechnology for nucleic acid detection, including optical and
electrical detection methods, and nucleic acid assistant recycling amplification
strategies. Recent 5 years representative examples are reviewed to demonstrate the
proof-of-concept with promising applications for DNA/RNA detection and the
underlying mechanism for detection of DNA/RNA with the higher sensitivity and
selectivity. Furthermore, a brief discussion of common unresolved issues and future
trends in this field is provided both from fundamental and practical point of view.

1. Introduction

Nucleic acid, including DNA (deoxyribonucleic acid) and RNA

(ribonucleic acid), are polymeric biologic molecules composed of nucleo-

tide monomers. Each nucleotide consists of three-components: a phosphate

group, a nitrogenous base and a five-carbon sugar (deoxyribose for DNA

and ribose for RNA). Nucleic acids are critical biomolecules in life due

to their capacity to encode genetic information and regulate the synthesis

of protein. Thus, genetic variation resulting from some minor nucleic acid

sequence change has significant biomedical and biologic implications, i.e.,

cancer [1]. RNA also plays a key role in cancer development and further

detection of diseases. In addition, expression of microRNA or messenger

RNA appears related to cancer growth and development [2]. Therefore,

sensitive, accurate and selective detection of nucleic acid is highly important

and fundamental to biomedical research, clinical diagnosis and efficient

treatment.

In support thereof, various DNA/RNA detection technologies have

been developed in recent years [3,4]. Despite this continuing evolution,

many of these approaches are remain challenged by acceptable practicality,

sufficient sensitivity and resistance to interferents in biologic material, i.e.,

serum, saliva, urine and cell extracts. To improve the limitations inherent

to traditional DNA/RNA detection methods, nanomaterials have received

particular attention due to their unique chemical and physical properties

as signal amplification carriers and as direct signal generating biosensor

elements. Moreover, nanomaterials provide unlimited opportunity for novel

combinations of various materials or molecules of different composition,
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size, shape and dimension. When coupled with different biomolecules, these

nanocomposites can provide unique probes having the desired properties for

signal transfer and biosensing [5,6]. Advances in nanotechnology include the

use of noble metal nanoparticles [7], magnetic nanoparticles (MNPs) [8],

quantum dots (QDs) [9], two dimensional (2D) nanomaterials [10], metal-

organic frameworks (MOFs) [11] and up-conversion phosphors (UCPs)

[12]. These technologic breakthroughs have significantly enabled the devel-

opment of electro/optical biosensors possessing exceptional ability to detect

DNA/RNA. The use of nanomaterials also enhances signal amplification

because of their large specific surface area which could then be loaded with

more signal tags, as well as other unique photo/electric properties for direct

signal transfer and collection. In addition, the flexibility and designability

during the construction of the nanobiosensing interfaces provide a promising

research tool for ultrasensitive detection of DNA/RNA.

In this chapter, we review current developments in smart nanobiosensing

strategies, including electrochemical, electrochemiluminescence (ECL),

photoelectrochemistry (PEC), fluorescence, surface-enhanced Raman

scattering (SERS) assays, as well as colorimetric and other plasmonic-based

sensors. Their use in DNA/RNA detection and signal-enhancing ability and

mechanism of action will be discussed. The advantages and shortcomings of

specific nanomaterials such as noble metal nanoparticles, MNPs, QDs,

2D nanomaterials, MOFs and UCPs will be highlighted. Finally, we discuss

unresolved challenges and future trends for nucleic acid detection from both a

fundamental and practical point of view.

2. Metallic nanoparticle strategies

Because of their unique optical, chemical, electrical and catalytic prop-

erties, gold (Au) and silver (Ag) nanoparticles have been extensively studied

and used for DNA/RNA detection in combination with electrochemistry,

electrochemiluminescence (ECL), photoelectrochemistry (PEC), fluores-

cence, SERS, colorimetric assays and surface plasmon resonance (SPR)

sensing approaches.

2.1 Metallic nanoparticle electrochemical assays
Recently, metallic nanomaterial-based electrochemical detection strategies

offered new opportunities for highly sensitive nucleic acid detection. Because

of their excellent conductivity, high surface area and catalytic properties,
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metallic nanoparticles were found to ideal platforms for electrochemical-

based detection. For example, the metal surface is suitable for binding

of biomolecules and themetal itself facilitates direct and rapid electron transfer

that decrease the overpotentials of many electrochemical reactions, thus

maintaining redox reaction reversibility. In addition, they can be used to

amplify signal detection via increased loading density of signal probes.

Gold nanoparticles (AuNP), one of the most popular metal nanoparticles,

have become suitable nanomaterials for sensitive electrical transduction

during biomolecular recognition events due to their attractive electrical

properties, excellent biocompatibility and versatile bioconjugation [7]. More

interesting is that different properties would be shown from DNA-Au NPs

composite after interaction with single- (ssDNA) and double-stranded DNA

(dsDNA). For example, Zhang et al. [13] demonstrated that catalytic sites of

Au NPs could be fully blocked by ssDNA due to the noncovalent interaction

with nucleotide bases. In contrast, dsDNA cannot be adsorbed onto the surface

of Au NPs due to electrostatic interaction. As such, unmodified Au NPs

exhibited excellent glucose oxidase-like activity thus enlarging Au NP size

in the presence of glucose and HAuCl4 solution. The formation of large size

of AuNPs could result in a conductive gold film formation with a dramatically

increased conductance of Au NPs. This proposed self-catalytic growth of

unmodified Au NPs has been successfully employed for detection of DNA

hybridization at pmol/L concentration via a conductive bridge mediated

gap-electrical signal transduction. Assembly of different diameter of Au NPs

or layer-by-layer assembly of Au NPs of the same diameter also showed

enhanced overall DNA sensor performance [14]. Employing Au NPs of

two diameters, i.e., 20 and 5nm, Wang et al. [15], designed and assembled

a super-lattice on a glassy carbon electrode. Compared with random packed

nanoparticles, the Au NP super-lattice (CaCu5- and NaCl-type) showed a

higher surface area and excellent conductivity for signal amplification via

greatly increased electron transfer.

To further assist nucleic acid isothermal amplification strategies, more

efficient signal-amplified detection could be achieved by a cascade signal

amplification platform through specific nuclease-assisted target recycling.

For example, Yu et al. [16] recently designed catalytic hairpin assembly

(CHA) reaction assistant Au NP network architecture on an electrode for

signal-on electrochemical detection of microRNA-141 (Fig. 1). The target

recycling process driven by DSN resulted in highly amplified translation of

target miRNA to single-stranded connector DNA fragments. The CHA

reaction is further initiated by connector DNAs using hairpin-modified gold
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nanoparticles (HP-AuNPs) as the sensing unit. This approach enabled

electrochemical detection to 25.1amol/L miRNA-141. Another example

employing hairpin assembly target recycling strategy for cascade

electrocatalysis of micro RNA was demonstrated by Yuan et al. [17]. In this

report, target recycling was achieved via a nuclease-free strand displacement

process. The novel porous graphene oxide/Au composites showed much

improved specific surface area, excellent electrical conductivity and unique

biocompatibility providing detection of miRNA-155 from 0.8 fmol/L to

1.0nmol/L with a lower detection limit of 0.35 fmol/L. Using well-

designed bridge DNA-AuNPs, the aggregation of three Au NPs could be

accurately controlled by DNA sequence. Thus a triple signal amplification

strategy in combination with DSN cleavage cycles could be obtained thus

providing miRNA detection of ultrahigh sensitivity [18]. Au NPs could

be modified on the surface of electrode via electrochemical deposition by

immersing the gold electrode in HAuCl4 solution containing 0.1mol/L

KNO3. Subsequent cyclic enzymatic amplification strategy on the modified

electrode resulted in ultrasensitive electrochemical DNA or miRNA

detection [19].

Fig. 1 Schematic illustration of cascade amplification of DSN-assisted target recycling
and CHA reaction. Reprinted with permission S. Yu, Y. Wang, L.P. Jiang, S. Bi, J.J. Zhu, Cas-
cade amplification-mediated in situ hot-spot assembly for microRNA detection and molec-
ular logic gate operations, Anal. Chem. 90 (2018) 4544–4551.
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The ability to detect DNA/RNA is closely associated with the interfacial

structure or micro-environment of a biosensor, i.e., characteristics that

profoundly affect interfacial efficient area, thermodynamics and kinetics

of the assembly, binding and signal transduction of biomolecules. For

example, gold nanostructures of various shapes show different biosensing

properties. Recently, Fan et al. [20], demonstrated this phenomenon using

shape-controlled gold nanostructures on indium tin oxide substrates. These

hierarchical flower-like gold nanostructures possessed a large surface area

that readily accommodated the assembly of DNA probes for subsequent

detection of nucleic acid by electrochemical hybridization. Differently

shaped gold nanostructures combined with graphene or other 2D material,

such as graphene oxide@gold nanorod (Au NRs) [21], gold nanocages (Au

NCs) @graphene nanoribbons [22] and Au NPs functionalized MoS2
nanosheets [23] were reported to have large surface area with high sensing

conductivity and excellent biocompatibility, chemical stability and fast

electron transfer ability. For example, Dey et al. [14], designed a three-

dimensional (3D) alternately-layered nanoarchitecture through layer-by-

layer assembly of Au NPs and reduced graphene oxide on the surface of a

glassy carbon electrode. Using this approach, they achieved label-free

ultrasensitive electrochemical impedance sensing of DNA hybridization

of wide range and a lower detection limit of 3.9�10�14 g/mL.

In addition to commonly used Au NPs, other metal nanoparticles or

metal nanoclusters (MNCs) have beenwidely reported. For example, Crook

et al. [24], developed ssDNA modified platinum (Pt) NPs through a linker

consisting of a thiol group and a short alkyl chain for complementary target

micro RNA-203 detection. Because the ssDNA modified on Au NP�
DNA probes was complementary to the miRNA target, DSN could selec-

tively cleave dsDNA whereas DNA in DNA:RNA duplexes was employed

to cleave the ssDNA:miRNA conjugate. The digestion process resulted in

significant collision signals produced by the Au NP-DNA conjugates before

and after hybridization with target miRNA. Ultra-microelectrode measure-

ment of current vs time (i� t) transients demonstrated a robust and simple

strategy for RNA detection which could also be adapted to other molecules.

Metal nanoclusters (MNCs), consisting of several or dozens of metal atoms

approximately 2nm diameter, have also been reported [25]. These unique

structures have been shown to possess high surface atom activity, excellent

conductivity and quantum effect. A common MNC is Ag NCs has

been widely used in the detection of various small molecules [26] and

DNA/RNA [27,28] following reports by Dickson et al. [29], using a
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DNA-templated synthesis method in 2004. Similar to Ag NPs, Ag NCs

could also be employed as electrochemical tags for amplified detection

[30–32]. For example, Yuan et al. [33], designed an in situ growth strategy

of Ag NCs on electrodes combined with a target-assisted polymerization

nicking reaction and hybridization chain reaction for sub-femtomolar

microRNA-199a detection. Using a similar hybridization chain reaction

for signal amplification, Wang et al. [34], prepared copper (Cu) nanoclusters

(Cu NCs) in situ. This approach was supplemented with exonuclease T7

triggered target recycling for ultrasensitive electrochemical detection of

microRNA-21 to 10amol/L [34]. A comparison of different nanoparticle

based electrochemical sensing assays is shown (Table 1). As can be expected,

these nanoparticle electrochemical biosensing approaches showed different

DNA/RNA detection limits. Generally, the sensitivity of a biosensing

assay was related not only to the inherent nanoparticle properties but also

to the protocols integrated with other amplification techniques, i.e., iso-

thermal nucleic acid recycling reaction. Moreover, the construction process

of sensing interfaces and modification environment also greatly influence

detection limit.

2.2 Metallic nanoparticle electrochemiluminescence
(ECL) assays

Electrochemiluminescence (ECL) is produced by electrochemical

oxidation or reduction [35,36]. This approach integrates the advantages

of electrochemistry and spectroscopy thus improving sensitivity and speci-

ficity. For example, the absence of a light source greatly reduces background

signals from scattered light and luminescent impurities. Furthermore,

high specificity was an additional benefit due to the adjustable excited states

and corresponding co-reactant. Years of development has resulted in ECL

technology possessing high stability as well as satisfactory sensitivity and

specificity.

By employing ECL-active molecules as signal tags, ECL became a

powerful analytical method for biomolecular detection. Although luminol

has become one of the most important ECL reagents because of a high light

efficiency, it has weak signal and poor solubility in neutral aqueous solution

[37,38]. Because of this limitation, Xu et al. [39,40], developed luminol-

functionalized Au NPs and Pt NPs. This approach greatly enhanced ECL

intensity due to the relatively larger specific surface area as well as improved

nanoparticle catalytic activity. Using luminol-functionalized Au NPs, Lu

et al. [41], developed a “dual-potential” ratiometric ECL sensing method
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Table 1 Comparison of nanoparticle based electrochemical nanobiosensors for DNA/RNA detection.

Target Applied nanomaterial
Electrochemical
method Linear range

Detection
Limit References

DNA Au NP/rGO/Au NP CV and EIS 10�9–10�13 gmL–1 39 fgmL�1 [14]

MiR-21 Au NPs superlattices DPV 100aM–1nM 78aM [15]

miRNA-155 GO/Au NPs and p-TiO2@PtNPs DPV 0.8 fM–1nM 0.35 fM [17]

MiR-21 Bridge DNA-Au NPs CC 10aM–10pM 6.8aM [18]

MiR-21 Au NPs DPV 1fM�100pM 0.36 fM [19]

MiR-21 Flower-like Au nanostructures SWV 0.1 fM–100 fM 0.1 fM [20]

MiR-155 GO/Au NRs DPV 2fM–8pM 0.6 fM [21]

DNA Au nanocages@graphene DPV 1fM–100pM 600aM [22]

MiR-21 Thionines/AuNPs/MoS2 SWV 1pM–10nM 0.26pM [23]

DNA Ag NCs DPV 0.2 fM–1pM 0.16 fM [32]

MiR-21 Cu NCs DPSV 10pM–0.1 fM 10aM [34]
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through fabrication of target DNA and Hemin/Au-Luminol NPs

on Thioglycolic acid (TGA)/CdSe/ZnS QDs/MWNTs modified GCE.

Due to the enhancing effect of luminol and the quenching effect of

CdSe/ZnS by G-quadruplex/hemin, DNA detection to fmol/L concentra-

tion was achieved. The “dual-potential” ratiometric approach also mini-

mized any false positive signal. In combination with nucleic acid

amplification, ECL has attracted intense attention and has led to more simple

and sensitive biomolecule analysis. In addition, novel sensor interfaces have

been developed in combination with ECL and nucleic acid isothermal

amplification. In this strategy, ECL signal was induced by hybridization

between DNA modified on ECL materials and DNA modified on the elec-

trode. The signal could be further enhanced by nucleic acid isothermal

amplification, i.e., strand displacement amplification (SDA), DNAzyme-

mediated DNA hydrolysis, nicking enzymes and nuclease assistant cyclic

enzyme amplification and target-catalyzed hairpin assembly. Previously,

Xu et al. [42], explored a ratiometric ECL biosensing method for micro-

RNA at fmol/L concentration by combining cyclic enzyme amplification

and distance dependent resonance energy transfer between Au NPs,

luminol-Au NPs and CdS semiconductor nanocrystals. In this report,

duplex-specific nuclease (DSN) was employed to realize target recycling

amplification which showed selective cleaving to dsDNA or DNA in

DNA-RNA heteroduplexes and no effect to ssDNA or ss (ds) RNA. Using

the DSN and Au NP approach, they recently proposed a nanopore-based

ECL sensor based on an anodized aluminum oxide (AAO) nanopore elec-

trode with luminol anion as probes for detecting target miRNA-107 [43].

The DNA-Au NP-modified AAO electrode exhibited a strong repulsion

effect for the negatively charged luminol anion probe due to the electrostatic

repulsion and volume exclusion effect (Fig. 2). However, the presence of a

small amount of miRNA can bring about the removal of a mass of DNA-Au

NPs after target recycling amplification. As such, a lower detection limit of 1

fmol/L miRNA could be obtained. The use of nuclease assistant cyclic

enzyme amplification led to the development of a DNA walking machine

as a target-recycling amplification strategy. This approach has attracted

much attention due to its ability to transform external stimuli such as

energy-first DNA strands hybridization or the existence of ions to cargoes

transit and detection signal. Yuan et al. [44], reported an ultrasensitive

ECL biosensing strategy for microRNA detection based on the 3D DNA

walking machine and distance-controlled signal quenching and enhanced

CdS:Mn QDs and Au NPs. This work demonstrated that is was possible
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Fig. 2 Schematic illustration of (A) Construction of nanopore-based electrode, (B) Preparation of nanopore-based ECL platform, and (C) ECL

detection using luminol or RuðbpyÞ32 +. Reprinted with permission X.L. Huo, H. Yang, W. Zhao, J.-J. Xu, H.-Y. Chen, Nanopore-based
electrochemiluminescence for detection of microRNAs via duplex-specific nuclease-assisted target recycling, ACS Appl. Mater. Interfaces 9
(2017) 33360–33367.
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to apply the 3D walker in combination with ECL for effective microRNA

and DNA analysis. Recently, Kuang et al. [45] reported another ECL bio-

sensor also based on smart DNA walker on Au NPs modified electrode for

signal amplification. The nicking endonuclease powered movement of

DNA walker could cleave multiple QDs probes on the electrode, thus

resulting in significantly amplified ECL signal changes.

Combination of Au NPs with other 2D or 3D nanomaterials may

enhance ECL biosensing performance by maximizing nanomaterial proper-

ties via complementary approaches. Many carbon nanomaterials, i.e.,

graphene oxide (GO), carbon nanohorns and graphite-like carbon nitride

nanosheet, have been used as efficient carriers [46]. Because of their large

surface area, excellent conductivity and ability to adsorb biomolecules, they

have greatly improved the intensity and biocompatibility of ECL biosensors.

For example, a target recycling SDA and co-reactant tris(2-aminoethyl)

amine (TAEA)-based ECL system was developed by Zhuo et al. [47]. This

approach was successfully used via a DNA/Au NPs/Ru(II) complex-

TAEA@GO composite modified GCE to obtain a stable and sensitive

self-enhanced ECL biosensing method for miRNA21. Further studies

reported that Au NPs could be in situ decorated on surface of GO by the

reduction of Au (III) complex with sodium citrate in GO solution to form

a GO/Au nanocomposite. This material showed improved performance for

constructing a more sensitive and selective ECL biosensor for DNA/RNA.

Mao et al. [48] immobilized hairpin DNA probe on GO/Au composite

modified electrode surface for electric transmission and then obtained

greatly enhanced initial ECL intensity through nicking enzymes Nb.BbvCI

mediated signal amplification. Another study employed Au NPs

functionalized reduced graphene oxide (Au-rGO) as nanocarriers with

self-enhanced ruthenium complex (PEI-Ru(ΙΙ)) and hairpin DNA sequen-

tially anchored on nanocomposite surface as signal probes [49]. By coupling

intramolecular co-reaction amplification of PEI-Ru(ΙΙ) and intermolecular

co-reaction amplification of thiosemicarbazide toward the PEI-Ru(ΙΙ) com-

plex, high ECL intensity could be achieved with sub-femtomolar miR-21

detection and a linear response about six orders of magnitude.

Some interesting interactions have been noted between metal

nanoparticles and semiconductor nanocrystals due to surface plasmon reso-

nance (SPR) of metal nanoparticles and the enhanced or suppressed ECL

response of nanocrystals by the induced SPR. For example, ECL-resonance

energy transfer (RET) between CdS:Mn nanocrystals (NCs) and Au NPs

within short distances was first discovered by Xu et al. in 2009 [50].
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Subsequent work using RET has been reported to greatly improve ECL

biosensing platforms. In fact, RET combined with Au NPs and nanocrystals

has become one of most powerful tools for ECL biosensor construction

[51–55].When designing a RET based ECL system, dual independent emis-

sions of two ECL emitters should be integrated with spectral overlap

between donor ECL spectrum and acceptor absorption spectrum. In addi-

tion to AuNPs, subsequent studies found that AgNCswere good candidates

as the energy acceptor of nanocrystals with an absorption peak of 492nm in

the ultraviolet-visible range, i.e., overlapped absorption and emission spec-

trum [56]. Moreover, such nanoclusters with sizes about or below 2nm

diameter showed size-dependent discrete energy levels. This finding sug-

gests unique “molecular” properties possibly providing enhanced perfor-

mance for smart ECL biosensors. Xu et al. [57] prepared oligonucleotide

encapsulated Ag NCs and demonstrated that these could quench ECL emis-

sions from CdS NCs via ECL RET and rapid catalysis of ECL co-reactant

K2S2O8 thereby providing sensitive miRNA detection. Subsequently, Yuan

et al. [58] introduced target-cycling synchronized rolling circle amplification

(RCA) for ultrasensitive detection of miR-21down to 22amol/L [58].

2.3 Metallic nanoparticle photoelectrochemistry (PEC) assays
The photoelectrochemistry (PEC) process is characterized as light-

electrochemistry interaction under an applied light which generates electron

excitation following charge transfer from photoexcited material. It is note-

worthy that the PEC process is the reverse of ECL, i.e., photocurrent exci-

tation and light as the detection signal [59]. Unlike ECL, PEC-active

material was only modified directly on the electrode interface or by

DNA hybridization to produce electrical signal. The newly emerged tech-

nology is of special interest for its potential in biologic analysis. It has inher-

ently low background signal and improved sensitivity due to complete

separation of the excitation source and detection signal in contrast to tradi-

tional optical and electrochemical methods. Similar to ECL, various metal

nanomaterials, including Au NPs, Au NPs based composite, iridium com-

plex, Pt NPs, and Ag NCs have shown potential as versatile PEC biosensors

due to their unique plasmonics and physicochemical properties. For exam-

ple, it has been reported that Ag NCs demonstrate efficient quenching

to nearby CdS QDs through energy transfer between NCs and QDs in

PEC biosensors. Using this approach, DNA detection could be achieved

with a linear range from 1.0pmol/L to 10nmol/L having a detection limit
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of 0.3pmol/L [60]. Efficient photocurrent quenching through energy

transfer is one type of exciton-plasmon interaction (EPI) between noble

metal NPs and QDs [61]. In fact, recent studies investigating this phenom-

enon have proven promising for EPI in biosensing [62]. In one report, Cao

et al. [62] evaluated the use of EPI with CdS@g-C3N4 nanowires and

Au@Ag NPs coupled to DNAase-triggered signal amplification. As a

photoelectrode, the CdS@g-C3N4 heterojunction electrode matrix could

generate photocurrent. The natural absorption overlap between the exciton

of CdS@g-C3N4 and the plasmon of Au@Ag NPs resulted in greatly

decreased PEC intensity. Subsequent work from Dai et al. [63] reported

an RET process between ZnSe-COOH nanoflakes (NFs) and Au NPs

due to the overlapped spectrum between UV�visible spectrum of Au

NPs and emission spectrum of ZnSe-COOH NFs (Fig. 3). RET greatly

improved photoelectric conversion efficiency of ZnSe-COOH NFs

resulting in significantly amplified PEC signal for target microRNA-122a.

Despite the enormous advances in PET biosensing and use in nucleic acid

detection, there remain technologic issues including high background, low

Fig. 3 Schematic illustration of the PEC biosensing platform based on SPR of Au NPs
enhanced RET and remarkable steric hindrance of p19 protein as dual signal amplifica-
tion. Reprinted with permission W. Tu, H. Cao, L. Zhang, J. Bao, X. Liu, Z. Dai, Dual Signal
Amplification using gold nanoparticles-enhanced zinc selenide nanoflakes and P19 Protein
for ultrasensitive photoelectrochemical biosensing of microRNA in cell, Anal. Chem.
88 (2016) 10459–10465.
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sensitivity and poor detection limit. To mitigate these limitations, much

research has focused on the design of advanced photoelectric materials with

excellent PEC performance as well as the use of nucleic acid assistant cascade

amplification strategies [64–66]. The PEC biosensor provided highly sensitive

microRNA-21 detection at sub-femtomolar concentration (0.05fmol/L)

with DSN mediated target recycling amplification [67]. Recent work

from Tang et al. [68], demonstrated an advanced photoelectric material

defect-engineered TiO2�x nanobars (dTiO2�x) with improved visible light

photoelectric response for sensitive PEC biosensing with ultralow back-

ground. Combined with exonuclease III-assisted target recycling amplifica-

tion, the target-induced plasmonic enhancement PEC biosensing platform

demonstrated excellent DNA detection under visible light irradiation and

low background. Tang et al. [69] synthesized an Ir(III) complex as an

intercalated reporter combined with PEC sensing for DNA detection at

femtomolar concentration using hybridization chain reaction amplification.

Recently, Chen et al. [70] reported on PEC nanomaterial semiconducting

polymer dots (Pdots) as a novel strategy for PEC bioanalysis due to its excellent

light-harvesting characteristics. In addition, they found that the cathodic pho-

tocurrent of Pdots was reduced when Au NPs were in proximity to Pdots.

Advanced functional materials such as PEC nanomaterials with efficient

quenching and/or enhancement phenomenon have been key in the evolution

of DNA/RNA detection technology.

2.4 Metallic nanoparticle fluorescence assays
Due to its inherent advantages, fluorescence has been widely applied to the

detection of biomolecules. Recently, fluorescence detection methods have

been integrated with noble metal nanomaterials and various isothermal

amplification reactions for constructing a series of analysis interfaces and fab-

ricating novel analysis strategies. Together, these have combined to achieve

sensitive and selective detection of biomolecules including tumor markers.

Noble metal nanoclusters have attracted much attention in the develop-

ment of efficient fluorescence biosensors. For example, nucleic acid-

stabilized AgNCs (DNA-AgNCs), due to their fluorescence intensity, have

become a fluorophore of choice in many studies [71]. Furthermore, DNA

provided an ideal scaffold for the synthesis of AgNCs resulting in goodwater

solubility, excellent biocompatibility and relatively low toxicity. Moreover,

the fluorescence properties of this nanomaterial could be adjusted by chang-

ing the length, sequence and structure of DNA template to obtain a
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satisfactory probe [72–74]. Subsequently, Zhu et al. [75] designed a versatile
DNA molecular beacon structure for parallel detection of two target genes

(Influenza A virus genes H1N1 and H5N1). Using two DNA-Ag NCs con-

taining different DNA structures, this approach demonstrated fluorescence

response at two wavelengths (520 and 600nm). Yeh et al. [76,77] demon-

strated that DNA-Ag NCs nucleated by a cytosine (C)-rich sequence

showed greatly enhanced fluorescence (500-fold) upon hybridization to a

G-rich overhang strand. This G-rich fluorescence enhancement was subse-

quently combined with SDA amplification by Cui et al. [78], as a light-up

fluorescence method for rapid detection of miR-16-5p andmiR-19b-3p. In

addition to SDA, other DNA recycling amplification strategies could be suc-

cessfully introduced in this AgNC-based fluorescence sensing system for

bioanalysis, i.e., nucleases [26], DNAzymes assistant target recycling and

dynamic DNA self-assembly signal-amplification [79]. Chameleon Ag

NC showed a structure-dependent orange-to-green fluorescence transfor-

mation thus providing a potentially new approach for ratiometric target

detection. To mitigate labor-intensive and time-consuming preparation

during target-induced variation of DNA templates, Dong et al. [80]

designed a simple but powerful chameleon DNA-Ag NC showing dramatic

color variations upon DNA hybridization with nonfluorescent assistant Ag

NC orMg2+. Using different Ag NC based fluorescent probes, a ratiometric

biosensing method was demonstrated at nanomolar HIV and HBV due to

exponential signal response. In addition, dsDNA-template copper (Cu)

NPs also showed great promise for quantitative DNA/RNA detection

when combined with DNA amplification including hybridization chain

reaction (HCR) [81], DSN assistant target recycling [82] and enzymatically

engineered primer extension poly-thymine [83]. A problem in nucleic acid

biosensing is difficulty in obtaining quantitative results for intracellular

RNA. This is generally due to the presence of multiple RNAs of similar

sequences, as well as, their relatively small size, low abundance and vulner-

ability to degradation. Recently, fluorescence microscopy-based molecular

imaging techniques with high resolution, excellent selectivity and noninva-

sive capability have provided powerful approaches for in situ intracellular

DNA/RNA visualization. Among these, Au NPs and functionalized Au

NPs have been used to detect low expression DNA/RNA. This approach

has benefited from improved cellular transfection, high DNA loading of Au

NPs and fluorescence RET with other nanomaterials. Since the first exam-

ple of Au NPs based nanoflares reported by Mirkin et al. in 2007 [84], the

usefulness of nucleic acid-AuNPs for RNA detection in living cells has been
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widely reported [85–88]. Subsequent studies demonstrated the application

of smart DNA tracks andDNAwalking strategies powered by DNA assistant

events including DNA hybridization, hydrolysis and conformational transi-

tion. In addition, others have examined the principles of DNA motors

in vitro and in vivo for DNA walking or biosensing [89–91]. For example,

a target miRNA induced hybridization reaction generated unlocked

DNAzyme strand via strand displacement reaction as shown (Fig. 4). The

unlocked DNAzyme strand could subsequently hybridize with its substrate.

In the presence of cofactor Mn2+, DNAzyme was active and cleaved its sub-

strate strand, generating two DNA segments (F1 and F2). FAMmodified on

Fig. 4 Intracellular operation of a DNAzyme motor initiated by a specific miRNA.
Reprinted with permission H. Peng, X.F. Li, H. Zhang, X.C. Le, A microRNA-initiated DNAzyme
motor operating in living cells, Nat. Commun. 8 (2017) 14378.
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the F1 segment demonstrated its recovered fluorescence due its relative dis-

tance from the Au NP surface. Furthermore, the separated DNAzyme from

F2 could subsequently react circularly with substrate strands, thus obtaining a

greatly enhanced fluorescent signal intracellularly. This DNAzyme motor

system on Au NP provided real-time imaging of miRNA induced motor

operation [89]. Wang et al. constructed efficient and versatile DNA-Au

NP probes for accurate and amplified low-abundance miRNA imaging

inside cells employing hairpin-locked-DNAzyme strand [92], hairpin-

fueled catalytic nano beacons and fluorescence RET (FRET) nanoflares

[93]. Subsequent work to address the complicated preparation and unsatis-

factory sensitivity resulted in the development of an Au NP loaded split-

DNAzyme probe for miRNA-21 at physiologic magnesium [94]. Ye

et al. [95] further engineered a smart DNA-AuNP conjugate assistant

entropy-driven DNA nanomachine for intracellular miRNA imaging in

the absence of a DNA tool enzyme. This nanomachine was driven by the

negative free energy change of base pair formation and thus did not need

HCR or CHA support. This novel approach resulted in good stability,

low immunogenicity and high signal-to-noise ratio. Toehold DNA was

employed to achieve smart hybridization using a displacement reaction sim-

ilar to automatic DNAwalking, i.e., a non-enzymatic catalytic substrate dis-

assembly. By employing toehold DNA mediated SDR, Xiang et al. [96]

developed a DNA-fueled target recycling signal amplification approach

for monitoring under-expressed miRNA in living cells. These dsDNA-

Au NP nanoprobes showed good nuclease stability, low cytotoxicity,

reduced background noise and high sensitivity.

In contrast to single RNA detection, simultaneous monitoring of mul-

tiple RNA targets could provide a more comprehensive and accurate assess-

ment of disease state especially in early stage cancer. As such, many

multiplexed or multicolor DNA-Au NPs have been designed for detection

and/or imaging of tumor-related intracellular mRNAs [97–99]. Tang et al.
[100] recently demonstrated the use of Fluorescence-Raman dual-signal

switchable DNA-AuNPs nanoprobe for intracellular imaging and detection

of miR-21 and miR-203 in living MCF-7 cells. By combining the advan-

tages of fluorescence with SERS this approach provided a new detection

platform. The use of smart DNA probes built on spherical Au NPs further

improved the mobility and processivity of the DNA motors. Accordingly,

the performance of DNA probes immobilized on Au NP of various shapes

and other metal nanomaterials have been studied. For example, Sun et al.

[101] examined the use of oriented gold nanocross (AuNC)-decorated gold
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nanorod (AuNR) nanoconjugates. This study resulted in the development

of an OFF-enhanced ON fluorescence switching sensing strategy via FRET

for in vitro detection and intracellular tracking of miRNA-34a from the

HepG2 and H9C2 cells stimulated by AFB1 and TGF-β1. Fluorescent sens-
ing strategies using Au NP based nanocomposites or Au NPs with other

nanoparticles has gradually come into use [102]. For example, Kelley

et al. [103] developed a programmable metal/semiconductor nanostructure

composed of a central core gold nanoparticle surrounded by a layer of DNA-

capped quantum dots for mRNA-modulated molecular delivery. This

“core-satellite” composite provided an efficient superstructure to specifi-

cally bind mRNA encoding MRP1, an important drug resistance factor,

inside cancer cells and release of doxorubicin, an anticancer drug. Recently,

Zhu et al. [104] introduced up-conversionmaterial (UCNPs) into DNA-Au

NPs and provided a platform for the sensitive detection of tumor-related

ncRNA (HOTAIR segment, miR-21) assisted by Exo III-mediated cycling

amplification strategy. The work takes advantage of both DNA-Au NPs

conjunction and UCNPs thus showing minimal background fluorescence,

low photodamage and high photostability.

DNA-nanomaterial conjunctions based nanomachines or nanoflares

greatly accelerate the rates from the intra- and inter-molecular reaction.

This approach leads to high local effective concentration and stable signal

outputs due to the controlled hybridization or release of DNA substrates, as

well as excellent stability, biocompatibility and adjustable optical proper-

ties. Despite the achievements in metal nanoparticle based fluorescence

biosensing, more studies on enzyme-free smart amplification and the use

of other metal nanoparticles are clearly required to explore this new

technology.

2.5 Metallic nanoparticle SERS assays
In biologic systems, SERS is a superior approach because of its ability to pro-

vide significantly improved signal intensity [105]. To achieve ultrasensitive

detection of cancer biomarkers, a novel SERS biosensing interface was

introduced. Nanoparticles for label-free Raman based techniques were con-

structed to eliminate the complexity associated with preparation and attach-

ment of appropriate Raman labels. Ag NPs grown along the DNA skeleton

induced sufficient interaction between the bases and the substrate to yield a

sensitive Raman signal and were successfully used for label-free SERS detec-

tion of DNA at picomolar concentration [106,107]. Although Raman
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spectroscopy of Ag NPs has above unique advantages [108], further develop-

ment of SERS-active nanoparticles, metal nanoparticle based nanocomposites

or nanoconjunctions and oligonucleotide modified nanoparticles have stim-

ulated broad interest in DNA/RNA detection due to their improved SERS

effect [109,110]. One promising nanocomposite is Au-Ag nanocomposite

having a stable SERS signal and much broader wavelengths as a SERS

nanoprobe [111]. For example, Song et al. [112] developed a DNA-mediated

multicolor Au@Ag nanomushroom structure with interior nanogaps and

employed it as ready-to-use SERS nanoprobes formultiplex and ultrasensitive

SERS detection of various DNA/RNA targets. Recently, Li et al. [113] syn-

thesized Raman dyes modified Au@Ag nanosnowmen structure grown via a

DNA-mediated approach as bimetallic SERS nanoprobe for ultrasensitive

detection of three prostate carcinoma-related genes at femtomolar concentra-

tion. Another example was reported by Yang et al. [114]. As shown (Fig. 5),

Cu NPs in situ grown on the surface of SWNTs improved the SERS effect

due to the electromagnetic enhancement effect associated with the large local

E field between CuNPs and SWNTs. They also found this CuNP-enhanced

SERS effect of SWNTswas dependent on the amount of T-rich ssDNA, thus

providing an efficient biosensing method for target circulating tumor DNA

(ctDNA). Recent work from Halas et al. [115] reported that aluminum
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Fig. 5 Construction of SWNT-based SERS assay coupling with RNase HII-assisted ampli-
fication for highly sensitive detection of ctDNA in human blood. Reprinted with permis-
sion Q. Zhou, J. Zheng, Z. Qing, M. Zheng, J. Yang, S. Yang, L. Ying, R. Yang, Detection of
circulating tumor DNA in human Blood via DNA-mediated surface-enhanced Raman spec-
troscopy of single-walled carbon nanotubes, Anal. Chem. 88 (2016) 4759–4765.
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(Al) nanocrystal aggregates showed substantial near-infrared SERS enhance-

ment as an inexpensive, highly abundant and sustainable devise for SERS

resulting in label-free ssDNA detection with no pre-modification. The per-

formance Al NC aggregates opened the possibility for non-noble SERS sub-

strates having many of the same advantages such as low-cost, ease of disposal

and potential to recyle.

Although metal nanoparticle based SERS technology is characterized by

high sensitivity, additional signal enhancement remains necessary for trace

DNA/RNA. This includes rolling-circle DNA polymerization [116,117],

ion-mediated cascade amplification [118], DNA tool enzyme based expo-

nential amplification reaction [119], and DSN assistant target-responsive

DNA hydrogels [120]. Despite these approaches to enhance SERS bio-

sensing, more studies are clearly needed to explore the interaction between

DNA configuration and distinctive shaped nanoparticles as well as develop-

ment of a smart SERS platform employing DNA-metal nanostructures for

molecular recognition and biosensing. The SERS-active nanostructure

performance is generally influenced by nanoparticle geometry, type of

material or composite and interparticle distance. Au NP dimers, multi-

branched Au nanoflowers and Au nanostars [121–123] appear applicable
for SERS biosensing at single-molecule level [124,125] and cell imaging

[126]. This is due, in large part, to the relatively large surface area and

unique optical and physical properties of these nanostructures. Although

promising, it is clear that additional work is needed to more fully assess

the application of SERS technology for detection and intracellular imaging

of DNA/RNA.

2.6 Metallic nanoparticle plasmon assays
When excited by electromagnetic radiation, plasmonic nanomaterials (e.g.,

Au NPs or Ag NPs) can confine and manipulate photons at the nanoscale by

the collective oscillation of conduction electrons, i.e., localized surface

plasmon resonance (LSPR) [127]. Importantly, the absorbance (color) of

the nanoparticle is easily modulated by their shape/morphology, size, distri-

bution, composition, as well as the surrounding environment. When in

close proximity, there exists strong interparticle plasmon coupling and an

associated perturbation in the LSPR band of the ensemble, leading to a

red-shift in the absorbance peak. Capitalizing on this feature, many noble

metal nanoparticle-based colorimetric or other plasmonic-based sensors

have been developed for detecting nucleic acid [128].
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Using SPR properties of noble metal nanoparticles, DNA/RNA

induced molecular recognition events could be transformed into color

change snf thus be observed by simple colorimetric assay. AuNPs based col-

orimetric assays via target-induced aggregation have been used for

DNA/RNA detection due to their ease of synthesis and surface modifica-

tion, tunable optical properties, strong photostability [129–132]. Some have

been combined with DNA nuclease or DNAzymes assisted signal amplifi-

cation to improve sensitivity. To enable point-of-care (POC) testing, a sim-

ple paper-based colorimetric assay using AuNP-DNA conjugates or

peroxidase-mimicking DNAzyme structure has been constructed for micro-

RNA detection [133].

Despite the simplicity of noble metal nanoparticle colorimetry, this tech-

nology was limited by relatively poor sensitivity and susceptibility to envi-

ronmental influence, i.e., temperature, pH and salt concentration. As such,

other plasmonic-based sensing technologies such as dark-field light scatter-

ing imaging has received considerable interest. This approach that monitors

biological events related SPR scattering change via dark-field microscope

(DFM). Following this model, biosensing platforms using SPR responses

of Au NP based nanoparticles or nanocomposites were designed and found

to detect DNA/RNA at the single molecule level [134,135]. Due to the

existence of hot spots in a single plasmonic assembly, a multitude of nan-

oassembled AuNP, such as dimers or trimers, Janus NPs, nano-oscillators

[136], core–satellite constructs [137], or network [138] have been evalu-

ated as optical sensing nanostructures. For example, Xu et al. [139] used Au

NP based core-satellite plasmon rulers and explored the dynamic process

of toehold-mediated strand displacement. Target microRNA-21 (in vitro

or in living cells) induced strand displacement accompanied by blue shift

of scattering wavelength. Subsequently, Chen et al. [140] designed Au NP

dimers triggered by Y-shaped DNA duplex provided ultrasensitive DNA

colorimetric detection under DFM. In comparison to traditional colori-

metric sensors, this strategy exhibited significantly increased sensitivity,

i.e., 5–9 orders of magnitude. Nam et al. [141] sought to improve Au

NP dimer performance to maximize detection signals and minimize

nonspecific signals. This study led to the development of associating

and dissociating nanodimer analysis for ultra-low DNA targets on a lipid

micropattern.

Besides DMF, other plasmonic-based nanosensor via monitoring extinc-

tion intensity or the peak shift of the plasmonic coupling resonance band

arising from the probe-target DNA binding event have been designed.
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For example, Long et al. [142] combined DFM and Rayleigh scattering

spectroscopy for the dual-channel detection of tumor-related TK1 mRNA

in living cells. As shown (Fig. 6), the scattering spectrum of Au NP was

quenched when assembled with probe DNA and dye-labeled nanoflares.

In the presence of target mRNA, the specific binding between probe

DNA and target led to the release of the dye-labeled nanoflares thus

resulting in recovery of the scattering intensity. Recently, Zhu et al.

[136], reported a light-driven nano-oscillator with a subnanoscale gap dis-

tance for single-molecule miRNA detection. The nano-oscillator con-

sisted of mechanoresponsive polymeric poly(N-isopropylacrylamide)

modified on an Au-coated glass slide and Au NPs deposited by van der

Waals force. The complementary DNA strand was immobilized in the

gap between the Au NP and the Au surface. Single-molecule miRNA

monitoring was achieved via oscillation (scattering amplitude of Au NP)

from the rigid dual-strand structure formed fromhybridization of immobilized

DNA and target miRNA.

Plasmonic sensors have shown wide potential applications for oligo-

nucleotide screening at single-molecule and subnanoscale level. Further

development of smart strategies based on DNA-noble SPR technology

are expected to provide additional tools for single-molecule detection of

DNA/RNA, other small molecules and proteins in vitro and in vivo.

Fig. 6 Schematic illustration of the interaction between PRET-based nanosensors and
intracellular mRNA. Reprinted with permission T. Xie, M. Li, Y.T. Long, Dual-channel signals
for intracellular mRNA detection via a PRET nanosensor, Chem. Commun. 53 (2017)
7768–7771.
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3. Magnetic nanoparticle strategies

Magnetic nanoparticles possessing excellent separation ability have

been widely used in biosensors for DNA/RNA detection. In addition, mag-

netic nanoparticles could be functionalized with active groups such as

hydroxyl, amine, carboxyl, aldehyde, and epoxy moieties improve target

DNA binding via a stable covalent link. To date, a large number of magnetic

nanoparticle based nucleic acid sensing approaches have been reported.

These include SERS [143], fluorescence [144], CL [145], ECL [146],

PEC [147], SPR [148], QCM [149] and electrochemistry [150]. In SERS

sensing, researchers employed magnetic beads or an Fe3O4@Ag NP com-

posite coupled with strand-displacement polymerization [151], HCR [152]

or PCR [153] for signal amplified detection of DNA/RNA with a low

detection limit. Zhen et al. [151] designed a new signal amplification strategy

for miRNA detection based on a label-free multifunctional probe that rec-

ognized target miRNA and then initiated exponential amplification. The

combination of SERS technology with multiple amplification modes and

Au NP-DNA and magnetic beads enabled rapid amplification process and

thus the sensitive detection of 6.3 fmol/L miR-203 in a complex biological

matrix. Ye et al. [152] proposed another SERS signal amplification strategy

that combined a magnetic bead based bifunctional probe with HCR ampli-

fication and achieved simultaneous detection of multiple cancer biomarkers

(microRNA and ATP with detection limit of 0.15 fmol/L and 20nmol/L,

respectively) with a concentration difference>11 orders of magnitude. This

highly sensitive technology would be of interest for detection of circulating

tumor DNA (ctDNA). As such, Trau et al. [153] designed an SERS assay for

multiplex detection of clinically relevant mutations in ctDNA from mela-

noma patients. This ultra-sensitive approach was shown to reproducibly

detect to 10 copies of target sequence.

New types of magnetic materials or magnetic nanocomposite have also

been developed in order to meet increasing detection sensitivity. For exam-

ple, Chai et al. [154] proposed an “OFF-ON” SERS sensing system on

magnetically active substrate (Co@C/PEI/Ag) assisted by specific padlock

probe-based exponential RCA (P-ERCA) strategy for miRNA detection.

Cy5 modified Thiol-hairpin DNA (H1) as a Raman label was immobilized

on the surface of Co@C/PEI/Ag showing a strong Raman signal. This

Raman signal could be crippled by DNA P2 as placeholder DNA through

a hybridization event. In the presence of target miRNA 155, Raman signal
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recovered as “ON” status after a series target-induced hybridization and expo-

nential amplification reactions. This work demonstrated a wide linear range

(100aM–100pM) and a lower detection limit of 70.2amol/L for miRNA.

Besides SERS, many new ideas being brought forward using magnetic

nanoparticle for other sensing technologies. This includes fluorescence

detection. For example, Zhang et al. [144] designed carboxyl-modified

magnetic beads and liposome encapsulated QDs for amplification-free

single-particle DNA detection. In this work, they prepared liposomes/QDs

(L/QD) complexes with hundreds of QD particles encapsulated inside lipo-

somes. The target DNA simultaneously bound to the L/QD complex-

labeled reporter probe and the magnetic bead-modified capture probe, thus

generating a sandwich hybrid which could be separated from the free

reporter probe through magnetic separation. Using this method, sensitive

and simultaneous detection of HIV-1 and HIV-2 DNA sequences could

be obtained at attomolar concentration. To improve sensitivity, several

magnetic microbead-assisted isothermal amplification strategies have been

developed for fluorescent detection of nucleic acid. Various isothermal

amplification reactions have been studied including HCR [155], RCA

[156] and CHA [157]. Magnetic microbead-assisted isothermal amplifica-

tion strategies have been successfully used in chemiluminescence

[145,158], ECL [42,146,159], PEC [147], SPR [148,149,160], and electro-

chemical [161,162] detection of DNA/RNA. For example, Bi et al. [158]

developed an ultrasensitive and selective CL imaging array for high-throughput

and simultaneous detection of miR-155, miR-let-7a and miR-141. This

array combined exponential signal amplification from a DNA polymerase/

NEase-assisted DNA machine and magnetic beads-assisted separation tech-

nique, through programmable DNA toehold-mediated strand displacement

(TMSD) reactions. By introducing a magnetic nanoparticle to ECL analysis,

Xu et al. [42] proposed a target induced dual recycling amplification method

for sensitive microRNA detection. This study used DSN to cyclically cleave

the complementary section of the DNA probes on the surface of magnetic

beads in the presence of miRNA-21 thus obtaining changes in ECL intensity.

Using PECwithDSN enzyme-assisted target recycling, Yuan et al. [147] pro-

posed a ratiometric PEC assay for ultrasensitive and highly accurate determi-

nation of miRNA-141 in complex biological matrices. This study integrated

target-nucleotide transduction-amplification with a binding-induced four-

way junction DNA nanomachine.

Zhang et al. [160] combined SPR bioassay with the target-triggered

amplification reaction and magnetic nanoparticle-based RCA for detection
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of DNA and Ramos cells. Recently, Chai et al. [161] synthesized magnetic

nanoparticles (Fe3O4@CeO2�PtNPs) with magnetic cores close to the

substrate through the assistance of DNA structures. Target recycling-

based Y-shaped DNA (Y-DNA) could regulate the electrocatalysis of

Fe3O4@CeO2�Pt nanoparticles to methylene blue for signal enhance-

ment and sensitive electrochemical detection of target DNA (10 fmol/

L–50nmol/L) with a detection limit of 3.5 fmol/L. Due to the complexity

of DNA-assisted amplification reactions, PingarrÒn et al. [163], did not use

nucleic acid amplification and proposed a thorough comparison of

11 methods involving various assay formats and labeling strategies. This

study used conventional sandwich and competitive hybridization assays

on the surface of magnetic beads (MBs) coupled with amperometric transduc-

tion at screen-printed carbon electrodes (SPCEs). Gooding et al. [150]

reported a highly sensitive sensor for direct DNA analysis in whole blood

through electric-field-induced reconfiguration of a network of probe DNA

modified Au@magnetic NPs (DNA-Au@MNPs). As shown (Fig. 7), probe

DNA sequences complementary to target miR-21 were modified on the sur-

face of Au@MNPs with a thiol group and methylene blue redox label at the

two ends. Excess DNA–Au@MNPs (threefold) relative to the amount of

miR-21 was added to minimize response impact due to any variation in

nanosensor concentration. Following 30min incubation with analyte,

nanosensors were magnetically separated and non-hybridized sequences

washed away. DNA-Au@MNPs were then magnetically collected on an

Au macroelectrode. Ten cycles of square-wave voltammetry was then con-

ducted whereupon the current remained unchanged. This approach resulted

in substantially improved detection limit (>1000-fold vs conventional gold

macroelectrode).

In addition to the above, new sensing strategies based on magnetic

nanoparticles have been developed. These include quartz crystal micro-

balance (QCM) [164], inductively coupled plasma mass spectrometry

(ICP-MS) [165], magnetic relaxation switch sensing (MRS) [166] and

optomagnetic [167].

4. Quantum dot (QD) strategies

In recent years, quantum dot (QD) semiconductor nanocrystals

have been reported to have many unique and promising optical/electronic

properties superior to those of large particles, making them attractive

nanomaterials for optical biosensing [168]. QD-based F€orster resonance
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Fig. 7 Schematic representation of the steps involved in the proposed sensing strategy for detecting miRNA. Reprinted with permission R.
Tavallaie, J. McCarroll, M. Le Grand, N. Ariotti, W. Schuhmann, E. Bakker, R.D. Tilley, D.B. Hibbert, M. Kavallaris, J.J. Gooding, Nucleic acid hybrid-
ization on an electrically reconfigurable network of gold-coated magnetic nanoparticles enables microRNA detection in blood, Nat. Nanotechnol.
13 (2018) 1066–1071.
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energy transfer (FRET) biosensors have attracted significant interest for the

direct detection of target analytes in solution. This property effectively mit-

igates typical biosensing problems such as long preparation time and immo-

bilization, target incubation, need for multiple wash steps and construction

of recognition system. Compared with traditional organic dyes, QDs as

donors in FRET applications exhibit much better spectral overlap with dif-

ferent acceptors, a stronger FRET efficiency due to a higher acceptor density

on the QD surface, and a wider excitation wavelength range of QD donors.

As such, many QDs donor based FRET strategies has been applied for

homogeneous detection of DNA/RNA with different nanoparticles or

molecules as acceptors including Cy5 [169,170], Cy3 [171], Tamra [172],

AF594 [173], BHQ [174,175], C60 [176] and Al-GFLX [177]. Recently,

Seitz et al. [170] designed a FRET system on the basis of peptide nucleic

acid (PNA) probes for rapid detection of RNA. This FRET pair consisted

of a red emissive QD as donor and a NIR dye (Cy5) as fluorescent acceptor.

This QD-PNA nanoconjugate demonstrated good PNA labeling density

and thus achieved sensitive and selective RNA detection with good range

(10pmol/L–100nmol/L) within 5h. Integration of hyperbranched RCA

(HRCA) with QD-based FRET strategy resulted in simultaneous bio-

sensing of miR-21 and miR-221 with a single-color QD and two fluores-

cent dyes (Cy3 and Texas Red) acting as donors and the acceptors,

respectively [171]. As shown (Fig. 8), target miR-21 and miR-221 as

primers specifically trigger HRCA in the presence of corresponding circular

templates. Numerous single-stranded amplification products were formed

which can then be sandwiched by biotin-labeled capture probes and

Cy3/Texas Red-labeled reporter probes. The biotinylated sandwich

hybrids were subsequently assembled on the surface of QDs thus generating

an efficient FRET signal (Cy3 for miR-21 and Texas Red for miR-221).

This assay was very simple to construct and exhibited good specificity

and high sensitivity under isothermal conditions using the same reverse

primer and same capture probe. The assay had a lower detection limit of

0.72 fmol/L and 16amol/L for miR-21 and miR-221, respectively. More-

over, the assay could be successfully employed for intracellular microRNA

targets in cancer cells. Shamsipur et al. [172] developed a QD-based FRET

biosensor for Helicobacter pylori DNA. In this study, two sets of detection

probes were labeled using QD and Tamra as the donor and the acceptor,

respectively. Target DNA could trigger the formation of a QD-DNA-Tamra

sandwiched hybrid generating an efficient FRET signal between QD and

Tamra. In the absence of target DNA, no sandwiched hybrid was obtained
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and no FRET detected. This simple and rapid assay showed ultrahigh sensi-

tive detection of Helicobacter pylori DNA at nanomolar level.

Advances in nanotechnology have brought new opportunities for the

design of next-generation nucleic acid biosensors and disease diagnosis by

combining advanced functional nanoparticles, DNA nanotechnology and

nuclease-based target recycling amplification. Stevens et al. [173] employed

DSN nuclease, bright fluorescent QDs as a donor and Alexa Fluor 594

(AF594) dye as an acceptor to develop an isothermal target-recycling assis-

tant FRET sensing method. Using DSN-based cleavage reaction and

QD-FRET-based signal readout, this method achieved a miR-148 detec-

tion limit of 42 fmol/L with excellent selectivity against mismatched

sequences and other miRNAs. Using DSN, which specifically digests

DNA in the DNA/RNA duplex, a QD-based FRET biosensor using

BHQ2-labeled DNA functionalized QDs was developed for miR-141

detection in prostate cancer [174]. In the absence of miR-141, the fluores-

cence of QDs was efficiently quenched by BHQ2. When target miR-141

bound DNA on the QD surface, i.e., formation of DNA/RNA duplex, the

DNA strand could be digested by DSN, resulting in the separation of BHQ2

and QD and recovery of QD fluorescence. This approach could identify

Fig. 8 Schematic illustration of the integration of HRCA with the QD-based FRET for
simultaneous detection of miR-21 and miR-221. Reprinted with permission J. Hu, M.H.
Liu, C.Y. Zhang, Integration of isothermal amplification with quantum dot-based fluores-
cence resonance energy transfer for simultaneous detection of multiple microRNAs, Chem.
Sci. 9 (2018) 4258–4267.
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target miR-141 in serum from healthy individuals as well as prostate cancer

carriers and, as such, may be clinically useful. Using similar FRET strategies

between QD and BHQ, a CdTe/CdS core–shell QD-based FRET biosen-

sor was developed for detection of DNA and microRNA [175]. Target

nucleic acid (DNA and microRNA) can trigger the formation of sandwich

hybrids, thus resulting in efficiently quenched fluorescence of QD due to

close proximity between QD and BHQ2. A detection limit of 1 fmol/L

and good selectivity demonstrated its ability to distinguish single-base-

mismatched as well as random nucleic acid sequences.

In addition to BHQ2, recent research demonstrated that spherical fuller-

ene (C60) also exhibited a quenching effect to the fluorescence of QD via

energy-transfer and charge-transfer processes and the quenching efficiency

could be regulated by the number of proximate C60 on the QD surface

[176]. High signal-to-noise ratio obtained fromQD-C60 pairs and magnetic

concentration yielded a detection limit of 100 fmol/L (�106 target DNA

copies per 10μL sample). Recently, others reported a NIR fluorescence

nanoprobe (QD-Al-GFLX) composed of NIR quantum dots (QDs) and

Al(III)-gatifloxacin (Al-GFLX) complexes for the sensitive in vitro and

in vivo detection of dsDNA [177]. They demonstrated that the initial strong

NIR fluorescence of QDs in QD-Al-GFLX could be quenched by

Al-GFLX complex via a photoinduced electron transfer mechanism. Upon

interaction with target dsDNA, the high binding affinity between dsDNA

and Al-GFLX complex could trigger dissociation of QD-Al-GFLX, thus

eliminating the photoinduced electron transfer process and following signif-

icant enhancement of NIR fluorescence. This novel sensing approach pro-

vided a dsDNA detection limit of 6.83ng/mL in aqueous solution.

Interestingly, in FRET biosensors, QDs can serve as donors as well as

acceptors. For example, using a luminescent Tb complex as a donor and three

semiconductor QDs as acceptors, Hildebrandt and Qiu et al. developed a

Tb-to-QD FRET-based biosensor for sensitive multiplexed miRNA detec-

tion from a single 150μL sample with 1nM detection limit [178]. Employing

CdSe@ZnS QDs as an acceptor, Yuan et al. proposed an ECL-RET based

RNA biosensor within a nanostructure containingRuðdcbpyÞ32+and CdSe@
ZnS QDs acting as donor and acceptor, respectively [179]. This QDs-

RuðdcbpyÞ32+ pair represented a new FRET based ECL biosensing system

and achieved an ultralow detection limit of microRNA-141 (33amol/L) via

target recycling amplification and double-output conversion strategies.

In addition to their optical properties, QDs also possess distinct PEC

activity [9,59,180]. After immobilization on a conductive electrode, the
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excitation of QDs by light is able to activate an electron-transfer reaction

between QDs and the electrode and then generate a photocurrent signal.

Although the QD-based PEC biosensors emerged later than optical biosen-

sors, they have been widely used due to their excellent sensitivity and low

expense. For example, Wang et al. [181] developed a “switched-on” PEC

biosensing platform for target DNA based on integration of p-type PbSQDs

photocathode with the versatile function of the G-quadruplex/hemin con-

figuration. Unfortunately, limited sensitivity was obtained due to the use of a

single QD as sensitizer. Subsequently, Zhu et al. [182] synthesized two

CdTe QDs with different sizes as the sensitizers and developed a new

PEC biosensor for DNA. In this study, the TiO2/CdS:Mn hybrid structure

was prepared by successive adsorption and reaction of Cd2+/Mn2+ and S2�

ions on the surface of TiO2 film and then was employed as matrix for further

hairpin DNA probe modification. Two sizes of QDs (CdTe-COOH QDs

with a larger size and CdTe�NH2 QDs with a smaller size) labeled on the

terminal of hairpin DNA probe were designed as signal amplification ele-

ments. Upon hybridization between target DNA and hairpin DNA probe,

hairpin DNA probe showed conformation change generating photocurrent

change. This new biosensing strategy detected target DNA to 27amol/L.

To further improve sensitivity, several isothermal amplification strategies

such as CHA [183,184], DNase I [185],λ-exonuclease [186] and restriction

endonuclease [187] assisted target recycling signal amplification have been

introduced.

5. Two-dimensional layered nanomaterial strategies

Since the discovery of mechanically exfoliated graphene in 2004

[188], numerous studies have been conducted on graphene and other

two-dimensional (2D) layered nanomaterials for use inmaterial science, bio-

chemistry and nanotechnology [10]. Graphene, as one of most common

used 2D materials, has showed promise in nucleic acid detection due to

its unique low-dimensional physical properties, excellent electrochemical

performance and high fluorescence quenching efficiency [189]. Further

studies demonstrated that GO showed much higher efficient adsorption

ability for ssDNA vs dsDNA because of the shielded π–π interactions from

the helical structure of the latter [190]. Based on this difference, Tang et al.

[191] recently employed GO as a nanocarrier for the simultaneous fluores-

cent imaging analysis of miR-21 and PDCD4 mRNA in MCF-7 human

breast cancer cells and also developed a new fluorescence and photoacoustic
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dual-mode probe for mRNAdetection in living cells [192]. Integration with

isothermal amplification remarkably amplified signals for ultrasensitive

nucleic acid detection. Many recent studies have shown that the assistance

of RCA [193,194] or HCR [195] on GO substrate has become a promising

tool in the field of fluorescence biosensing of miRNA. For example, Kim

et al. [196] developed a facile GO based fluorescence method for the quan-

titative detection of miRNA coupled with RCA mediated isothermal gene

amplification. This strategy could reliably detect miRNA as low as

0.4pmol/L. Using RCA and self-assembled nucleic acid molecules on

GO nanoplates, Zhang et al. [197] developed a triple-helix probe that could

provide low-abundance miRNA imaging in single cells. Another example

by the same group, utilized an enzyme-free HCR strategy on GO carrier

and simultaneously obtained imaging of multiple miRNA in living cells

thereby providing a more comprehensive assessment of intracellular events

[198]. Besides fluorescence analysis, nucleic acid assistant isothermal

amplification strategies on GO interfaces have also become powerful tools

during the construction of PEC DNA assays [199], field-effect DNA

biosensors [200], chemiluminescence DNA detection [201] and ECL DNA

biosensor [202].

Other graphene-like ultrathin 2D nanomaterials including MoS2 [203],

WS2 [204], and MnO2 [205], WSe2 [206], Ta2NiS5 [207] and nanosheets

have also been used in DNA/RNA biosensor technology because of their

large surface area and ease of functionalization. Fluorophore-labeled ssDNA

can be adsorbed by van der Waals interaction between nucleobases and the

nanomaterial plane with good fluorescence quenching. Inspired by the

unique properties of transition metal dichalcogenides, Zhang et al. [208]

demonstrated that a single-layer MoS2 nanosheet possessed high fluores-

cence quenching efficiency and variable affinity for ssDNA vs dsDNA. In

subsequent work, Xiao et al. [209,210] combined super quencher MoS2
nanosheet-loadedmolecular beacons with DSN assistant signal amplification

for simple, sensitive and multiplexed miRNA detection. For in situ detec-

tion of target miRNA in living cells, MoS2 nanosheets were proven to be

particularly useful due to their low cytotoxicity and high stability. For exam-

ple, Yang et al. [211] used MoS2 a nanosheet-based nanoprobe for one-step

monitoring of endogenous miRNA single cell expression. Recent studies

have shown that biodegradable MnO2 nanosheets were also useful as

in situ biosensors for intracellular targets [212]. For example, Xiang et al.

[213] developed an intracellular signal amplification strategy based on a bio-

degradable MnO2 nanosheet, target-triggered assembly of hairpins and
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FRET. Using this approach it was possible to monitor down-regulated

miRNA-21 in living cells. In combination with DNAzyme, Zhao et al.

[214] developed a MnO2 nanosheet/DNAzyme as nanomaterial/DNA

integrated nanozymes which acted as a catalytic DNA circuit generator

for intracellular signal amplification and versatile imaging of DNA base-

excision repairs in living cells. As shown (Fig. 9), a combination of three

two-dimensional nanoparticles (WS2, MoS2, and GO) and five rationally

designed fluorescently labeled 15-nt-long ssDNAs (probes), a novel combi-

natorial nanosensor array was developed for simultaneous detection of nine

let-7 miRNA analogues [215]. This work demonstrated the usefulness of

two dimensional nanoparticles for analysis of biologic matrices.

6. Other nanoparticle strategies

In addition to common nanoparticles listed above, others have been

developed including metal-organic frameworks (MOFs), silica nanoparticles,

polydopamine nanomaterials, UCNPs, DNA-tagged liposomes and carbon

dots. All have been successfully employed in the construction of bioanalytical

methods for sensitive DNA/RNA detection.

Fig. 9 Schematic illustration of the combinatorial nanosensor array for miRNA analyses
with two-dimensional nanoparticles. Reprinted with permission M.S. Hizir, N. Nandu, M.V.
Yigit, Homologous miRNA analyses using a combinatorial nanosensor array with two-
dimensional nanoparticles, Anal. Chem. 90 (2018) 6300–6306.
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MOFs are an emerging class of hybrid porous materials self-assembled

frommetal-containing nodes and organic linkers that have attracted tremen-

dous attention over the past two decades [216].MOF are based on crystalline

molecular materials possessing open crystalline supramolecular coordination

architectures with unprecedentedly large and permanent inner porosity.

Because of these characteristics, MOFs have unique physical and chemical

properties such as advanced signal transduction which is essential for sensory

materials [11]. MOF biosensing strategies primarily rely on their excellent

optical or catalytic properties during signal transduction. For example, sev-

eral recent MOFs have been used as effective fluorescence sensing platforms

for DNA detection. In this application, MOFs are coupled with dye-labeled

ssDNA probe through electrostatic, π-stacking or hydrogen-bonding. MOF

materials showed quenching effect to the fluorescence response of the dye

due PET. Many 2D or 3D MOFs demonstrate excellent fluorescence

quenching ability toward DNA labeled fluorescence dye, including 2D

Zn-TCPP MOF [217], 3D dysprosium (Dy) MOF [218], UiO-66-NH2

[219], H2dtoaCu MOF [220], MIL-101 [221,222], MIL-88B [223] and

MOCPS [224]. Because of these characteristics, it is possible to achieve

discrimination of target DNA by synchronous scanning fluorescence

spectrometry. Meanwhile, porous MOFs act as a scaffold with signal dyes

loaded on it as well as with hairpin DNA structure as capping shell [225].

In the presence of target DNA or RNA, fluorophores released from

MOF pores was trigged by competitive displacement reaction thereby

significantly enhancing the fluorescent signal. Due to MOF high loading

capacity, DNA targets could be detected to 20 fmol/L and could effec-

tively discriminate single-base mismatch via stimuli-responsive nanoprobes.

To take advantage of the catalytic properties of MOFs nanomaterials,

Ling et al. [226], synthesized FeTCPP@MOF composites. These acted as

electrochemical indicators for signal readout which can mimetically catalyze

the oxidation of o-phenylenediamine (o-PD) to 2,20-diaminoazobenzene.

This “signal-on” electrochemical sensor showed a satisfactory detection

limit of target DNA to 0.48 fmol/L and a linear range of 10 fmol/

L–10nmol/L.

Silica nanoparticles (SNPs) are the second most commonly used nano-

material. SNPs possess incomparable properties such as hydrophilic surface,

ease of modification and/or surface functionalization, high stability

and good biocompatibility. These characteristics have shown SNPs to be

one of the most important and promising nanomaterials for biosensing.

These are generally divided into two categories, nonporous (solid) silica
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nanoparticles (NSNPs) and mesoporous silica nanoparticles (MSNPs), both

of which bear an amorphous silica structure. MSNPs have been widely

employed as nanocarriers for the delivery of small molecules or drugs via

physical or chemical adsorption due to their size (2–50nm). In contrast,

NSNPs have been employed as nanocarriers via encapsulation or conjuga-

tion approaches. For example, Yang et al. [227] developed a target miRNA-

induced HCR amplification reaction on the surface of silicon microbeads to

produce long self-assembled DNA polymers on which could be further fab-

ricated with Ag NP. Because of the miRNA triggered hybridization chain

reaction and Ag+-mediated cascade amplification, very low circulating

miRNA (0.3 fmol/L) could be detected in serum collected from different

stage chronic lymphocytic leukemia (CLL). Functionalized with other

nanomaterial, such as CdTe QDs, silica nanospheres also exhibit positive

effect for highly sensitive fluorescent biosensing target DNA (10amol/

L–10pmol/L) with a detection limit to 50 copies [228].

With respect to controlled drug delivery or DNA modification, MSNPs

have attracted much attention due to their mesoporous nature. In fact,

others have taken advantage of this characteristic as well as adsorption capac-

ity to develop smart sensing MSNPs, i.e., nano-carrier/amplifier in various

electro/optical sensing methods for controlled release or sensitive detection

of DNA and small molecules [229,230]. With the integration of a nicking

endonuclease based amplification reaction on the surface of MSNPs, Zhang

et al. [231], developed a SERS based approach for DNA methyltransferase

detection. By incorporating nanoporous materials, traditional label-free and

enzyme-free electrochemical methods showed ultrasensitive miRNA sens-

ing with a detection limit of 33amol/L [232]. In this study, [Ru(NH3)6]
3+,

as one of the electroactive probes, was pre-entrapped in the pores of posi-

tively charged MSNPs, while [Fe(CN)6]
3� was selected as another electro-

active probe to facilitate redox recycling of target-triggered release of

[Ru(NH3)6]
3+. Subsequent work presented a self-powered ratiometric bio-

fuel cell electrochemical biosensor for ultrasensitive microRNA-21 detec-

tion with a detection limit of 2.7amol/L [233]. In this approach, the

cathodic electron acceptor [Fe(CN)6]
3� was entrapped in the pores of pos-

itively chargedMSNPs and then capped with DNA as a biogate. In the pres-

ence of target miRNA, entrapped [Fe(CN)6]
3� was released resulting in a

dramatically increased circuit voltage. The designed “signal-on” homoge-

neous self-powered biosensor presented an ingenious approach as an

ultrasensitive, easy-to-use, portable and on-site biosensing platform. In addi-

tion to traditional electrochemical biosensing methods, ECL, as a modern
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electrochemical approach, also demonstrated improved performance in

combination with MSN signal amplification. For example, Chen et al.

[234] developed a facile ECL assay using a DNA bio-gate and DSN assisted

target recycling for survivin mRNA detection [234]. As shown (Fig. 10), a

large amount of RuðbpyÞ32+ were first encapsulated into the MSNs via

physical adsorption and then NH2-MSNs formed with further func-

tionalization with 3-aminopropyltriethoxysilane (APTES) on the external

surface. Thus negatively charged ssDNA could be electrostatically adsorbed

onto the positively charged NH2-MSNs as a DNA biogate. After hybridi-

zation between target survivin mRNA and ssDNA, dsDNA would move

away from NH2-MSN leading to release of pre-entrapped RuðbpyÞ32+
and generation of ECL signal with TPA co-reactant. Using this strategy,

it was possible to reproducibly quantify cancer cell survivin mRNA to a

detection limit of 0.1 fmol/L. MSN-based in situ amplification strategies

for detection of intracellular analytes has attracted much attention due to

the target-stimulation induced release process. On the surface of silica-

coated gold nanorods, Zhu et al. [235] designed multicomponent nucleic

acid enzymes for in situ controlled drug release and logic imaging of mul-

tiplexed targets (miR-21 and miR-145). This work provided a general

Fig. 10 Schematic illustration of the ECL microreactor for detection of survivin
mRNA in cells based on DNA bio-gates of MSNs and the DSN amplification mechanism.
Reprinted with permission J. Wang, X.L. Li, J.D. Zhang, N. Hao, J.-J. Xu, H.-Y. Chen, Integ-
ration of DNA bio-gates and duplex-specific nuclease signal amplification: toward
electrochemiluminescence detection of surviving mRNA, Chem. Commun. 51 (2015)
11673–11676.
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approach for disease diagnosis, synergistic chemotherapy and gene therapy

and prognosis. In another example, Zhang et al. [236], proposed a smart

autonomous ATP self-powered strand-displacement cascade amplification

(SDCA) system for highly sensitive intracellular multiple miRNA detection.

Up-conversion nanoparticles (UCNPs), a lanthanide-doped nano-

material that converts near-infrared (NIR) radiation into visible radiation

(anti-Stokes optical properties), has become another useful nanomaterial

for biosensing [237]. Using UCNPs (the donor) and multiple luminescent

RET (LRET, energy transfer between the donor and acceptor) strategies, a

series of biosensors for nucleic acid have been successfully developed. It is

important to note, however, that an effective and suitable acceptor for

up-conversion fluorescence is critical. Au NPs [238,239], GO [240], Cy3

[241], TAMRA [242], PMPD nanospheres [243], Ir(III) complex@Au

NPs [244] are ultra-efficient acceptors for UCNPs. Moreover, signal ampli-

fication strategies have been introduced and showed positively impacted

DNA/RNA detection via amplified signal collection. For example, Zhu

et al. [104], combined UCNPs (as donors) and Au NPs (as acceptors) to

develop a universal UCNP-based FRET sensing system for highly sensitive

tumor-related ncRNA detection using enzymatic signal amplification. On

the other hand, the excitation wavelength of UCNPs (�980nm) in the near

IR region can also be used because biomolecular auto-fluorescence can be

successfully avoided thus enhancing signal to noise ratio. This property is

considered to be one of the most significant advantages in avoiding

autofluorescence interference common to traditional fluorescence bio-

sensing systems. As such, UCNPs based nanoprobe assemblies have great

potential for detecting target mRNA in living cells [245]. For example,

Kuang et al. [246] developed a DNA-driven gold nanorod coated

platinum-UCNP satellite assemblies (Au NR@Pt-UCNP satellites) for

detection of intracellular thymidine kinase 1 (TK1) mRNA

(1.17–65.21 fmol/10μg RNA) with a detection limit of 0.67 fmol. Using

a nonenzymatic signal amplification strategy, Zhu et al. [247], employed

a target cycling amplification strategy to trigger disassembly of Au NPs

and UCNPs to achieve highly sensitive detection of low abundance micro-

RNA in vitro as well as in vivo. Although UCNP based biosensors show

great promise, remaining challenges include energy-transfer efficiency,

complicated preparation, and poor specificity in UCNP-based FRET. To

mitigate these issues, UCNPs were improved to form confined core� shell

structures that emit ions located in the thin shell. This modification greatly

improved FRET efficiency due to close distance between UCNPs and
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external energy acceptors. For example, Na et al. [248] developed a new

UCNP with a core� shell structure that remarkably increased energy-

transfer efficiency for miR-122 detection. Similarly, Chu et al. [249]

designed a multifunctional core-shell-shell structured polydopamine

(PDA) modified UCNP and developed a platform for intracellular

tumor-related mRNAs detection, near IR light triggered photodynamic

and photothermal synergistic therapy.

Polydopamine nanospheres (PDANSs) have been widely reported as

effective FRET energy acceptor for nucleic acid. This biopolymerized

material has many advantages including biocompatibility, biodegradability

and ease of synthesis. For example, Xu et al. [250] reported that PDANSs

possessed high fluorescence quenching efficiency and, interestingly, showed

completely different affinities toward various ssDNA conformations. On the

basis of this discovery, PDANSs could be employed as an essential sensing

component for DNA and protein detection. Due to excellent adsorption

of DNA on PDANs, Meng et al. [251] demonstrated robust DNA/PDAN

sensors in biologic samples. In this work, DNA/PDANs acted as probes, and

demonstrated sensitive detection and imaging of target DNA in serum or in

living cells with a detection limit of 1nmol/L target DNA. In a subsequent

study, Luo et al. [252] employed PDANSs (acceptors) and dual-colored Au

NCs (donors) to develop a novel FRET-based platform for simultaneous

detection of multiple tumor-related microRNAs with amplified signals

from DNase-I-assistant target recycling amplification. By monitoring the

changes of the recovered fluorescence intensity at 445 and 575nm,

miRNA-21 and let-7a were simultaneously detected with detection limits

of 4.2 and 3.6pmol/L, respectively, [252]. Choi et al. [253] proposed

a PDANs@Au NPs composite as a fluorescence quencher with DNA

strands as molecular probes for multiplexed detection of two types of

miRNAs in differentiating stem cells. Recently, Li et al. [254] designed a

ZnO@PDANs–DNA nanosystem for ultrasensitive imaging of mRNA in

live cells. Four functional hairpin DNA probes were employed (H0, H1,

H2 and H3) and modified on the surface of ZnO@PDANs as a nanosensing

system. H1 and H2 possessed two separate single-strand tails with inactive

Mg2+-dependent DNAzyme sequences at their 50 and 30 ends, respectively.
Following live cell entry and facing target mRNA, a target-triggered, wire-

shaped DNAzyme nanostructures could form resulting in fluorescent

detection of tumor survivin mRNA. In addition, PDAN-based novel

chemiluminescence RET method for microRNA detection has been

reported by Ye et al. [255]. In this work, they proposed a PDAN
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nanosphere-assisted chemiluminescence resonance energy transfer (CRET)

platform coupled with a DSN-assisted signal amplification strategy and

developed a powerful method for specific miRNA detection. The target

miRNA could trigger DSN to partially degrade the sensing probe in the

DNA-miRNA hetero duplex to repeatedly release G-quadruplex formed

by G-rich sequence from PDANs, generating a chemiluminescence signal.

The method quantitated target miRNA in the range of 80pmol/L–
50nmol/L with a detection limit of 49.6pmol/L. Other nanoparticles, such

as DNA-tagged liposomes [256], single-walled carbon nanotubes [257], car-

bon dots [258], luminescent polymer dots [259] and Ti4+@spore micro-

spheres [260] have also been successfully employed. These strategies have

shown promise as bioanalytical tools for DNA/RNA detection.

7. DNA/RNA detection based on nucleic acid
nanotechnology

Strict Watson-Crick base-pairing rules for DNA strand hybridization

make the use of DNA to be a powerful approach in the construction of

nanotechnology strategies [261]. For example, employing sequence pro-

grammability and highly specific molecular recognition from DNA mole-

cules, a large amount of DNA-based nanomaterials or frameworks have

been designed and successfully applied in sensing [262]. To date, the rapid

growth of technology has enabled the design and construction of elaborate

DNA nanostructures with different dimensions (1D, 2D and 3D) and broad

applications in materials science, biochemistry and biosensing [263,264].

7.1 Nucleic acid nanotechnology in vitro assays
In vitro diagnostics assays aim to find information regarding a target analyte

in a biological sample such as whole blood, serum/plasma, urine and tissue.

DNA nanostructures have been successfully used in a variety of bioanalytical

and biomedical applications due to their simplicity, flexibility, structural sta-

bility and ability to modify with functional decorations or to load drugs and

other molecules [261–264].
For example, the first 3D framework, a DNA tetrahedron, was reported

by Goodman and co-workers using a single step synthesis process [265]. The

DNA tetrahedron consisted of four designed oligonucleotides was used to

evaluate biomarkers and perform cellular imaging in cancer. Subsequently,

Ju et al. [266] described an “off-on” fluorescence system for monitoring
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DNA methyltransferase (MTase), an enzyme integral to cancer suppressor

gene expression, tumor growth and therapeutics. Interestingly, the DNA

tetrahedron can also act as a nanoscaffold to provide an amplified signal

due to spatially loaded HRP enzymes at three vertices, and one recognition

domain at the fourth vertex for target breast cancer 1 (BRCA1) DNA bind-

ing [267]. Using this strategy, an ultralow DNA detection limit (10 fmol/L)

was achieved using a portable magnetic bead colorimetric assay. Subsequent

studies showed that tetrahedral DNA nanostructures modified on Au NPs

could greatly increase reactivity and accessibility. On this basis, Dong

et al. [268], designed Au NPs tetrahedral DNA probes labeled with different

dyes. Initially, fluorescence of vertical dyes was quenched due to close dis-

tance to the gold surface. Upon target miRNA hybridization and subse-

quent DSN assistant digestion, heteroduplex DNA was selectively

digested, leading to the release of dyes and fluorescent signal. Using this

approach, ultrasensitive detection of multiplexed miRNA was achieved

with a detection limit to attomolar concentration. In contrast to ss or dsDNA

probes, the DNA tetrahedron nanostructures provided smart and designable

sensing interfaces with lateral interprobe spacing controlled by scaffold size

[262,269–271]. For example, Fan et al. [272] designed multiple tetrahedron

structured probes (TSP) with side length ranging from 2.4 to 12.6nm in

order to tune the probe distance. By simply changing TSP size it was possible

to decrease hybridization time and increase hybridization efficiency. This

approach resulted in excellent sensitivity (1 fmol/L–10pmol/L) and low

detection limit (1 fmol/L) for target DNA.When coupled to an HCR signal

amplification reaction, the TSP electrochemical sensor could achieve ultra-

low detection limits for DNA (100amol/L) and microRNA (10amol/L)

[273]. Recently, Zhao et al. [274] proposed an electrochemical method

to detect circulating methylated DNA. This approach which integrated

TSP with asymmetric methylation-specific PCR resulted in ultra-low

methylated DNA detection at single copy level. Besides DNA, various

miRNAs have been readily detected as few as attomolar concentration

(<1000 copies) with high single-base discrimination ability using TSP based

biosensing methods, i.e., electrochemical sensors via hybridization identi-

fication [275,276]. Third generation electrochemical-DNA biosensors

provided improved detection limit (pmol/L to fmol/L) for RNA of low

abundance and small size [277]. Electrochemical tags could be labeled

on free domains of the DNA tetrahedron as signal reporter probes and

when combined enzymatic amplification, nonenzymatic HCR, target-

catalytic recycling, RCA, and nanoparticle assistant signal-amplification,
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it was possible to detect microRNA to attomolar concentration [278–280].
To improve signal readouts for simultaneous detection of multiple

miRNAs, a disposable screen-printed gold electrode array (16-channel)

with sequence-specific TSPs was developed [281]. This approach suc-

cessfully detected four pancreatic carcinoma miRNAs at femtomolar

concentration.

In addition to electrochemical methods, a DNA tetrahedron structure-

based ECL biosensor has been constructed and used for DNA/RNA detec-

tion. Xu et al. [282,283], developed sensitive tetrahedron DNA structure

ECL sensing platform for DNA detection combined with DNA cyclic

amplification and in situ generation of H2O2 as RuðbpyÞ32+ ECL quencher.

Using plasmon coupling effect of gold nanodendrites (Au NDs), the same

group recently reported a novel LSPR enhanced ECL emission from CdTe

nanocrystals (NCs) by Au NDs for nucleic acid detection [284]. In this

work, a thin film of CdTe NCs modified on glassy carbon electrode served

as an anodic ECL emitter with Au NDs as plasmon enhancer. A DNA tet-

rahedron embedded with a stem-loop hairpin structure on one edge was

prepared as a switch to regulate the distance between CdTe NCs and Au

NDs. Initially, the hairpin structure was closed with relaxed DNA tetrahe-

dron structure on CdTe NCs film. In this setting, ECL emission of CdTe

NCs was greatly quenched as a “turn-off” mode by proximal Au NDs

via FRET effect. Following hybridization with target DNA, the hairpin

structure changed to a rodlike configuration resulting in enhanced ECL

as a “turn-on” mode due to an increased distance between CdTe NCs

and Au NDs. Various nanoparticle ECL-active materials and ECL donor-

acceptor pairs have been reported. These approaches have utilized the

tetrahedron DNA structure as a biosensing interface to control the distance

between the ECL donor-acceptor pairs. For example, Ru(bpy)3
2+-doped

silica nanoparticles and hollow Au nanocages were used as the ECL donor

and acceptor, respectively, for detection of femtomolar miRNA141 [285].

Using copper nanoclusters (Cu NCs) as ECL signal label and tetrahedron

DNA structure to modulate luminous efficiency of Cu NCs, Yuan et al.

[286], reported a DNA nanocrane for enhanced ECL detection of

microRNA-155.

Due to its versatility as a molecular scaffold, the tetrahedron DNA

structure is compatible with glass-based optical analysis. For example, Li

et al. [287] immobilized the DNA tetrahedron on the epoxy-functional

glass slide via epoxy-amine linkage. This QD imaging platform enabled
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a toehold-mediated sensitive miRNA fluorescent imaging to 5 fmol/L.

For detection of microRNA at single molecule level, Wang et al. [288],

developed a plasmonic nanobiosensor employing single TSP-modified

Au@Ag core-shell nanocube as a plasmonic probe to capture target micro-

RNA, meanwhile inducing the localized surface plasmon resonance

(LSPR) in tetrahedron-structured DNA (Fig. 11). Using this LSPR

nanoplasmonic sensor, a single miRNA21 binding event can generate

�4nm wavelength shift of LSPR scattering spectral for ultrasensitive logic

detection. For multiple targets, a TSP microarray platform was developed

by substituting the pendant recognition domain with the corresponding

target-responsive probes [289]. Besides direct anchoring on sensing surface,

TSP could also serve as a signal-amplified nanolabel for quantitative detection

various DNA, including HIV related DNA or human IgG at the single mol-

ecule level [290,291]. Other DNA nanostructures such as DNA

nanomachines [292–294], DNA walker [295–297] and DNA nanoparticles

[298,299] have also been successfully used in nucleic acid detection.

Fig. 11 Schematic illustration of single-molecule microRNA analysis and logic
operations using a smart plasmonic nanobiosensor. Reprinted with permission Y.
Zhang, Z. Shuai, H. Zhou, Z. Luo, B. Liu, Y. Zhang, L. Zhang, S. Chen, J. Chao, L. Weng, Q.
Fan, C. Fan, W. Huang, L. Wang, Single-molecule analysis of microRNA and logic operations
using a smart plasmonic nanobiosensor, J. Am. Chem. Soc. 140 (2018) 3988–3993.
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7.2 Nucleic acid nanotechnology in situ assays
As discussed above, the concentration of and spatiotemporal distribution

of intracellular DNA or RNA could provide important information with

respect to the state of living cells as well as disease progression. Unfortu-

nately, many challenges remain in accurate detection and monitoring of

DNA/RNA mediated intracellular processes. DNA nanostructures, as

natural biopolymers with excellent biocompatibility and biodegradabil-

ity, provide a promising tool as an in vivo biosensor. For example,

DNA nanostructures are idea carrier platforms for the delivery of drugs

and probes intracellularly. In fact, some have successfully used the

DNA tetrahedron and the factionalized DNA tetrahedron due to their

ease of penetration across cellular membranes in the absence of a transfec-

tion reagent [300]. For example, Tan et al. [301] proposed a single-

step DNA tetrahedral nanotweezer utilizing mRNA-induced FRET

for intracellular imaging of tumor TK1 mRNA in HepG2 cells. To

enhance signal, an entropy-driven tetrahedron DNA amplifier (EDTD)

was used [302]. As shown (Fig. 12), mRNA target could trigger the

EDTD interaction and initiate an entropy-driven force assistant autono-

mous DNA circuit inside living cells, thus providing greatly amplified

fluorescence signal for ultrasensitive detection of intracellular mRNA.

Due to the molecular engineering of the DNA tetrahedral framework,

this work demonstrated excellent cellular uptake with high biocom-

patibility and biostability indicating its potential application as a smart

DNA machine in vivo. Subsequently, Leong et al. [303] designed a

functionalized DNA tetrahedron with a GAPDHmRNA-specific molec-

ular beacon at one vertex. With the protection of TSP nanoshell,

this approach showed good cell entry without transfection and was resis-

tant to nonspecific enzymatic degradation in detecting nanomolar

GAPDH mRNA in DLD-1 cells. For multiple intracellular RNA targets,

TSP assistant simultaneous detection was developed via a dual-color-

encoded reconfigurable tetrahedron nanoprobe [304] multicolor encoded

nanoprobe [305].

In contrast to fluorescent dye DNA tetrahedral biosensing, high-

photostability nanoparticles (UCNPs and Ag2S NP) could also be incor-

porated into the DNA frame for ultrasensitive intracellular miRNA quanti-

fication [306]. Kuang et al. [307] demonstrated that the DNA tetrahedron

provided a geometric framework to precisely distance AuNPs and lumines-

cent UCNPs using a rational spatial spacer. Multifunctional nanopyramids
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containing Au-Cu9S5 NPs, UCNPs and Ag2S NPs were loaded with target-

specific sequences for miR21 detection in HeLa cells. Other DNA

nanostructures such as DNA nanostring light [308], DNA nanowire [309]

and assembly of Y-shaped DNA [310] are also been successfully used for

nucleic acid detection.

DNA nanostructures are uniquely qualified intracellular molecular detec-

tion. First, negatively charged DNA nanostructures provide transfection-free

endocytotic internalization and enable molecular recognition inside different

cellular compartments. Second, DNA nanostructures show high enzyme-

resistance, intrinsic biocompatibility and non-cytotoxicity thus facilitating

intracellular transport. In addition, DNA nanoarchitecture has been widely

used for the precise molecular recognition and detection of disease-related

nucleic acid intracellularly.

Fig. 12 Schematic illustration of entropy-driven 3D DNA amplifier for catalytic signal
enhancement of specific mRNA expression in living cells. Reprinted with permission L.
He, D. Lu, H. Liang, S. Xie, X. Zhang, Q. Liu, Q. Yuan, W. Tan, mRNA-initiated, three-
dimensional DNA amplifier able to function inside living cells, J. Am. Chem. Soc. 140
(2018) 258–263.
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8. Point-of-care-testing (POCT) of nucleic acid

Interestingly, point-of-care-testing (POCT) systems have become

one of the most rapidly growing tools in the field of nucleic acid detection

and identification. Compared to conventional biologic/biochemical

approaches, POCT of nucleic acid can facilitate the detection of infectious

agents [311]. As such, much research has been performed to miniaturize

devices and develop portable microchips. These novel POCT devices

include paper chips, microfluidic chips and capillary devices.

The paper chip has gained considerable interest due to its low price, sim-

plicity, biocompatibility and ease of disposal [312,313]. The inherently

porous structure of paper provides many advantages during sequential deliv-

ery of reagent, sample mixing and multi-step processing to provide a sensi-

tive and specific approach for a number of analytes [314,315]. As such, these

paper-based devices have been further optimized by integration with elec-

tro/optical sensing technology including electrochemistry, chemilumines-

cence, ECL, PEC, colorimetry, fluorescence and SERS.

One of the most significant components of paper-based POC sensors is

the label or tracer used to influence signal generation. The ideal label or

tracer must be specific, easy to conjugate and possess high activity following

target recognition. Because of their high surface-to-volume ratio, good

electrical properties and chemical stability, nanoparticles are ideal for

DNA detection in paper-based POCT systems. For example, Au NPs,

QDs and carbon nanotubes as well as nanocomposites have been evaluated

in paper-based POCT biosensors. Among these, Au NPs have particularly

favorable optoelectronic properties, i.e., surface plasmon resonance and

SERS, influenced by size, shape and the surrounding chemical environment

to provide optimal detection. For example, DNA-Au NPs probe and

DNA-AuNP aggregates incorporated into a lateral flow device were shown

to improve sensitivity in nucleic acid POCT [316,317]. Additional amplifi-

cation strategies are, however, necessary to improve sensitivity, especially of

low abundance targets, and decrease the impact of interfering substances

typical of clinical specimens. This may involve the use of loop-mediated

isothermal amplification (LAMP), an approach successfully used for rapid path-

ogen diagnosis. For example, Chen et al. [318] proposed an instrumentation-

free sensing method for detection of 20CFU/mL Pseudomonas aeruginosa and

its toxin genes. In contrast to conventional PCR, LAMP-based isothermal

amplification technologies have proven promising in POCT [319,320].
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LAMP, strategies including RCA [321] and SDA [322] assistant isothermal

amplification have been successfully used. For example, Li et al. [321] used

netlike rolling circle amplification (NRCA) to design a pH-responsive

miRNA amplification method. Interestingly, the large amounts of H+ pro-

duced as byproduct during amplificationwere sufficient to induce a pH change

and could thus be detected directly or with pH-sensitive indicators. Although

Au NPs-assistant paper-based colorimetry has been extensively used for

POCT, this approach is limited by low sensitivity due to the need for visual

color change detection, i.e., signal readout. To mitigate these issues, Choo

et al. [323] used SERS-based strip assay technology and Raman reporter-

labeled AuNPs as SERS nanotags for HIV-1 DNA with a detection limit

of 0.24pg/mL, a 1000-fold increase in sensitivity vs colorimetric or fluorescent

methods.

Although AuNP paper lateral strip technology has been highly successful

for nucleic acid POCT, assay performance may be improved by incorporat-

ing QDs or UCNPs due to the characteristically narrow wavelengths and

intense luminescence. Using QD FRET, Krull et al. [324–326] developed
efficient sensing proposals for nucleic acid on chemically derivatized paper

substrates. In this work, the paper surface was chemically derivatized with

imidazole and then conjugated to two QD-DNA probes that were

green- and red-emitting with detection limits of 50nmol/L and 80nmol/L,

respectively. As shown (Fig. 13), subsequent work involved non-enzymatic

Fig. 13 Schematic illustration of a digital camera for quantitative ratiometric transduc-
tion of nucleic acid hybridization on a paper-based platform. Reprinted with permission
M.O. Noor, U.J. Krull, Camera-based ratiometric fluorescence transduction of nucleic acid
hybridization with reagentless signal amplification on a paper-based platform using
immobilized quantum dots as donors, Anal. Chem. 86 (2014) 10331–10339.
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signal enhancement for QD-FRET by drying the paper before data acqui-

sition and digital signal collection using an iPad [327]. This modification

resulted in a 10-fold improvement in limit of detection vs hydrated paper

substrates. The compaction of dried paper fibers resulted in closer proximity

of immobilized QDs and dye and increased crosstalk. Wang et al. [328] inte-

grated SDA intoQD test strips thereby recycledHIV-DNA for signal ampli-

fication. This approach eliminated the hook effect due to target drop out on

the test zone resulting in a lower detection limit of 0.76pmol/L. Recently,

Xing et al. [329] constructed a paper fluidic chip device using QDs as signal

labels for multiplex miRNA analysis in various human cancer cells through

integrating hairpin probe-exponential amplification reaction with optical

detection. This approach was rapid (90min) and had a detection limit of

3�106 copies and as such may be applicable clinically.

Recently, fluorescent carbon nanoparticles (FCNs) and carbon nanotubes

(CNTs) have been employed as labels. Liu et al. [330,331] successively dem-

onstrated a FCN and amulti-walled carbon nanotube (MWCNT) lateral flow

sensor for ultrasensitive DNA detection. UCNPs can be excited byNIR radi-

ation, thus minimizing background typical of most QDs or molecular dyes

testing systems with UV–visible excitation. Krull et al. [332], applied

poly(acrylic acid) (PAA) modified LiYF4 UCNPs as a bioprobe for target

DNAdetection via sandwich hybridization on a paper platform.UCNP lumi-

nescence generated a limit of detection of 1.8 fmol DNA target.

In addition to paper devices, microfluidic and microchip technologies

also show great potential for clinical POCT [333]. Miniaturized chips have

many advantages including the use small sample volumes and the numerous

biochemical recognition reactions that can be incorporated into the device.

Nucleic acid detection can be transformed to a variety of output signals, i.e.,

optical, electrochemical, calorimetric as well as changes in pH. Microbead

[334] and multi-walled carbon nanotube [335] modified micro-array chips

have proven to be simple, inexpensive, sensitive and portable nucleic acid

detection devices. Kelley et al. [336–339] designed many functionalized

nanostructured microelectrode assays for electrochemical detection of spe-

cific mutant DNA sequence and mRNA profiling of circulating tumor cells.

Rapid on-chip gene expression analysis was suitable for clinical evaluation of

complex blood samples. Subsequently, they further reported a high-

throughput electrochemical array approach that provided direct molecular

analysis with large panels of sequence alterations in ctDNAs [340]. In this

work, combinatorial probes were designed to screen all possible mutations

present in the same gene region with high fidelity.
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Additionally, some nanoparticles enhanced meter-based POCT were

also reported as inexpensive such as using gas pressure meters readout

[341] or glucose meters [342]. Overall, POCT using this technology is inex-

pensive, rapid, labor sparing and ease of commercialization.

9. Summary and future perspectives

The accurate and sensitive detection of nucleic acid is an important

diagnostic tool. As described above, the use nanotechnology including

nanomaterial-based signal transfer and amplification strategies have shown

great promise for DNA/RNA detection in vitro and in vivo. The unique

physical, chemical, optical, electrical, and catalytic properties of these

devices are synergistic in accelerating signal transduction at much lower

detection limits than traditional approaches. Nanomaterials efficiently pro-

tect nucleic acid probes from enzymatic degradation in complicated biologic

samples, characteristic vital to clinical use as well as in vivo cell assays. Inte-

gration with isothermal amplification strategies will further enhance device

performance with respect to analytical sensitivity and specificity. Further-

more, the potential for miniaturization provides a distinct advantage over

traditional approaches.

Although nanomaterial enhanced DNA/RNA biosensing platforms

have shown great promise, many challenges remain. Technical issues

include reproducibility, stability, biocompatibility, susceptibility to interfer-

ence and cost. As such, functionalized biocompatible nanomaterials need to

be developed especially for in vivo applications. It is likely that continued

development of nanotechnology including smart nanoparticle enhanced

POCT devices will evolve as novel diagnostic nucleic acid sensors.
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