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Abstract

DNA-templated silver nanoclusters (DNA-AgNCs) hademonstrated pervasive applications in
analytical chemistry recently. As a way of signatput in DNA-based detection methods, DNA-AgNCs
have prominent advantages: first, the recognitimh synthesizing sequences are naturally integiatede
DNA probe without any chemical modification or cewtion; second, the emissive wavelength of
DNA-AgNCs can be adjusted in a wide range by eniplpylifferent sequences; third, DNA-AgNCs can
be utilized for producing not only fluorescencesca¢lectrochemiluminescence and electrochemicaélsig
Besides, they also show potential applicationscé&l imaging, and are considered to be one of thetm
ideal nanomaterials for in-vivo imaging due to theltra-small particle size. In this review, a brand
comprehensive introduction of DNA-AgNCs is firstiiven, then label-free probes using DNA-AgNCs are
classified and summarized, lastly concluding perspes are provided on the defects and application
potentials.
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1 Introduction

Noble metal nanoclusters with sizes comparabléh¢oedectronid-ermi wavelength consist of a few to
several hundreds of metal atoms (Service 1996)b#xholecular-scale discrete energy levels andjusi
characteristics which are different from nanopéticThe unique physical and chemical propertieen
the nanoclusters good performances including extieltispersibility, good stability, biocompatibylit
(Zhang et al. 2014), high catalytical activity (\¢get al. 2018), photoluminescence (Grandjean €(dl8)
and electroluminescence (Gonzalez et al. 2004)¢lwhave attracted substantial research in recensye
(Cao et al. 2018; Yao et al. 2018). Among the nhsters, DNA-templated silver nanoclusters
(DNA-AgNCs) have attracted special attentions adaas of fluorophores and have been employed in
disease diagnosis, environmental monitoring, foarhhds detection, cell imaging etc. (Liu 2014).

The specific affinity of silver ions towards cytnsi makes DNA oligonucleotide an encapsulating
template for the synthesis of AQNCs (Ono et al.800he photoemissive properties of DNA-AgNCs are
not only dependent on the number of cytosinesaladat affected by the sequences of DNA template, and
further influenced by the dimensional structure IA template. The photoemissive wavelength of
DNA-AgNCs can be tuned by changing the base seguand length of DNA template. The reported
fluorescence of DNA-AgNCs covered the range frosible to near infrared wavelengths (Cerretani et al
2019). In the earliest work reported by Dicksorah,| DNA-AgNCs with blue, green, yellow and red
emission colors were obtained through a randonesang process for selecting the favorable syntivegiz
sequences (Richards et al. 2008). It has been d#rated that a defined structure like hairpin cduitp
encapsulating silver atoms and endow highly emisgigNCs (Shah et al. 2016). Qu’s group found that
highly fluorescent DNA-AgNCs (QY/quantum vyield =.2%0) could be created inside a DNA triplex
scaffold, which can provide better protection fayfMCs against quenching in solution (Feng et al2201
In our latest work, a nano “DNA bulb” with a spétstructure was employed for the synthesis of
DNA-AgNCs, and results showed that the “DNA bulloutd direct clusters’ formation, afford fluorescenc
enhancement, and provide a protective environntent et al. 2018).

Electrochemiluminescence (ECL) is a kind of lumgexe with remarkable advantages in applications
of analytical chemistry, since its simple instruniagion (does not need expensive excitation op#rs)
low detection limit (because of low background esizis) (Hu and Xu 2010; Liu et al. 2015). The ECL of
AgNCs can be excited through an ox—red excitatiathyay, in which the AgNCs are first oxidized by

cathodically produced oxidizing radicals and theduced by energetic electrons to the excited fokrm o
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their original oxidation state (Diez et al. 200Bhe observed ECL emission of DNA-AgNCs can quite be
affected by the operating conditions, includingeamtant, pH value and excitation pulse amplitudgs Q
group reported that the DNA-AgNCs showed strong EBiission under lower potential using sodium
persulfate (Ng5,0g) as the coreactant (Feng et al. 2017). Later dissiple ECL mechanism of the reaction
between DNA-AgNCs and 8> was proposed by Jie et al. (Jie et al. 2017).hls work, Jie et al.
observed differential pulse voltammetry (DPV) sigmasponses with different concentrations of
DNA-AgNCs, ascribing to oxidation of DNA-AgNCs onleetrode surface (Cao et al. 2019). They
developed electrochemical (EL)-based approach @idliased approach for the detection of thrombin,
respectively. It was found that EL-based approadtibéed lower detection limit (45 times lower) vdni
ECL-based approach showed lower relative standawihiibn (better reproducibility). Chen et al. sadd
the oxidase mimic character of DNA-AgNCs, and disced the peroxidase-like property of DNA-AgNCs.
Instead of the employment of peroxidase-functiaeali probes, Chen et al. fabricated a label-free and
sensitive electrochemical aptasensor for the aiegldetermination of lysozyme (Chen et al. 2015a).

Noticeably, the syntheses of AQNCs using DNAs asptates endow the DNA-AgNCs with inherent
recognition function of DNA or aptamer. For instapncyang et al. found that the fluorescence of
synthesized DNA-AgNCs diminished when hybridizati@mtcurred between template DNA and
complementary miRNA, which was proposed for thatetgy of a fast and simple detection method for
miRNA (Yang and Vosch 2011). Wang's group utilizbeé aptamer of nucleolin for synthesis of AgNCs,
which was employed for imaging d¢feLa cancer cells (Ai et al. 2012). For DNA probes based
DNA-AgNCs, the recognition unit and signal unit araturally integrated, no chemical modification or
connection was needed, while the employment of eotional fluorescent nanomaterials always suffered
cumbersome process for labeling. The employmer®MA-AgNCs not only reduces the cost of probe
preparation and also increases the flexibility etimod design. It would be readily couple with sdbi¢A
amplification technologies, such as rolling cireeplification (RCA), strand displacement amplificat
and hybridization chain reaction. For instance,sHab developed an ultrasensitive DNA detectionhioet
with a detection limit of 0.84 pM, which was cobtited to the RCA-assisted assembly of DNA-AgNCs
(Ye et al. 2014).

As shown in Figure 1(a), the speedy growth curligstitates the popularity of label-free probes in
biosensor development. The term “label-free” wastlfi proposed by Josson et al. (Jonsson et afl)199

who utilized surface plasmon resonance (SPR) mefitiothe study of bio-specific interaction. For eka
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definition, direct detections based on spectral hods like Raman, infrared, atomic absorption
spectroscopy or gravimetric methods like SPR, mktric microbalance, microcantilever etc. shdugd
regarded as label-free detections (Bier and SchEl86; Su et al. 2000; Wu et al. 2001; Fang e2@15).
The detection signals of these detection method®otioely on additional signal molecules, but omtythe
physical properties of the analyte itself. Indireetections that utilizing fluorescent, electrockehor
radioisotope molecules, that are fixed to the psolyy chemical covalent conjugation, for the
corresponding output signal are usually regardetilzedled detections (Tyagi and Kramer 1996; Lequin
2005). Compared with chemically labelled probes, glhobes that do not require the covalent labeding
additional signal molecules were also reportedabslifree probes or biosensors in references (\Waag
2009; Kong et al. 2013; Lin et al. 2015; Yi et 2020). It refers to theerb meaning compared with the
previous exact definition, which refers to theun meaning. The SYBR green-based loop-mediated
isothermal amplification (Notomi et al. 2000), aggation-induced emission dye-based polymer probes
(Qiu et al. 2019), hemin-based G-quadruplex praldgmo et al. 2019) etc. all could be regarded as
“label-free” (Guo et al. 2016). By in-situ synth@sin DNA probes, the signal output of AgQNCs can be
readily realized without the steps of chemical @mation, which is reported as label-free signal otggXu

et al. 2016; Li et al. 2018; Wu et al. 2018; Liuakt 2019; Yao et al. 2019). As shown in Figure),Léb
typical molecular beacon (MB) labelled with fluolapes and a label-free MB using DNA-AgNCs are
illustrated. Unlike labelled MB with chemically cjoigated signal molecules, the label-free output of
DNA-AgNCs-MB can be accomplished just by integrgttemplate sequences at both terminals for in-situ

synthesizing AgNCs.
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Figure 1. (a) The total number of published articles perrymasearching the keywords "label free" in the

database ofVeb of Sciencdnset the annual citing number per year obtained bycéeag the keywords
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"label free & biosensor" in thé/eb of Sciencdatabase. (b) lllustration of the labelled MB daldel-free
MB using DNA-AgNCs as signal output (DNA-AgNCs-MB).

As a kind of label-free signal reporter, DNA-AgNGave gained great attention in the development of
biosensors (Chen et al. 2018a). Heretofore DNA-AgNitobes have been applied for detecting DNA,
miRNA, metal ion, enzyme, pesticide, explosive,caarcell etc. (Xu and Wei 2017; Li et al. 2018; Abga
et al. 2018a; Shen et al. 2019). In this preserggikw, most of the related works in recent yeaesew
collected to help readers follow the research teci@s. Besides, label-free probes based on DNA-AGNC
signal output were classified by different desidgrategies for a clear picture, hoping to providenso

inspirations to researchers.

2 L abel-free probe based on DNA-AgNCssignal output (L FP-DAgNCs)

2.1 LFP-DAgNCs based on direct interaction

The simplest strategy for LFP-DAgNCs applicatiorihiat the DNA-AgNCs served as both recognition
unit and signal output unit based on the direattiea between the DNA-AgNCs and the targets ofrede
As depicted in Figure 2(a), the direct interactidrihe targets towards the DNA-AgNCs always reslite
two phenomena: either fluorescence quenching tomsfenhanced fluorescence. For instance, Hah et a
found that a more compact structure of the DNA tatepformed upon the addition of melamine, thus
enhancing the fluorescence of DNA-AgNCs (Han ek@l2). Melamine can bind the thymine of template
DNA through hydrogen bonds with a 1:3 stoichiomefXysensitive detection method for melamine was
developed based on this phenomenon. Later in Jeamgrk, a LFP-DAgNCs for turn-on detection of
melamine was designed based on Hg(ll)-induced ésmance quenching of AQNCs and melamine-induced
fluorescence enhancement of DNA-AgNCs (Jeong eR@19). The melamine acted as a chelator of
preventing Hg(ll)-induced quenching, and as an poéaof boosting the fluorescence of DNA-AgNCs. As
shown in Figure 2(b), Wang et al. developed a nawel simple fluorescent "turn-on" sensor for tlaeer
detection of quinolones (Wang et al. 2018a). Thacjple of the method was based on the fluorescence
quenching of the as-prepared DNA-AgNCs by dans and the restoration of fluorescence intersitie
DNA-AgNCs-Cuf* system by quinolones. Benefiting from its supesiensitivity, the sensor was available

for detection of trace quinolones in tablets arideuwith satisfactory recoveries.
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Figure 2. (&) Schematic depiction of the LFP-DAgNCs baseddorct interaction. (b) lIllustration for the
detection of quinolones based on DNA-AgNCs2Csystem. (Copyright © The Royal Society of Chergistr
2018)

Using the same strategy, Jia et al. developed aicabplatform for highly sensitive detection of
alendronate sodium (ALDS) based orfCmediated fluorescence “on—off—on” evolution of DN¥gNCs
(Jia et al. 2018). The specific binding of “cuo DNA-AgNCs induced the quenching of their red
fluorescence. In the presence of ALDS, their flsoemce can be restored to a large extent due to the
stronger coordination of ALDS with Gu The method was successfully applied to the detecf ALDS
in biological samples and pharmaceuticals withtaat®n limit of 100 pM. As shown in Figure 3, QGahal.
established a simple method for the detection tdatyome ¢ (Cyt-c) based on fluorescence quenabiing
DNA-AgNCs as induced by electron transfer betwee-cCand DNA-AgNCs (Qin et al. 2019). The
synthesized DNA-AgNCs were coated with tween 88ulteng in an enhanced fluorescence signal. The
detection limit of this method was as low as 0.8. iMaddition, the prepared DNA-AgNCs probes were
used to detect the release of Cyt-c during celptgsis, which could provide dynamic information el
research. In one of our recent work, an excelleattssingle-strand DNA (ssDNA) that can endow AgNCs
with high QY (28%) was discovered through an inhdelection process (Guo et al. 2019). And the
DNA-AgNCs were employed as visual probes for thet fand sensitive detection of captopril in
antihypertensive health food, based on the specjtienching of DNA-AgNCs induced by robust

silver-thiol interaction.
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Figure 3. Fabrication of the DNA-AgNCs coated with tween 8@ dheir application for Cyt ¢ assay. (Copyright
© 2019 Elsevier B.V.)

For section summary, the outstanding advantagisfkind of detection strategy is its simplicitytb
with limited applicable targets. The change of herescence signal was resulted from the intevasti
between the silver atoms or DNA template with tesgthat are usually metal ions (ex.HGU™) or small
molecules (ex. melamine/cysteine). In our opinibmyill be interesting to explore DNA-AgNCs of ugin
aptamers as templates, especially those aptameéch ate selective to certain target cells (Wanglet
2017b; Wang et al. 2019b). Previous works have dstnated that the fluorescence of DNA-AgNCs
depends on the structure of the synthetic temp(d&es et al. 2018; Ardekani et al. 2019; Shen €2@19).
Then the structural transformation caused by taag&imer binding may lead to the change of flu@ese
signal, which could be the basic principle for sendevelopment. This kind of aptamer-AgNCs will

definitely promote the development of selectiveje and label-free methods for facile detections.

2.2 LFP-DAgNCs based on indirect interaction
2.2.1 LFP-DAgNCs based on guanines-proximity indugehancement

Another strategy for the development of LFP-DAgNSsbased on the distance change between
DNA-AgNCs and the guanine(G)-rich sequences. Yedl.€irstly found the intriguing phenomenon that
the fluorescence of DNA-AgNCs could be greatly emteal when they are placed in proximity to G-rich
DNA sequences (Yeh et al. 2010; Yeh et al. 2012)séd on this phenomenon, they developed a
LFP-DAgNCs for simple and cost-effective identifiom of a single Rkmethyladenine in a nucleic acid
target (Chen et al. 2015b). The basic principletra$ method is illustrated in Figure 4(a), when the

DNA-AgNCs get close to the G-rich sequence, therflscence of DNA-AgNCs would be boosted; while
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the long-distance separation would resulted in gedufluorescence. Zhou's group developed a
LFP-DAgNCs for the detection of transcription fact@F) based on binding-induced conformation
allostery and G-proximity induced enhancement (Lale2019a). As shown in Figure 4(b), the probs wa
subtly designed with a synthesizing sequence ab’itsnd and a G-rich sequence at its 3’ end. The
complementary sequence in blue color was desigmea€ognizing target TF. In the presence of tariet
double-hairpin DNA structure transformed to singéerpin DNA structure via population shift mechanjs
with the assistant binding between TF and recagmisequence. The formation of the single-hairpinrADN
structure brought the DNA-AgNCs at 5’ end and gnanich sequence at 3’ end into close proximity,
resulting in enhanced fluorescence for analyticgmgification. This method can be applied in debect

endogenous TFs in cell samples with simple proadyet excellent performances.

(@) (b) 7
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Figure 4. (a) Schematic depiction of the LFP-DAgNCs basedGsproximity induced enhancement. (b) The
detection of TF using LFP-DAgNCs based on bindimgdiced conformation allostery and G-proximity ineldc
enhancement. (Copyright © 2019 Elsevier B.V.)

Yan et al. designed a molecular beacon-based #uent probe to determine the cancer drug bleomycin
(BLM) based on G-proximity induced enhancement BfARAgNCs (Yan et al. 2018). As shown in Figure
5(a), the label-free probe was designed with DNAN&g and G-rich sequences on both terminals. In the
absence of the BLM-Fe(ll) complex, the probe helthimpin shape and showed strong fluorescenceaue t
the G-proximity. In the presence of the BLM-Fe@@mplex, which will selectively cleave the probete
5’-GC-3 scission site of the loop. This resulted in thpasation of the DNA-AgNCs from the G-rich
sequence, causing a decreased fluorescence. Eatiokeiimit of this method was as low as 33 pMjakh
was 1-3 orders of magnitude higher than the seitgitieported in most literatures. This probe wasdi
for the measurement of BLM in human serum, and gesdlts were obtained. Using the same design

strategy, Ma et al. proposed a method for the teteof alkaline phosphatase (ALP) based on G-rich
10



induced light-up phenomenon and exonucleasExp) cleavage reaction (Ma et al. 2018). WhelBxo
was added, the G-rich DNA was cleaved and the DNWN@s was separated from G-rich sequences, thus
resulting in fluorescence decrease. While the rmeat by ALP would cause the hydrolysis of the

5'-phosphoryl end of G-rich DNA, preventing th€xo cleavage reaction.

d d
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Figure 5. (a) lllustration of a LFP-DAgNCs for the detectiohBLM based on strand scission and G-proximity
induced enhancement. (Copyright © Springer-Verlagb8® Austria, part of Springer Nature 2018). (b) &dle

of the CHA-mediated amplified DNA assay based onr@dmity induced lighting up of dark DNA-AgNCs.
(Copyright © 2018, American Chemical Society).

Catalytic hairpin assembly (CHA) is a method ofatating the cross-opening of two hairpin substrates
by an initiator. Pan et al. constructed a labet-ad enzyme-free isothermal CHA-based method foA D
detection with high sensitivity and selectivity (Pat al. 2018). As shown in Figure 5(b), the stgte
designed a hairpin grafted with a G-rich sequenug @ hairpin captured by another AgNCs into an
assembly. In the presence of the target, the CHAlyzed assembly of two functional hairpins wagiedr
out one after the other, accompanied by efficiegtitation of the elongated double-stranded DNA {dap
products of AgNCs and G-rich sequences, yieldifgcient AGNCs-lighting and amplification of the
fluorescent signal. This strategy provided a simfdeialization method for DNA amplification deterti
with a detection limit of 20 pM.

For section summary, G-proximity enhancement pewid simple mode for label-free and turn-on
detection, which is similar to the dual-labelingplpes. Combined with the aptamer sequences, simple
LFP-DAgNCs can be easily developed for moleculed@ins (Zhou et al. 2011; Li et al. 2012; Zhanglet
2012b; Zhang et al. 2019b). Besides, with the tssie of some signal amplification strategies,sigaal
can be further amplified to implement more sensitiweasurements. While the fundamental principles of
this enhancing phenomenon are still unclear, tipticgtions of LFP-DAgNCs will definitely be explate

and the underlying mechanisms will be investigated clarified.
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2.2.2 LFP-DAgNCs based on FRET-induced quenching

Fluorescence resonance energy transfer (FRET)pisnaiple describing energy transfer between two
photoemissive fluorophores or between a fluoroplamie an energy donor (Zhang et al. 2012a). As @ kin
of fluorophore, DNA-AgNCs can also undergo the FREEnomenon and thus be designed into versatile
detection strategies for developing LFP-DAgNCs. gk®wn in Figure 6(a), Jiang et al. developed a
fluorescence method for simultaneous detectionpifaafetoprotein (AFP) and carcinoembryonic antigen
(CEA) based on the FRET principle (Jiang et al.2{)1In the absence of targets, the aptamers ofakieP
CEA were in a relaxing state and could be adsodpetthe surface of the polydopamine with strongnitffi
throughn—r stacking, which resulted in the fluorescence gbemrof aptamer-DNA-AgNCs through the
FRET principle. In the presence of target tumorkees (AFP or CEA), the aptamer-DNA-AgNCs would
be released from the polydopamine by forming a msiable aptamer/target complex. Therefore,
fluorescence could be recovered. The unique prppéthe sequence-dependent wavelength contritioted
the feasibility of multiplex detection. Miao et adleveloped an amplification detection strategy for
microRNA (miRNA-155) detection based on the FRET &me recycling signal amplification assisted by
duplex-specific nuclease (DSN) (Miao et al. 20183. shown in Figure 6(b), positively charged AuNPs
(AuNPS) were prepared using sodium borohydride and eceh@thylammonium bromide, which acted as
a quencher when electrostatically adsorbing onte tegatively charged ssDNA or DNA-RNA
heteroduplexes. In the presence of DSN, the fleerd@sDNA-AgNCs part will be liberated with a restdr
fluorescence intensity due to the enzymatic hydislpf the DNA strand in the heteroduplexes. Daiact
limit of femtomolar level was achieved taking adizayes of the high quenchingfieiency of AUNPS and
the DSN-assisted target cycling.

AN AN 2 R RN
NaBH,4

«\\"‘ﬁ}— PR Q\-—’B‘S i

NI\

Figure 6. (a) Depiction of the FRET-based LFP-DAgNCs for detection of multiplex tumor markebs/ using
polydopamine as quencher. (Copyright © The Royati&p of Chemistry 2019). (b) lllustration of the
amplification strategy for miRNA-155 detection bds®n FRET and DSN-assisted recycling signal
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amplification.(Copyright © 2018, American Chemical Society).

Borghei et al. established a LFP-DAgNCs for detectiuman BRCAL gene deletion fragments based
on FRET between DNA and CdTe quantum dots (QDs)diB® et al. 2018). In the presence of target
DNA, hybridization of the dsDNA caused the DNA-Aghkl@nd CdTe QDs to be in close proximity due to
the intercalation of CdTe QDs into dsDNA. In thi®del, DNA-AgNCs acted as energy donor and QDs
acted as energy acceptor. This fluorescent FREgebasP-DAgNCs exhibited high sensitivity with a
detection limit of 12 pM. Zhu et al. reported a nigge of LFP-DAgNCs based on enzyme-polymerized
polyadenylic acid (poly-dA) DNA chain and front-ergtrand displacement reaction, which could
effectively label genomic DNA fragments in cellsh(Zet al. 2018). The expressed strand triggereithdy
target led to the release of the quencher lab&ldé from DNA-AgNCs probe, resulting in significant
restored fluorescence of DNA-AgNCs with high sigttabackground ratio (S/B = 58). In addition, the
authors demonstrated the feasibility of the methpdn-situ quantitative analysis of apoptosis inpBe
cells without the need for cumbersome washing amhration steps. BRCAL (breast cancer 1) gene
deletion is the most important initiator mutationbreast cancer patients.

For section summary, such FRET-based strategiesy/alemployed nanomaterial or labelled molecule as
a quencher. The effectiveness of the detection ntkpen the efficiency of FRET and the QY of the
DNA-AgNCs. The utilization of enzyme-assisted affigdition techniques will promote a better detection

capability.

2.2.3 LFP-DAgNCs based on nanocluster dimer

As shown in Figure 7(a), Liu et al. studied theoflescence enhancement phenomenon in the process of
approach between two DNA-AgNCs (Liu et al. 2017)was termed nanocluster dimers (NCD) when the
two AgNCs were squeezed with each other, and thmdkcence intensity of NCD was sensitive to the
distance between two DNA-AgNCs. Obvious fluoreseenenhancement was observed in the
hybridization-induced formation of NCD structurendhit was found that the fluorescence intensitiethe
NCD decreased gradually with the increasing nurolb@ucleotides spacers and mismatched bases. As the
position of single mismatched base moved graddediyn the middle point to the end of the target DNA
(P1-P17), the fluorescence intensities of the N@brelased when the position of single mismatched bas
moved from P1 to P13 due to the decreasing hylatidiz reaction rates and increasfagpbsbinding free

energy, while increased from P14 to P17 due tetifiicient hybridization for the sandwich NCD stiue.
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Based on this phenomenon, a universal platforminpgint various SNP positions was developed. The
recorded excited-state emission lifetimes indicaied the lifetime of two AgNCs got shorter afteey got
close, which suggested possible interactions anpdanics effect. Miao’s lab developed a LFP-DAgNCs
for ratiometric detection of miRNA based on thenfiation of NCD and hybridization chain reaction igjia

et al. 2019a). They designed a hairpin probe ofaonimg two DNA templates at terminals that arelivse
proximity. In an original state, the synthesize t@rminal DNA-AgNCs produced red emission duehto t
formation of NCD. Hybridization with the auxiliafNA would result in separation of the two segmental
terminal DNA-AgNCs, accompanied with a color switgh from red to yellow. The target-triggered
successive assembly of auxiliary DNA and hairpirobgr contributed amplified signals based on

hybridization chain reaction.
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Figure7. (a) Schematic illustration of different the NCD-bdd.FP-DAgNCs for pinpoint the position of single
nucleotide polymorphism. (Copyright © 2017, Americ€hemical Society) (b) Schematic design of the
two-kinds of temperature-sensitive LFP-DAgNCs. (@aght © 2018, Tsinghua University Press and
Springer-Verlag GmbH Germany, part of Springer Kajtu

Dong’s lab reported a type of dual-emission LFP-DI&g that showed sensitive response towards
temperature change from 15 to 45 °C (Zhou et a@l8P0As shown in Figure 7(b), the authors developed
two kinds of temperature-sensitive LFP-DAgNCs based the NCD formation by bringing two
DNA-AgNCs together. The temperature-sensitive raspse were caused by the temperature-induced
hybridization/dehybridization of the two segmentLCarich DNA-templated AgNCs. The integrating and
separating of the two segmental DNA-AgNCs at teahnesulted in different fluorescence changes: for
A-NCP and AH-NCP a ratiometric response; for B-N&l BH-NCP, the dual fluorescence emissions of
two DNA-AgNCs declined simultaneously as tempertmcreased. The AgNCs pairs were applied for

detecting temperature variations in living breasinaer cells (MCF-7). Han et al. developed a
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multifunctional fluorescent probe for simultanealgection of multiple targets based on G-quadruptek
DNA-AgNCs (Han et al. 2019). In the work, a prob&hwtwo recognition regions was designed with a
blocked G-quadruplex and dark DNA-AgNCs at eacmiieus respectively. Upon the addition of target
DNA/RNA 1, enhanced fluorescence signals of thioflaT would generate due to the formation of
G-quadruplexes. After binding with target DNA/RNA f2ee cDNA-AgNCs in solution could hybridize
with the DNA-AgNCs of probe, resulted in the forinatof NCD with enhanced fluorescence signals.

For section summary, the DNA-AgNCs dimers have maargingly reported in the past two years, but
the phenomena are dubious (unvaried/color switétiminishing) and fundamental mechanism has not
been clarified. The study of DNA-AgNCs dimers ididigely an interesting and meaningful researctd an

it will also be conducive to the development of EBRgNCs.

2.2.4 LFP-DAgNCs based on the formation/destruatibbDNA template

This kind of probes was generally designed by twaysv (I) blocking/liberation of synthesizing
sequence; (II) hydrolysis/integrity of synthesizii@NA template. The Figure 8 showed a typical
LFP-DAgNCs based on the formation of DNA template proposed by Zhang’s group (Zhang et al. 2015).
The sequences for syntheses of green-emitting emgje-emitting AgNCs were engineered into two DNA
hairpin probes respectively, which were both blackieie to the formation of stem-loop structure. The
presence of corresponding target DNAs resulted he open of the hairpin probes because of
complementary hybridization, thus releasing thausages for synthesis. The emission wavelengthiseof t
two kinds of AgNCs were 507 nm and 597 nm respeltivand the output signals did not interfere with
each other, contributing to the interesting twoscaletection. Kim et al. developed a LFP-DAgNCs to
detect the Klenow fragment ex(KF) activity and to monitor its inhibition with daidin based on the
blocking of a hairpin DNA template for DNA-AgNCsr#esis (Kim and Gang 2019). The hairpin DNA
consisted of a 9-cytosine loop, a 6-pair stem regiod a trailing 8-base ssDNA as polymerizationpiere.
In the absence of KFthe DNA-AgNCs cannot form because the hybridarativith cDNA disrupted the
stem region of hairpin DNA, and the bright DNA-AgBI€annot be synthesized without a complete hairpin
DNA template. In the presence of active DNA polyas&r, polymerization would be carried out and cDNA
cannot open the stem region of the hairpin DNAuplteg) in a completed hairpin DNA template for
synthesis of bright DNA-AgNCs. The detection linait this method was 0.05 U/mL. In addition, the
concentration of daidzein can be detected duestintiibitory effect towards KF
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Figure 8. Two-color strategy for multiple DNA detections ugibFP-DAgNCs based on the liberation of hairpin
templates. (Copyrigh® 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

To illustrate a typical LFP-DAgNCs based on theroiysis/integrity of synthesizing DNA template, as
shown in Figure 9(a), Ye's group developed a smmesiimethod for detecting nicotinamide adenine
dinucleotide (NAD) using LFP-DAgNCs (Wang et al. 2017a). A dumbistiipe DNA template
containing two C-rich loops was employed for thathgsis of AgQNCs, and two DNA enzymes were
employed for reducing the background signal by stigg the template completely. In the presence of
NAD", it acted as the cofactor of DNA ligase and setliecdumbbell-shape DNA template in the nick site,
which would not be digested by Exo-Ill and Exo-huE, highly fluorescent AQNCs could be synthesized
in this two-loop template. In the absence of NAMe ligation reaction would not occur due to tdmek of
cofactor, and the unsealed dumbbell-shaped templadald be digested by Exo-lll and Exo-I.
Fluorescence would not be generated without the D&Aplate. So, the generation of fluorescence
depended on the ligation of the dumbbell templaizking the principle of the detection strategy.ranal.
proposed a LFP-DAgNCs for the ultrasensitive deactof mercury (1) (H§") by employing
enzyme-assisted amplification strategy (Xu et @1.6). As shown in Figure 9(b), they designed a-bpén
hairpin probe with thymine—thymine (T—T) mismatclieshe end of the stem part. In the absence &f,Hg
the hairpin DNA acted as a complete template fathsssizing of AGQNCs to generate fluorescence signal
After addition of HG" into the detection system, Higspecifically coordinated with T-T mismatches to
form an intact stem dsDNA with blunt termini, resg in the digestion by Exo-1ll and destructiontbé
hairpin structure. Then Hfwould be liberated and initiated the next cyclifgdigestion process. This

method showed a dynamic range from 0.1 nM to 1Gawards H§" with a detection limit of 24 pM.
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Figure 9. (a) Sensitive detection of NADbased on dumbbell-shape DNA templated DNA-AgNCd an
enzyme-assisted amplification. (Copyright © The &dyociety of Chemistry 2017) (b) A LFP-DAgNCs tae
ultrasensitive detection of Hgby employing enzyme-assisted amplification. (Caghr© 2016 Elsevier B.V.)

For section summary, the LFP-DAgNCs based on bhaghkberation strategy is a kind of label-free
molecular beacon with uniqgue advantages in muigjeadetection. Polychromatic probes can be easily
designed only by employing different synthesizirgguences, while without the labeling process of
multiple luminophores. Besides, it was found th&PEDAgNCs based on hydrolysis/integrity of DNA
template demonstrated excellent detection resuienveombined with exonuclease-assisted amplificafio

which provided a good tactic for the developmentieP-DAgNCs.

2.2.5 LFP-DAgNCs based on the assembly on sensfaicsu

Hybridization chain reaction (HCR) is one of thegsinpopular enzyme-free strategy for signal linear
amplification (Dirks and Pierce 2004). As shownHigure 10(a), HCR is based on chain reaction of
recognition and hybridization between alternatimgmplementary sequences. This kind of end-to-end
cross-complementary hybridization drives a seleagsy process, leading to the formation of lingget
DNA nanostructures with nicked double helixes (Bak 2017). Peng et al. developed an ultraseesitiv
detection of methyltransferase activity using agctbchemical LFP-DAgNCs based on electrochemical
reduced graphene oxide/AuNPs hybrids and HCR (Re¢raj. 2018). As shown in Figure 10(b), in the
presence of methyltransferase, the specific retiognsequence on the partial dsDNA will be mettadat
and then be digested by Dpnl, thus the HCR proazssiot proceed. While in the absence of

methyltransferase, the hanging part of dsDNA on dleetrode surface will hybridize with DNA1 and
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DNAZ2 continuously to form the linear-type superstue, with numerous AgNCs in-situ generated on the
cytosine-rich sequences of DNA1 and DNA2. The auntd Dam MTase could be sensitively analyzed

according to the electrochemical signal output.
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Figure 10. (a) Design principle of the amplification detecsopased on HCR using DNA-AgNCs as label-free

reporters. (b) Schematic depiction of the electemaical sensor for the amplified detection of mettaylsferase
activity using LFP-DAgNCs based on HCR-induced acefassembly. (Copyright © 2018 Elsevier B.V.)

As mentioned in that case, HCR is a very simple dinect technology for the surface enrichment of
nucleic acid, which is perfectly suitable for swda modification and signal amplification of
electrochemical detections. Especially when itdapted with DNA-AgNCs, ultrasensitive and labelere
electrochemical sensors can be developed. As shvwigure 11(a), Yang et al. proposed a label-free,
highly sensitive and selective miRNA-199a electemfital LFP-DAgNCs based on target-assisted
polymerization nicking reaction (TAPNR) and HCR difigations (Yang et al. 2015). In the TAPNR
process, the target miRNA-199a hybridized with dneplification template probe, which contained three
regions: target-binding domain, recognition domafimestriction endonuclease and amplification teatepl
domain for producing massive intermediate sequerides hybridization between target miRNA-199a and
the probe initiated the TAPNR process to producesiva intermediate ssSDNAs with the assistance of
Bst-DNA polymerase and Nt.BbvCl restriction enddease. The released intermediate sSSDNAs were then
captured by the HCR probes on the gold electrodae) and further triggered HCR amplification ¢onh
linear-type nanostructures with numerous C-richpldgemplates for AgNCs synthesis. DNA-templated
synthesis of AgNCs can be in-situ realized by sgbeat incubation of the numerous templates with

AgNO; and sodium borohydride. The amount of in-situ Bgaized AgNCs was significantly enhanced by
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the integrated dual amplification strategies, rasglin a dramatically amplified current responseHighly
sensitive detection with a detection limit of 0f64 Chen et al. developed a highly sensitive LFP¢DICs

for DNA detection based on autocatalytic strangldisement amplification (ASDA) and HCR (Chen et al.
2018b). As shown in Figure 11(b), the target redomnopened the immobilized hairpin probe (IP) and
initiated the binding of the auxiliary DNA strand$) with the opened IP for the successive polyna¢ion

and nicking reaction in the presence of DNA polyaserand nicking endonuclease. This induced thettarg
recycling and generation of a large amount ssDN# Wie same sequence as target DNA to execute more
reactions. Simultaneously, the introduced AS sticardtrigger the HCR process with the assistante/of
hairpins to form linear DNA concatamers with cytesrich templates, which facilitated the in-situ
syntheses of DNA-AgNCs as electrochemical tagss Thrasensitive LFP-DAgNCs had a detection limit

as low as 0.16 fM, showing potential for low-abumcka nucleic acid detection.
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Figure 11. (a) Schematic illustration of ultrasensitive antdbfree electrochemical detection of miRNA-199a
based on in-situ generated DNA-AgNCs by couplingPNR with HCR amplifications. (Copyright © 2015
American Chemical Society) (b) Schematic illustatof the cascade ASDA and HCR strategy for nudeid
biosensing. (Copyright © 2018 Elsevier B.V.)

Wu et al. proposed a imaging platform for cell aud glycans based on LFP-DAgNCs and HCR (Wu et
al. 2018). For the construction of this platformjfeial sugars with azide groups were labelledhe cell
surface using the metabolic glycan labeling teammigSun et al. 2018), and the dibenzocyclooctyne
(DBCO)-functionalized DNA probes were immobilizesh ¢he surface by reacting with azide groups
through copper-free click chemistry. As shown igufe 12, after the fix of DNA probes on the celiface,
the HCR process was activated with assistance offairpin DNAs and linear DNA concatamers with
numerous DNA templates were generated for syntheidluorescent DNA-AgNCs. This signal
amplification strategy was used in quantitativelgsig, and the detection limit was as low as 20sdel

200 pL of binding buJer. In addition, the DNA-AgNCs had significant pbittermal performance due to
19



the HCR-induced formation of super nanostructut@clvcould effectively kill cancer cells and intilte
growth of tumors under image guidance. In this meéththe HCR process avoided the introduction of
excessive azide sugar on the premise of ensuripgrept fluorescence. These results indicated bt t
developed nano-platform has great potential for cifipe cell surface glycan imaging and
fluorescence-guided photothermal therdpsing a similar strategy, Zhang et al. also dgwetba fluorescence
LFP-DAgNCs based on HCR technique (Zhang et al.720The developed sensor was employed to detect
human immunodeficiency virus-related DNA sequencesitro with a detection limit of 1.18 nM. Graphen

oxide was utilized to decrease the background kigna
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Figure 12. Schematic illustration of the HCR-based theranos@moplatform for label-free fluorescence
imaging of cell surface glycans and fluorescencilegl photothermal therapy. (Copyright © 2018 Amanic
Chemical Society).

For section summary, the HCR is an ideal techniguenrich DNA-AgNCs on the sensor surface to
generate label-free signals, especially on theasarbf electrodes. In addition to HCR, RCA is &sp
applicative technique for enriching DNA templates the surface of sensors. For instance, Chen et al.
developed anultrasensitive electrochemiluminescence LFP-DAgNfes miRNA detection based on
three-junction assisted RCA as a surface enrictd@algnique for signal amplificatiofChen et al. 2016a). These
surface enrichment technologies not only achieeeditput of the detection signal, but also amplify
signal readout. In addition, in-situ synthesizedAAgNCs bear inherent label-free merit, eliminatithg
tedious labelling process of signal reporters Bkectrochemically active molecules. Overall, thisdkof

LFP-DAgNCs shows great potential for developmerttighly sensitive and label-free sensors.
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2.3 LFP-DAgNCsfor imaging of cancer cell

Figure 13(a) illustrated a typical design of LFPGMCs for direct cancer cell imaging applicationeTh
DNA-AgNCs carrying aptamer sequence could recogoemcer cells via the specific binding towards
overexpressed markers on the cell surface. By gatijug the aptamer sequence of anterior gradient
protein 2 homolog (AGR) and a cytosine-rich seqeehan et al. developed a label-free probe for imgg
breast cancer cells (Lan et al. 2019). The sequehttés imaging probe consisted of two functionalts,
aptamer sequence for targeting the AGR on breastecacells as recognition unit, and twelve-cytosine
sequence for preparing AgNCs as signal output Thi. as prepared AgNCs emitted orange fluorescence
with a maximum emission peak at 58% and a QY as high as 87.43%. MTT assay was daot to
evaluate the biocompatibility, which indicated tlia¢ synthesized DNA-AgNCs had a low toxicity. As
shown in Figure 13(b), confocal images exhibiteat the as-prepared DNA-AgNCs gathered nearby nuclei
and distributed along a line from the nuclei to ¢edd membrane. The position of gathering nanoehgst
can be seen as AGR's secretion process, indicdtaigthe probe successfully targeted to the AGRs in

MCF-7 cells.

(a) (b)
Aptamar sequence
]
Cancer cell :

Figure 13. (a) Schematic depiction of the electrochemical sefar the detection of methyltransferase activity
using LFP-DAgNCs. (b) Confocal microscopy imagedaiF-7 cells. The cells were stained with (front kef
right): Hoehcst-33258, AgNCs-based DNA probe, Atéxor 488, merged images and 6/4 times amplificatib
merged images respectively. (Copyright © 2019 HégeB.V.)

Zhu et al. constructed a novel nanocomposite withcer-specific imaging and targeted therapeutic
functions by assembling DNA-AgNCs around DNA-maoelifi gold nanoparticles (AuNPs) (Zhu et al.
2017). The as-prepared nanocomposite carries adeigbity of AS1411 aptamer, which was the first
anti-cancer aptamer of targeting overexpressinglenlic on cancer cell surface. The as-prepared
AuUNP@(AS1411-AgNCs)n nanocomposite showed strongingared fluorescence emission with a high

density of fixed aptamers on surface. The synecgéftect of AS1411-guided binding and internaliaat
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led to specific cell imaging and selective killin@n the contrary, normal NIH-3T3 cells without
over-expressed nucleolin on the surface showed Wleakescence signal. The results suggested tleat th
as-prepared nanocomposites could be used for igpagfnhighly specific cancer cells. By using
carbohydrate instead of aptamer, Zhang et alzetlicarbohydrate-modified DNA as a template for the
synthesis of DNA-AgNCs (Zhang et al. 2018b), whigdre employed for cancer cell imaging based on the
recognition of mannose with mannose receptor orcaranells MDA-MB-231. The MDA-MB-231 and
293T cells were selected as parallel-controllegefarcells. The 293T cells were incubated with the
DNA-AgNCs but no fluorescent signal was observedijlavthe MDA-MB-231 cells showed strong
emissive signal in fluorescence images, showinglex selectivity.

For section summary, the DNA-AgNCs with aptamenseges are economical and effective probes for
cancer cells imaging. A wide variety of specifidaapers of targeting cancer cell have been screeming
through a SELEX (systematic evolution of ligandsexponential enrichment) process (Zhu et al. 2012;
Pereira et al. 2018), such as leukemia cells (Sheaget al. 2006), papillary thyroid carcinoma (Zhet
al. 2019), cervical cancer (Wang et al. 2019b) esmhl cell carcinoma (Wang et al. 2017b), etc. The
aptamer-DNA-AgNCs with targeting characteristice ¢ specifically enriched to the surface of cancer
cells for imaging, which are different from convienial organic dyes or fluorescent nanomaterialbovit
specificity. By simple integration of targeting seqce and synthesizing sequence, the most higbtight

advantage of aptamer-DNA-AgNCs is that cumbersahelling process is avoided.

3 Discussion and per spective

In the past five years, tremendous literatureshenapplications of DNA-AgNCs have been reported. In
this presented review, just some typical examplesewisted for explaining different design stragsgi
Some recently reported detection methods usingRRBNCs were listed in the appendix of this reviéw.
is expected that with the recognition of the adagas of DNA-AgNCs by more researchers, emerging
excellent work will be reported in the near future.

To conclude, this review focuses on the label-fopegbes based on DNA-AgNCs signal output. The
LFP-DAgNCs do not require expensive and cumbersmiogification, which contributed the low-cost and
simple outputs. Besides, the signal output modeeisatile, which is beneficial to design a variefy
detection strategies. Previous reported works leairced the versatile performances of LFP-DAgNCSs in

fluorescence and electrochemical methods. Besiddike conventional label-free fluorescent dyeg th
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LFP-DAgNCs can enable selective signal output wiesponding to multiple targets. For instance, lar t
detection of two different DNA targets in one saat the employment of SYBR-green only generate
green fluorescence; while in LFP-DAgNCs-based dteanethods different colors can be obtained by
designing different synthesizing sequences for AgNI€is firmly believed that the LFP-DAgNCs will
demonstrate this advantage for multi-target andtirnalor detection in the future. In addition, in
combination with enzyme-assisted or enzyme-freelifiogtion strategies, the sensitivity of LFP-DAgNC
can be improved.

The stability of DNA-AgNCs is now a grave concernDNA-AgNCs that have been suffering from
photobleaching and short shelf life. One of thesoga for the fragility is that most reported DNAMQ@s
used ssDNAs templates (Guo et al. 2019), which aiafuly package the silver atoms. Our researcmtea
recently reported a research work in which we ws#uee-dimensional spatial structure of DNA tergla
for the synthesis of AQNCs (Guo et al. 2018). Tésults of a series of studies showed that thictsires
could bring enhanced fluorescence of DNA-AgNCs, praimote the storage stability of DNA-AgNCs.
This study enlightened the idea of synthesizing BgNn different DNA nanostructures with spatial
structures. Zhou et al. presumed that temperatuhgced oxidation could cause non-reversible deergas
the fluorescence of DNA-AgNCs, and they found tthee fluorescence recovered after adding a small
quantity of NaBH to the solution of DNA-AgNCs (Zhou et al. 2018)id of great significance to study the
synthesis of more stable DNA-AgNCs for promotingieri researches and practical applications. Spatial
DNA templates and employment of additional antiaxitlligands may provide solutions to help solvs thi

problem.
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4 Appendix: recently reported biosensors using LFP-DAgNCs.

Strategy Target Highlight Detection limit Ref.
ascorbic acid & ascorbic  dual-model 0.6M & (Liu and Pang 2018)
acid oxidase 0.0048 U/mL
cysteine simple 0.05 nM (Wang et al. 2018b)
pyrophosphate ions simple 0.2 (Xu et al. 2019)
melamine simple 49 nM (Jeong et al. 2019)
captopril simple 0.0pg/mL (Guo et al. 2019)
Direct interaction
tiopronin simple 270 pM (Zhang et al. 2019d)
glucose simple not provided (Schroeder et al.
2019)
Hg** DNA-Cu/AgNCs 2.4 nM (Mao and Wei 2019)
UO,** & Hg? hairpin DNA template 1.8pM&0.1 (Lin etal. 2019)
nM
DNA ratiometric detection based on0.52 nM (Wang et al. 2019d)

DNA radar structure

T4 polynucleotide kinase kinetic determination OwinL (Li et al. 2019b)
Indirect interaction terminal deoxynucleotidyl convenient 0.8 muU/mL (Chi et al. 2019)
(guanines-proximity transferase
induced enhancement) transcription factor simple 2 nM (Li et al. 2019a)
human epidermal growth  ultrasensitive 0.0904 ftM (zZhang et al. 2019b)
factor receptor-2
Zn*in cell three-way DNA junction 0.023 nM (Yao et 2019)
mMiRNA-21 guencher (BHQ1) 0.61 nM (Lu et al. 2018)
mMiRNA-155 positively charged AUNPs 33.4fM (Miaoakt 2018)
Hg** positively charged AUNPs 2.3 pM (Ma et al. 2019)
kanamycin AuNPs 1.0 nM (Ye et al. 2018)
Indirect interaction )
) E. coliO157:H7 AuNPs 0.0019 CFU/mL  (Wang et al. 2019a)
(FRET-induced
uracil-DNA glycosylase AuNPs 0.1 muU/mL (Zhang et2019a)

quenching)

IFN-y & adenosine &
thrombin
AFP & CEA

telomerase in cancer cell

polypyrrole nanoparticle 0.58 & 0.39 & (Wang et al. 2019¢)

2.2nM
polydopamine nanoparticle 24&5.6nM a(ly et al. 2019b)
parallel G-quadruplex cdlsuL (Lee et al. 2019)

Indirect interaction

(nanocluster dimer)

single nucleotide
polymorphisms

temperature

DNA/RNA

color diminishing point mutation (Liu et al. 2017)

color switching / diminishing  not pated (Zhou et al. 2018)

color diminishing 0.45M (Han et al. 2019)
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mMiRNA color switching 2.M (Jiang et al. 2019a)
NAD* exonuclease-assisted 0.25nM (Wang et al. 2017a)
amplification
coralyne exonuclease-assisted 1.83nM (Lee et al. 2018)
amplification
human papillomavirus-16 ratiometric detection using 5.7 pM (Yuan et al. 2019)
DNA two-color emitting
Indirect int ti
ndirect interaction DNA-AGNCs
(formation/destruction of ) )
norovirus RNA high QY (53%) 18 nM (Shen et al. 2019)
DNA template)
DNA polymerase hairpin template 0.05 U/mL (Kim a&dng 2019)
mycotoxin T-2 polymerase-assisted 30 fg/mL (Zhang et al. 2019c¢)
isothermal amplification
telomerase enhancement by ¥1g 2.53x10° IU (Peng et al. 2019)
prostate-specific antigen simple 1dgmL (Fang et al. 2019)
lysozyme HCR-based amplification 42 pM (Chen et@l5a)
miRNA-21 RCA-based amplification 22 aM (Chen et al. @f)1
thrombin HCR-based amplification 0.1fM (Jie et2017)
methyltransferase HCR-based amplification 0.0078L (Peng et al. 2018)
terminal deoxynucleotidyl graphene oxide-modified 0.08 U/mL (Hu et al. 2017)
Indirect interaction transferase electrode
(assembly on surface) methyltransferase HCR-based amplification 0.0078L (Peng et al. 2018)
cancer cell MCF-7 ITO (indium tin oxide) 3 cells (Cao et al. 2019)
electrode platform for both
imaging and electrochemical
detection
miRNA-21 surface plasmon-enhanced 0.96 aM (Feng et al. 2019)
ECL
HelLa cell folate-linked DNA not applicable (Huanigaé 2018)

Imaging of cancer cell

breast cancer cell
breast cancer cell

NIH-3T3 cell

high QY (87.43%)
guantitative analysis

cationic polyelectrolyte
modified AQNCs with

not applicable (Lan et al. 2019)

3 cells

not applicable

enhanced emission and higher

stability

o(&aal. 2019)

(Lyu et al. 2019)
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DNA-AgNCs have demonstrated pervasive applications and attracted interests in

bi osensors devel opment recently.

Most of the recently reported label-free probes based on DNA-AgNCs signal output were

classified legitimately.

The design principles of each kind of probe were explained thoroughly to help readers

better understand and apply such strategies.

Besides the discussion and perspective in the last part, a short summary was made for

each section.
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