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Recently years have witnessed a surge in application of DNA-AgNCs in optics,
catalysis, sensing, and biomedicine. DNA-templated silver nanoclusters (DNA-AgNCs),
as emerging fluorophores, display superior optical performance since their size is close to
the Fermi wavelength. DNA-AgNCs possess unigue features, including high fluorescence
quantum yields and stability, biocompatibility, facile synthesis, and low toxicity, which are
requisite for fluorescent probes. The fluorescent emission of DNA-AgNCs can cover the
violet to near-infrared (NIR) region by varying the DNA sequences, lengths, and structures
or by modifying the environmental factors (such as buffer, pH, metal ions, macromolecular
polymers, and small molecules). In view of the above excellent properties, we overview
the DNA-AgNCs from the viewpoints of synthesis and fluorescence properties, and
summarized its biological applications of fluorescence sensing and imaging.

Keywords: noble metal nanoclusters, fluorescent probing, sensing, imaging, DNA-templated silver nanoclusters

INTRODUCTION

The optical and electronic properties of metals depend largely on their size, especially in the
nano scale (Diez and Ras, 2011). Noble metal nanoclusters (M NCs) composed of several to
a few hundred metal atoms with sizes ~2nm, which approaches the Fermi wavelength of
electrons leading to molecule-like properties, such as discrete energy levels, good photostability,
biocompatibility, as well as size dependent photoluminescence (Jin et al,, 2016; Chakraborty
and Pradeep, 2017; Chen et al,, 2018). Therefore, M NCs exhibited strong light absorption and
emission due to the electronic transitions between different energy levels (Huang et al., 2019). If
there is no stabilizing scaffold, the metal nanoclusters will interact strongly with each other and
gather irreversibly, thereby reducing their surface energy. Compared with other scaffold, DNA
is very suitable as a template for nanofabrication due to its relative physiological stability and
pre-designable structure (Seeman, 2003; Wilner and Willner, 2012).

DNA-AgNCs, as a novel kind of fluorescent nanomaterial, was first reported by Petty
(Petty et al., 2004). Compared with other emerging M NCs, such as DNA-templated
copper nanoclusters, DNA-AgNCs show a more extensive range and more adjustable
fluorescence wavelength, excellent stability, higher fluorescence quantum yields, and lower
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toxicity (Latorre and Somoza, 2012; Cao et al., 2019a; Xu et al.,
2020a). For example, it has been reported that the fluorescence
quantum yield (QY) of silver nanoclusters (AgNCs) prepared
in DNA is as high as 64% (Sharma et al, 2010). In addition,
significant DNA-AgNCs fluorescence can be retained for atleast a
year by using a rationally designed DNA sequence (Sharma et al.,
2012). Compared with other luminescent nanomaterials such
as semiconductor quantum dots, the overall size of fluorescent
AgNCs is extremely small, which makes them attractive as
fluorescent biomarkers because the biological processes may
be minimally perturbed by AgNC-based labeling (Yu et al,
2008). Furthermore, nanoclusters can be used as sensitive probes
because of their optical response highly dependent on the
interaction with the DNA oligomers (Diez and Ras, 2011).
Therefore, the photostability and biocompatibility of DNA-
AgNCs make them more suitable for biological systems, and
have broad application prospects in biological research. Up to
now, many nano-biosensors have been constructed based on the
fluorescence properties of DNA-AgNCs.

Herein, we overview the DNA-AgNCs from the viewpoints
of synthesis and fluorescence properties. In particular, the key
factors affecting the fluorescence emission are summarized for
the detection of more targets via intelligent design. Recent
advancement of DNA-AgNCs in biological applications is
expounded from two aspects of fluorescence sensing and
imaging. Finally, current challenges, the perspectives and future
directions on the DNA-AgNCs based biosensing and imaging
are envisioned.

DNA-STABILIZED FLUORESCENT AgNCs

Synthesis Method and Principle

DNA-AgNCs was first synthesized by Dickson’s group, displaying
bright fluorescence in a specific solution, which have attracted
increasing research interest over the past decade (Petty et al.,
2004). The DNA used to construct AgNCs can be single-stranded
DNA, double-stranded DNA, triple-stranded DNA or even DNA
nanostructures (Ma et al., 2011; Feng et al., 2012; O’Neill et al.,
2012).The synthesis of DNA-AgNCs requires silver salt, an
oligonucleotide with a C-rich sequence, and a reducing reagent
of which micromolar amounts must be mixed at an appropriate
ratio. For a ssDNA template, the most commonly employed ratio
of Agt: DNA is 6:1 and excess Ag T may help to form plasmonic
nanoparticles (Hua et al., 2015). Following the reduction step,
the incubation time ranges from several minutes immediately
after the addition to 2 days depending on the different DNA
template, affinity of Ag-DNA, and even the temperature. It has
been proven that Ag™ have a higher binding affinity to nucleic
acid bases than phosphate residues, which binds to bases via
N3 of the pyrimidines or N7 of the purines with an affinity
order of cytosine (C) > guanine (G) > adenine(A) > thymine
(T) (Arakawa et al., 2001; Petty et al., 2004; Zikich et al., 2010)
(Figure 1A). Fluorescent DNA-AgNCs contain both Ag™ and
Ag0 with Ag™ mediated binding to the bases (Schultz et al,
2013) (Figure 1B). Although the detailed process of DNA-AgNCs
formation is unclear, sufficient evidence proved that the cluster

structure of fluorescent DNA-AgNCs is rod-shaped with free
electron core (Schultz et al., 2013).

Factors Affecting the Fluorescence of
DNA-AgNCs

The mechanism of fluorescence origin is generally considered
to be through the intra brand electron transition in the AgNCs
(visible excitation), as well as a charge transfer between the
DNA base and the AgNCs (UV excitation). Although the specific
mechanism of the energy transfer from UV excited state to visible
(or NIR) emission state is not clear, the fluorescent DNA-AgNCs
are generally excited via the DNA bases (O'Neill et al., 2011).
Therefore, DNA was the primary factor affecting the emissive
properties of AgNCs, while the number of Ag, environmental
factors (such as pH, metal ions, and macromolecular polymer)
can also influence fluorescent emission (Kennedy et al., 2012;
Schultz and Gwinn, 2012; Huang et al.,, 2013; Cerretani and
Vosch, 2019).

The color of AgNCs could be adjusted to green, yellow,
red and NIR by changing the position and number of clusters
in the nucleation sequence (Obliosca et al., 2014) (Figure 1C).
Later, Copp et al. discovered certain DNA based patterns or
“motifs” correlating to AgNCs with similar fluorescence spectra.
Dark motifs are much more abundant in T according with the
exceedingly weak T-Ag™ association. G-rich motifs are most
common in the red clusters, while C-rich motifs are related to
all the bright color classes and dominating in the red class (Copp
et al., 2018). Moreover, Weadick and Liu showed (2015) poly(T)
only provided fluoresced green-emitting AgNCs at high pH. The
specific wavelength of the AgNCs fluorescence also depended on
the interaction between DNA secondary or tertiary structures.

There are two main fluorescence products in different length
C-ring hairpins, which are green-emitting and red-emitting
(O'Neill et al., 2009) (Figure 1D). A comprehensive study has
been conducted regarding the effect of stem sequences on the
fluorescent properties of hairpin-AgNCs. Guo et al. reported
that the fluorescence intensity increased with the elongation
of stem length when the content and distribution of GC
remain unchanged. The Yellow hairpin AgNCs are generally
formed in weak acid environment, and the weak alkali is
conducive to the formation of red hairpin AgNCs (Guo et al.,
2020) (Figure 1E). In addition, the relationship between the
structural and fluorescence emission of DNA-AgNCs was also
studied. Recently, Shah et al. (2020) reported that the orange
emitting AgNCs were localized on the interface via a head-
to-head binding of two DNA hairpins, while green, red, or
NIR emissive AgNCs were embedded in a hairpin and double
stranded DNA templates. The hairpin DNA can convert into
G-quadruplex (Gy4) or i-motif structures, while the G4-AgNCs
only showed intense peaks and the i-motif AgNCs exhibited
poor peaks (Li et al., 2011). This result demonstrated that DNA
structural changes can remarkably influence the spectral behavior
of AgNCs.

Besides DNA sequences and structures, the number of Ag
(Nag) is another crucial factor. Visible-NIR emitting DNA-
AgNCs can be premised on the Nag ~10-20 atom cluster
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FIGURE 1 | (A) The red band, blue balls and gray balls representing the ssDNA template, Ag*, and Ag®, respectively. Pyrimidine N3 and purine N interacting with
Ag™ are shown in yellow (New et al., 2016). (B) The rod-like model of the AGNCs with neutral Ag atoms represented by gray balls and Ag™ cations represented by blue
balls in the poly(C) DNA. Left: in repeat tetramer units. Right: in repeat trimer units (Schultz et al., 2013). (C) Varying the length of the C base leads to AgNCs varying in
color (Obliosca et al., 2014). (D) The number of C in the hairpin ring determining the wavelength (left) and the excitation vs. the emission wavelengths (right) (O’Neill

et al., 2009). (E) The fluorescence intensities of the hairpin-AgNCs synthesized by different percentages of GC content in the stem sequences (Guo et al., 2020).

centers. Larger Ag clusters tend toward longer \ep since
they provide more surface sites to connect higher numbers
of bases. Although dark species appear at lower Nug, by
itself, Nag does not control whether DNA-AgNCs fluoresce
(Schultz and Gwinn, 2012). On the other hand, it is more
convenient to modulate the fluorescence emission of AgNCs
by ion than by DNA sequence and length. Ions (such as
Cu?* and Hg *) can quench the fluorescence of AgNCs by
promoting the formation of non-fluorescent complexes (Guo
et al., 2009; Zhang and Ye, 2011). Contrarily, the more stable
AgNCs under the action of Zn** can increase the fluorescence
intensity (Zhang et al., 2016). Additionally, hairpin DNA can
be transformed into G4 or i-motif structure in the presence of
K T and H *, which affects the spectral behavior of AgNCs
(Li et al,, 2011).

METHODS USED FOR FLUORESCENT
SIGNAL OUTPUT

In recent years, nucleic acids (especially DNA) have stood
out as excellent building blocks for nano-construction due to
the programmability and specificity of the Watson-Crick base
pairing (Chen et al., 2015; Li et al., 2018d). For DNA-templated
nanomaterials, DNA molecules are first used as templates during
the synthesis of nanomaterials, after which it can also be utilized
as recognition units to avoid subsequent functional modifications
(Qing et al., 2020). DNA-functionalized nanomaterials offer the
ability to directly address the desired targets while enhancing
the utility of these components during sensing and imaging
(Pandya et al.,, 2016; Tian et al, 2020). DNA can selectively
bind to a variety of analytes, including small organic molecules,
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FIGURE 2 | Methods used for fluorescence signal output: (A-C) The fluorescence signal is based directly on DNA-AgNCs (Han et al., 2016; Liu et al., 2017; Lyu et al.,
2019). (D-F) The fluorescence signal is based directly on DNA-AgNCs (Huang et al., 2018; Li et al., 2018a; Dang et al., 2020). (G) The fluorescence signal is based on
PET (Leng et al., 2018). (H) The fluorescence signal is based on reactive quenchers (Peng et al., 2015).

ions, peptides, proteins and cells. This review summarized the
progress based on the signal mechanism because a variety of
signal methods have emerged to detect many different analytes.

The Fluorescence Signal Is Based Directly
on DNA-AgNCs

The specific DNA sequence is essential for the preparation
of fluorescent AgNCs and detection. Aptamer-functionalized
AgNCs as a target detection or imaging system has attracted
increasing research attention. For example, Liu et al. designed
a duplex that can release single-stranded C-rich sequences and

the aptamer, sgc8 when it binds to the protein tyrosine kinase-7
(PTK?7) on the cell membrane. Furthermore, these sequences can
bind and transfer the AgNCs from the poly (acrylic acid) (PAA)
matrix to amplify the fluorescence emission. The expression
of PTK7 in a single HeLa cell and a CCRF-CEM cell was
7.5 x 10 7! mol and 1.8 x 10 ~'® mol, respectively (Liu
et al, 2017) (Figure2A). Cao et al. used a single labeling
platform allowing for non-invasive fluorescence imaging and
amplified electrochemical detection. The detection limit is three
cells, which provides a biocompatibility and high specificity
method for fully evaluating cancer cells (Cao et al, 2019b).
Han et al. (2016) demonstrated that the L-conformation of
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DNA (L-DNA) could also be used to prepare aptamer-AgNCs,
whose extraordinary resistance to nuclease digestion gives it
higher biological stability and allows cell type specific imaging
at physiological temperatures (Figure 2B). Lyu et al. modified
fluorescent DNA-AgNCs with poly dimethyl diallyl ammonium
chloride (PDDA) to make them interact with negatively charged
phosphate groups in DNA chain. Moreover, rapid cell imaging
can be performed in NIH/3T3 cells, because PDDA modification
can significantly extend the stability of AgNCs and increase the
cellular uptake of DNA-AgNCs (Lyu et al., 2019) (Figure 2C).

In addition, the color of the fluorescence-emission species can
easily be transformed due to their susceptibility to oxidation.
Therefore, unique small molecules displaying oxidative activity
can be measured using this ability of AgNCs. Kathryn et al.
found that that the fluorescence emission at 610 nm of AgNCs
reversibly changed to 530 nm in an oxidized environment, which
can be used to detect H,O,, the byproduct of the reaction
between glucose and glucose oxidase. This strategy can measure
glucose concentrations up to 20 mM, just within the glucose
levels found in the blood (Schroeder et al, 2019). Li et al.
found the rolling-circle-amplification-stabilized AgNCs provided
a promising fluorescent probe for the detection of reactive oxygen
species/nitrogen species (ROS/RNS) in living cells, because the
hydrogel environment contributes to the stability of clusters. The
detection limit was determined to be 58 nM, which was similar
to the sensitivity of other fluorescent probes reported recently (Li
et al., 2018¢).

The Fluorescence Signal Based on DNA
Strand Hybridization

DNA stands out as an excellent material in biological system due
to its predictable base-pair interactions and its programmable
sequences (Tan et al., 2014). Many detection methods have been
carried out based on the proximity of G that can induce the
reversible conversion between dark species and a bright red-
emitting species (Yeh et al,, 2010). Huang et al. took advantage
of the telomerase elongation product, the repetitive TTAGGG
sequences to realize the detection of telomerase activity.
The repetitive sequences hybridized with their complementary
sequences led to a significant enhancement of the fluorescence
because the G-rich sequence is close to AgNCs. The telomerase
activity of an HeLa cell was calculated to be 1.2 x 107! TU in
the exponential phase (Huang et al., 2018) (Figure 2D). Another
interesting sensor depend on the structural changes caused by
DNA hybridization. Li et al. developed a facile and specific cell
nucleus imaging method based on the fluorescence activation
of C-rich dark AgNCs by G-rich telomeres, and strong signal
response could be achieved within 5 min (Li et al., 2018b).

As an important factor affecting the emission of DNA-AgNCs,
the modulation of secondary DNA structures was used in the
ratio detection system (Shah et al., 2018). Xu et al. developed
a proportional visual analysis sensor platform for miRNA-21
in cells based on the self-assembly of AgNCs triggered by
chain displacement. The detection limit of miRNA can reach
picomole. Furthermore, based on the unlabeled sensing platform,
the visual differentiation between cells can be realized according

to the fluorescence color (Xu et al.,, 2020b). Li et al. reported
that the upstream catalytic hairpin assembly (CHA) circuit can
continuously produce a DNA product, which can be used to
activate the downstream hybrid chain reaction (HCR) circuit to
produce a significantly amplified fluorescence signal. This CHA-
HCR amplifier makes it possible to detect M.SssI selectively and
sensitively and the detection limit is 1.2 x 10~* U/mL (Li et al,,
2018a) (Figure 2E). Dang et al. designed an RNA strand that
was applied to quench the fluorescence of DNA-AgNCs through
the formation of RNA/DNA duplex. Moreover, the fluorescence
signal of the AgNCs was restored after the degradation of RNA by
RNase A. The fluorescence signal is linearly positively correlated
with the concentration of RNase A, and the detection limit is
0.098 pg/nL (Dang et al., 2020) (Figure 2F).

The Fluorescence Signal Based on Energy

Transfer

The output of fluorescence signal mainly depends on the
photophysical mechanism based on fluorescence resonance
energy transfer (FRET) and surface plasma enhanced energy
transfer (SPEET), and photoinduced electron transfer (PET).
FRET can change the intensity of fluorescence emission by
transferring energy from one dye molecule to another dye
molecule (Chen et al., 2012). Since the fluorescence of AgNCs
can be quenched by CNPs oxide, a new type FRET sensor
was successfully constructed to detect human immunodeficiency
virus (HIV) DNA sequence. The results showed that HIV-DNA
could be detected in the range of 1-50 nM and the detection limit
was 0.40nM (Ye et al,, 2016). Similar to FRET, SPEET belongs
to the dipole surface interaction between the molecular and
metal nanoparticle owing to the large volume ratio of the nano-
metal surface (Yun et al., 2005). A method for sequence-specific
DNA detection was developed based on the SPEET process
between the DNA-AgNCs and gold nanoparticles (AuNPs).
The DNA-AgNCs spontaneously adsorbed on the surface of
AuNPs, while the AuNPs serve as a “nano-quencher” to quench
the fluorescence of the DNA-AgNCs. The method achieved a
detection limit of ~2.5nM (Ma et al., 2015). Alternatively, by
utilizing the PET mechanism, the signal can be modulated by the
separation or closed between G4 DNAzyme and AgNCs (Zhang
et al,, 2013). Leng et al. described a fluorometric strategy for
the ultrasensitive and highly specific detection of pathogenic
bacteria. This strategy was dependent on a combination of
target modulated photoinduced electron transfer (PET) and
cyclic exponential amplification of hairpin probes. The biosensor
system has high selectivity to S. Typhimurium with a detection
limit of 8 cfu-mL~! (Leng et al., 2018) (Figure 2G).

The Fluorescence Signal Based on

Reactive Quenchers

The fluorescence of AgNCs can be modulated not only by
DNA hybridization, but also by interaction with environmental
factors, such as thiolated compounds, and heavy-metal ions. For
example, cysteine (Cys) can quench the fluorescence of DNA-
AgNCs could be quenched by Cys via the specific interaction
of robust Ag-S bonds, thus developing a label-free method for
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detecting Cys with the detection limit of 0.05nm (Wang et al.,
2018). Peng et al. designed a new fluorescent double-stranded
DNA-AgNCs probe for the sensitive detection of Hg*" and
Cu?*. Both ions could effectively quench the emission of DNA-
AgNCs that can be detected within detection limits of 2.1 and
3.4nM, respectively (Peng et al.,, 2015) (Figure 2H). Zhang et al.
constructed a DNA-AgNCs based biosensing system to achieve
the rapid and sensitive detection of D-enantiomers (DAAs),
which is specifically relevant in gastric cancer. The signal output
was realized by fluorescence quenching in the presence of H,O,
and eOH, which were produced by the metabolism of DAAs. The
detection limit is within the effective range of DAA concentration
in the early stage of gastric cancer, which indicates that this
method may be used in the early diagnosis of gastric cancer
(Zhang et al., 2017).

CONCLUSION

DNA-AgNCs, as promising label-free fluorophores, have the
advantages of small size, low toxicity, adjustable fluorescence
characteristics, and easy functional assembly, making them
good candidates for fluorescent probing. Various applications
have already been reported for detecting different targets (e.g.,
nucleic acids, small molecules, proteins, metal ions, germ, and
cells) and cell imaging. To summarize the current research,
analyzing the target via the fluorescent “on-off” mechanism
can be achieved in the following four kinds of ways: using the
fluorescence of the AgNCs directly; using strand hybridization
(structural transformation or G-rich proximity) to increase or
decrease the fluorescence; using electron transfer to realize a
change in the fluorescence signal; and quenching the fluorescence
using a reactive quencher. These methods fully demonstrate the
significant application potential of AgNCs as fluorescent signals
in analytical detection.

REFERENCES

Arakawa, H., Neault, J, and Tajmir-Riahi, H. (2001). Silver (I)
complexes with DNA and RNA studied by Fourier transform infrared
spectroscopy and capillary electrophoresis. Biophys. J. 81, 1580-1587.
doi: 10.1016/S0006-3495(01)75812-2

Cao, Q., Li, J., and Wang, E. (2019a). Recent advances in the synthesis and
application of copper nanomaterials based on various DNA scaffolds. Biosens.
Bioelectron. 132, 333-342. doi: 10.1016/j.bios.2019.01.046

Cao, Y., Dai, Y., Chen, H., Tang, Y., Chen, X., Wang, Y., et al. (2019b). Integration
of fluorescence imaging and electrochemical biosensing for both qualitative
location and quantitative detection of cancer cells. Biosens. Bioelectron. 130,
132-138. doi: 10.1016/j.bios.2019.01.024

Cerretani, C., and Vosch, T. (2019). Switchable dual-emissive DNA-stabilized
silver nanoclusters. ACS Omega 4, 7895-7902. doi: 10.1021/acsomega.9b00614

Chakraborty, I, and Pradeep, T. (2017). Atomically precise clusters of noble
metals: emerging link between atoms and nanoparticles. Chem. Rev. 117,
8208-8271. doi: 10.1021/acs.chemrev.6b00769

Chen, N. T., Cheng, S. H., Liu, C. P., Souris, J. S., Chen, C. T., Mou, C. Y,
et al. (2012). Recent advances in nanoparticle-based Forster resonance energy
transfer for biosensing, molecular imaging and drug release profiling. Int. J.
Mol. Sci. 13, 16598-16623. doi: 10.3390/ijms131216598

Chen, Y., Phipps, M. L., Werner, J. H., Chakraborty, S., and Martinez, J. S.
(2018). DNA templated metal nanoclusters: from emergent properties to

Although there has been exciting progress in the development
of DNA-AgNCs, there are still many challenges to be solved
in the future, such as the relationship between the structural
characteristics and fluorescence emission, as well as the detailed
formation process of cluster nucleation and aspects of their
composition, which hinders the applications of DNA-AgNCs to
some extent. The application of DNA-AgNCs in vivo systems
remain limited due to the stability of the complex environments,
and the toxicity in living cells. Therefore, a systematic and
comprehensive assessment of their toxicity and stability in
cells and animals is required before it can be considered as a
reliable competitor to the standard protein fluorescence systems
used today. Furthermore, a rational design involving fluorescent
AgNCs capable of multicolored emissions during multiplexed
detection and imaging is invaluable for their potential use. More
importantly, DNA-AgNCs may require new design structures
or the introduction of chemical modifications to obtain the
desired properties.

AUTHOR CONTRIBUTIONS

MY, XC, YS, HL, and HZ wrote the article. XL and WX conceived,
revised, and reviewed the article. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by Beijing Laboratory of Food Quality
and Safety, Beijing Key Laboratory of Agricultural Product
Detection and Control of Spoilage Organisms and Pesticide
Residue, Faculty of Food Science and Engineering, Beijing
University of Agriculture, Institute of Nutrition and Health,
China Agricultural University and Faculty of Public Health,
North China University of Technology.

unique applications. Acc. Chem. Res. 51, 2756-2763. doi: 10.1021/acs.accounts.
8b00366

Chen, Y. J., Groves, B., Muscat, R. A, and Seelig, G. (2015). DNA
nanotechnology from the test tube to the cell. Nat. Nanotechnol. 10, 748-760.
doi: 10.1038/nnano.2015.195

Copp, S. M., Gorovits, A., Swasey, S. M. Gudibandi, S., Bogdanov, P.,
and Gwinn, E. G. (2018). Fluorescence color by data-driven design of
genomic silver clusters. ACS Nano 12, 8240-8247. doi: 10.1021/acsnano.8b
03404

Dang, W., Luo, R., Fan, J., Long, Y., Tong, C., Xiao, F., et al. (2020). RNase A activity
analysis and imaging using label-free DNA-templated silver nanoclusters.
Talanta 209:120512. doi: 10.1016/j.talanta.2019.120512

Diez, 1., and Ras, R. H. (2011). Fluorescent silver nanoclusters. Nanoscale 3,
1963-1970. doi: 10.1039/c1nr00006¢

Feng, L., Huang, Z., Ren, J., and Qu, X. (2012). Toward site-specific, homogeneous
and highly stable fluorescent silver nanoclusters fabrication on triplex DNA
scaffolds. Nuclc Acids Res. 40:¢122. doi: 10.1093/nar/gks387

Guo, W., Yuan, J, and Wang, E. (2009). Oligonucleotide-stabilized Ag
nanoclusters as novel fluorescence probes for the highly selective and
sensitive detection of the Hg?* ion. Chem. Commun. 2009, 3395-3397.
doi: 10.1039/b821518a

Guo, Y., Shen, F., Cheng, Y., Yu, H., Xie, Y., Yao, W., et al. (2020). DNA-hairpin-
templated silver nanoclusters: a study on stem sequence. J. Phys. Chem. B 124,
1592-1601. doi: 10.1021/acs.jpcb.9b09741

Frontiers in Chemistry | www.frontiersin.org

November 2020 | Volume 8 | Article 601621


https://doi.org/10.1016/S0006-3495(01)75812-2
https://doi.org/10.1016/j.bios.2019.01.046
https://doi.org/10.1016/j.bios.2019.01.024
https://doi.org/10.1021/acsomega.9b00614
https://doi.org/10.1021/acs.chemrev.6b00769
https://doi.org/10.3390/ijms131216598
https://doi.org/10.1021/acs.accounts.8b00366
https://doi.org/10.1038/nnano.2015.195
https://doi.org/10.1021/acsnano.8b03404
https://doi.org/10.1016/j.talanta.2019.120512
https://doi.org/10.1039/c1nr00006c
https://doi.org/10.1093/nar/gks387
https://doi.org/10.1039/b821518a
https://doi.org/10.1021/acs.jpcb.9b09741
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yang et al.

Fluorescent DNA-AgNCs for Biological Applications

Han, G. M, Jia, Z. Z., Zhu, Y. J,, Jiao, J. J., Kong, D. M., and Feng, X. Z.
(2016). Biostable L-DNA-templated aptamer-silver nanoclusters for cell-type-
specific imaging at physiological temperature. Anal. Chem. 88, 10800-10804.
doi: 10.1021/acs.analchem.6b02871

Hua, L, Ying, W., Zhang, L., Yong, S., and Zheng, B. (2015). Fluorescent silver
nanoclusters as probes for selective recognition of DNA CGG trinucleotide
repeat. Mater. Lett. 139, 265-267. doi: 10.1016/j.matlet.2014.10.108

Huang, S., Yao, H., Wang, W., Zhang, J. R,, and Zhu, J. J. (2018). Highly sensitive
fluorescence quantification of intracellular telomerase activity by repeat G-
rich DNA enhanced silver nanoclusters. J. Mater. Chem. B 6, 4583-4591.
doi: 10.1039/C8TB00801A

Huang, X., Li, Z., Yu, Z., Deng, X., and Xin, Y. (2019). Recent advances in the
synthesis, properties, and biological applications of platinum nanoclusters. J.
Nanomater. 2019, 1-31. doi: 10.1155/2019/6248725

Huang, Z., Ren, J., Yang, W., and Qu, X. (2013). Molecular crowding-
facilitated synthesis of DNA-templated Ag nanoclusters with enhanced
fluorescence emission and quantum yield. Chem. Commun. 49, 10856-10858.
doi: 10.1039/c3cc46025h

Jin, R., Zeng, C., Zhou, M., and Chen, Y. (2016). Atomically precise colloidal metal
nanoclusters and nanoparticles: fundamentals and opportunities. Chem. Rev.
116, 10346-413. doi: 10.1021/acs.chemrev.5b00703

Kennedy, T. A. C.,, Maclean, J. L., and Liu, J. (2012). Blue emitting gold
nanoclusters templated by poly-cytosine DNA at low pH and poly-adenine
DNA at neutral pH. Chem. Commun. 48, 6845-6847. doi: 10.1039/c2cc32841k

Latorre, A., and Somoza, A. (2012). DNA-mediated silver nanoclusters:
synthesis, properties and applications. Chembiochem 13, 951-958.
doi: 10.1002/cbic.201200053

Leng, X., Wang, Y., Li, R,, Liu, S., Yao, J., Pei, Q., et al. (2018). Circular exponential
amplification of photoinduced electron transfer using hairpin probes, G-
quadruplex DNAzyme and silver nanocluster-labeled DNA for ultrasensitive
fluorometric determination of pathogenic bacteria. Mikrochim. Acta 185:168.
doi: 10.1007/s00604-018-2698-5

Li, C.,, Wang, H., Shang, J., Liu, X, Yuan, B., and Wang, F. (2018a). Highly sensitive
assay of methyltransferase activity based on an autonomous concatenated DNA
circuit. ACS Sens. 3, 2359-2366. doi: 10.1021/acssensors.8b00738

Li, D., Qiao, Z., Yu, Y., Tang, J., He, X,, Shi, H,, et al. (2018b). In situ fluorescence
activation of DNA-silver nanoclusters as a label-free and general strategy for cell
nucleus imaging. Chem. Commun. 54, 1089-1092. doi: 10.1039/C7CC08228B

Li, J., Yu, J., Huang, Y., Zhao, H., and Tian, L. (2018c). Highly stable and
multiemissive silver nanoclusters synthesized in situ in a DNA hydrogel and
their application for hydroxyl radical sensing. ACS Appl. Mater. Interfaces 10,
26075-26083. doi: 10.1021/acsami.8b09152

Li, T, Zhang, L., Ai, J., Dong, S., and Wang, E. (2011). Ion-tuned DNA/Ag
fluorescent nanoclusters as versatile logic device. ACS Nano 5, 6334-6338.
doi: 10.1021/nn201407h

Li, Z., Wang, J., Li, Y., Liu, X,, and Yuan, Q. (2018d). Self-assembled DNA
nanomaterials with highly programmed structures and functions. Mater. Chem.
Front. 2, 423-436. doi: 10.1039/C7QMO00434F

Liu, Z., Chen, W., Han, Y., Ouyang, J., Chen, M., Hu, S., et al. (2017). A label-
free sensitive method for membrane protein detection based on aptamer and
AgNCs transfer. Talanta 175, 470-476. doi: 10.1016/j.talanta.2017.07.071

Lyu, D, Li, J., Wang, X., Guo, W., and Wang, E. (2019). Cationic-polyelectrolyte-
modified fluorescent DNA-silver nanoclusters with enhanced emission
and higher stability for rapid bioimaging. Anal. Chem. 91, 2050-2057.
doi: 10.1021/acs.analchem.8b04493

Ma, J. L, Yin, B. C,, Le, H. N, and Ye, B. C. (2015). Label-free detection
of sequence-specific DNA based on fluorescent silver nanoclusters-assisted
surface plasmon-enhanced energy transfer. ACS Appl. Mater. Interfaces 7,
12856-12863. doi: 10.1021/acsami.5b03837

Ma, K., Cui, Q., Liu, G., Wu, F., Xu, S., and Shao, Y. (2011). DNA abasic site-
directed formation of fluorescent silver nanoclusters for selective nucleobase
recognition. Nanotechnology 22:305502. doi: 10.1088/0957-4484/22/30/305502

New, S. Y., Lee, S. T., and Su, X. D. (2016). DNA-templated silver nanoclusters:
structural correlation and fluorescence modulation. Nanoscale 8, 17729-17746.
doi: 10.1039/C6NR05872H

Obliosca, J. M., Babin, M. C., Liu, C., Liu, Y. L., Chen, Y. A., Batson, R. A.,
et al. (2014). A complementary palette of nanocluster beacons. ACS Nano 8,
10150-10160. doi: 10.1021/nn505338e

O’Neill, P. R., Gwinn, E. G., and Fygenson, D. K. (2011). UV excitation of DNA
stabilized Ag cluster fluorescence via the DNA bases. J. Phys. Chem. C 115,
24061-24066. doi: 10.1021/jp206110r

O’Neill, P. R, Velazquez, L. R., Dunn, D. G., Gwinn, E. G., and Fygenson, D.
K. (2009). Hairpins with Poly-C Loops Stabilize Four Types of Fluorescent
Agn:DNA. J. Phys. Chem. C 113, 4229-4233. doi: 10.1021/jp809274m

O’Neill, P. R, Young, K., Schiffels, D., and Fygenson, D. K. (2012). Few-atom
fluorescent silver clusters assemble at programmed sites on DNA nanotubes.
Nano Lett. 12, 5464-5469. doi: 10.1021/nl13017797

Pandya, A., Lad, A. N, Singh, S. P., and Shanker, R. (2016). DNA assembled metal
nanoclusters: synthesis to novel applications. RSC Adv. 6, 113095-113114.
doi: 10.1039/C6RA24098D

Peng, J., Ling, J., Zhang, X. Q., Bai, H. P., Zheng, L., Cao, Q. E., et al. (2015).
Sensitive detection of mercury and copper ions by fluorescent DNA/Ag
nanoclusters in guanine-rich DNA hybridization. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 137, 1250-1257. doi: 10.1016/j.saa.2014.08.135

Petty, J. T., Zheng, ], Hud, N. V., and Dickson, R. M. (2004). DNA-
templated Ag nanocluster formation. J. Am. Chem. Soc. 126, 5207-5212.
doi: 10.1021/ja0319310

Qing, T., Feng, B., Zhang, P., Zhang, K., He, X, and Wang, K. (2020).
Beyond native deoxyribonucleic acid, templating fluorescent nanomaterials
for bioanalytical applications: a review. Anal. Chim. Acta 1105, 11-27.
doi: 10.1016/j.aca.2020.01.023

Schroeder, K. L., Goreham, R. V., and Nann, T. (2019). Glucose sensor using redox
active oligonucleotide-templated silver nanoclusters. Nanomaterials 9:1065.
doi: 10.3390/nan09081065

Schultz, D., Gardner, K., Oemrawsingh, S. S., Markesevic, N., Olsson, K,
Debord, M., et al. (2013). Evidence for rod-shaped DNA-stabilized silver
nanocluster emitters. Adv. Mater. 25, 2797-2803. doi: 10.1002/adma.2012
04624

Schultz, D., and Gwinn, E. G. (2012). Silver atom and strand numbers
in fluorescent and dark Ag:DNAs. Chem. Commun. 48, 5748-5750.
doi: 10.1039/c2cc17675k

Seeman, N. C. (2003). DNA in a material world. Nature 421, 427-431.
doi: 10.1038/nature01406

Shah, P., Choi, S. W., Nagda, R., Geczy, R., Cho, S. K, Bhang, Y. ], et al. (2018).
The structural shift of a DNA template between a hairpin and a dimer tunes
the emission color of DNA-templated AgNCs. Nanoscale 10, 20717-20722.
doi: 10.1039/C8NR06186F

Shah, P., Nagda, R., Jung, I. L., Bhang, Y. J,, Jeon, S. W,, Lee, C. S,, et al. (2020).
Noncanonical head-to-head hairpin DNA dimerization is essential for the
synthesis of orange emissive silver nanoclusters. ACS Nano 14, 8697-8706.
doi: 10.1021/acsnano.0c03095

Sharma, J., Rocha, R. C., Phipps, M. L., Yeh, H. C,, Balatsky, K. A, Vu, D. M,
et al. (2012). A DNA-templated fluorescent silver nanocluster with enhanced
stability. Nanoscale 4, 4107-4110. doi: 10.1039/c2nr30662j

Sharma, J., Yeh, H.-C., Yoo, H., Werner, J. H., and Martinez, J. S. (2010). A
complementary palette of fluorescent silver nanoclusters. Chem. Commun. 46,
3280-3282. doi: 10.1039/b927268b

Tan, L. H,, Xing, H., and Lu, Y. (2014). DNA as a powerful tool for morphology
control, spatial positioning, and dynamic assembly of nanoparticles. Acc. Chem.
Res. 47, 1881-1890. doi: 10.1021/ar500081k

Tian, Y., Zhang, L., and Wang, L. (2020). DNA-functionalized plasmonic
nanomaterials for optical biosensing. Biotechnol. ]. 15:e1800741.
doi: 10.1002/biot.201800741

Wang, W., Li, J, Fan, J, Ning, W, Liu, B, and Tong, C. (2018).
Ultrasensitive and non-labeling fluorescence assay for biothiols using
enhanced silver nanoclusters. Sems. Actuat. B Chem. 267, 174-180.
doi: 10.1016/j.snb.2018.04.010

Weadick, D. S., and Liu, J. (2015). Phosphorothioate DNA stabilized
fluorescent gold and silver nanoclusters. Nanomaterials 5, 804-813.
doi: 10.3390/nan05020804

Wilner, O. 1., and Willner, 1. (2012). Functionalized DNA nanostructures. Chem.
Rev. 112, 2528-2556. doi: 10.1021/cr200104q

Xu, J., Zhu, X., Zhou, X, Khusbu, F. Y, and Ma, C. (2020a). Recent
advances in the bioanalytical and biomedical applications of
DNA-templated silver nanoclusters. TrAC Trends Anal. Chem. 124:115786.
doi: 10.1016/j.trac.2019.115786

Frontiers in Chemistry | www.frontiersin.org

November 2020 | Volume 8 | Article 601621


https://doi.org/10.1021/acs.analchem.6b02871
https://doi.org/10.1016/j.matlet.2014.10.108
https://doi.org/10.1039/C8TB00801A
https://doi.org/10.1155/2019/6248725
https://doi.org/10.1039/c3cc46025h
https://doi.org/10.1021/acs.chemrev.5b00703
https://doi.org/10.1039/c2cc32841k
https://doi.org/10.1002/cbic.201200053
https://doi.org/10.1007/s00604-018-2698-5
https://doi.org/10.1021/acssensors.8b00738
https://doi.org/10.1039/C7CC08228B
https://doi.org/10.1021/acsami.8b09152
https://doi.org/10.1021/nn201407h
https://doi.org/10.1039/C7QM00434F
https://doi.org/10.1016/j.talanta.2017.07.071
https://doi.org/10.1021/acs.analchem.8b04493
https://doi.org/10.1021/acsami.5b03837
https://doi.org/10.1088/0957-4484/22/30/305502
https://doi.org/10.1039/C6NR05872H
https://doi.org/10.1021/nn505338e
https://doi.org/10.1021/jp206110r
https://doi.org/10.1021/jp809274m
https://doi.org/10.1021/nl3017797
https://doi.org/10.1039/C6RA24098D
https://doi.org/10.1016/j.saa.2014.08.135
https://doi.org/10.1021/ja031931o
https://doi.org/10.1016/j.aca.2020.01.023
https://doi.org/10.3390/nano9081065
https://doi.org/10.1002/adma.201204624
https://doi.org/10.1039/c2cc17675k
https://doi.org/10.1038/nature01406
https://doi.org/10.1039/C8NR06186F
https://doi.org/10.1021/acsnano.0c03095
https://doi.org/10.1039/c2nr30662j
https://doi.org/10.1039/b927268b
https://doi.org/10.1021/ar500081k
https://doi.org/10.1002/biot.201800741
https://doi.org/10.1016/j.snb.2018.04.010
https://doi.org/10.3390/nano5020804
https://doi.org/10.1021/cr200104q
https://doi.org/10.1016/j.trac.2019.115786
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yang et al.

Fluorescent DNA-AgNCs for Biological Applications

Xu, S., Jiang, L., Wang, J., Gao, Y., and Luo, X. (2020b). Ratiometric multicolor
analysis of intracellular MicroRNA using a chain hybrid substitution-triggered
self-assembly of silver nanocluster-based label-free sensing platform. ACS Appl.
Mater. Interfaces 12, 373-379. doi: 10.1021/acsami.9b19709

Ye, Y. D, Xia, L., Xu, D. D,, Xing, X. J., Pang, D. W, and Tang, H. W. (2016).
DNA-stabilized silver nanoclusters and carbon nanoparticles oxide: a sensitive
platform for label-free fluorescence turn-on detection of HIV-DNA sequences.
Biosens. Bioelectron. 85, 837-843. doi: 10.1016/j.bi0s.2016.06.001

Yeh, H. C., Sharma, J., Han, J. J., Martinez, J. S., and Werner, J. H. (2010). A
DNA-silver nanocluster probe that fluoresces upon hybridization. Nano Lett.
10, 3106-3110. doi: 10.1021/n1101773¢

Yu, J., Choi, S., Richards, C. I., Antoku, Y., Dickson, R. M. (2008). Live cell surface
labeling with fluorescent Ag nanocluster conjugates. Photochem. Photobiol. 84,
1435-1439. doi: 10.1111/j.1751-1097.2008.00434.x

Yun, C. S, Javier, A,, Jennings, T., Fisher, M., Hira, S., Peterson, S., et al. (2005).
Nanometal surface energy transfer in optical rulers, breaking the FRET barrier.
J. Am. Chem. Soc. 127, 3115-3119. doi: 10.1021/ja043940i

Zhang, J., Xia, Y.-K., Chen, M., Wu, D.-Z., Cai, S.-X,, Liu, M.-M,, et al. (2016). A
fluorescent aptasensor based on DNA-scaffolded silver nanoclusters coupling
with Zn(II)-ion signal-enhancement for simultaneous detection of OTA and
AFBLI. Sens. Actuat. B Chem. 235, 79-85. doi: 10.1016/j.snb.2016.05.061

Zhang, L., Zhu, J., Guo, S., Li, T., Li, ]., and Wang, E. (2013). Photoinduced electron
transfer of DNA/Ag nanoclusters modulated by G-quadruplex/hemin complex
for the construction of versatile biosensors. J. Am. Chem. Soc. 135, 2403-2406.
doi: 10.1021/ja3089857

Zhang, M., and Ye, B. C. (2011). Label-free fluorescent detection
of copper(Il) using DNA-templated highly luminescent silver
nanoclusters. Analyst 136, 5139-5142. doi: 10.1039/clanl
5891k

Zhang, Z., Liu, Y., Liu, P.,, Yang, L., Jiang, X., Luo, D., et al. (2017). Non-
invasive detection of gastric cancer relevant d-amino acids with luminescent
DNA/silver nanoclusters. Nanoscale 9, 19367-19373. doi: 10.1039/C7NRO
7337B

Zikich, D., Lubitz, I, Kotlyar, A., Castillo, V., Ventura, S., Sabat,é, R,, et al.
(2010). Ag™-Induced Arrangement of Poly (dC) into Compact Ring-Shaped
Structures. Int. Rev. Biophys. Chem. 1, 1-6. Available online at: https://www.
researchgate.net/profile/Irit_Lubitz/publication/258994144_IREBIC_VOL_1_
N_1/links/00b7d5298db6485c29000000.pdf#page=2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Yang, Chen, Su, Liu, Zhang, Li and Xu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

November 2020 | Volume 8 | Article 601621


https://doi.org/10.1021/acsami.9b19709
https://doi.org/10.1016/j.bios.2016.06.001
https://doi.org/10.1021/nl101773c
https://doi.org/10.1111/j.1751-1097.2008.00434.x
https://doi.org/10.1021/ja043940i
https://doi.org/10.1016/j.snb.2016.05.061
https://doi.org/10.1021/ja3089857
https://doi.org/10.1039/c1an15891k
https://doi.org/10.1039/C7NR07337B
https://www.researchgate.net/profile/Irit_Lubitz/publication/258994144_IREBIC_VOL_1_N_1/links/00b7d5298db6485c29000000.pdf#page=2
https://www.researchgate.net/profile/Irit_Lubitz/publication/258994144_IREBIC_VOL_1_N_1/links/00b7d5298db6485c29000000.pdf#page=2
https://www.researchgate.net/profile/Irit_Lubitz/publication/258994144_IREBIC_VOL_1_N_1/links/00b7d5298db6485c29000000.pdf#page=2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	The Fluorescent Palette of DNA-Templated Silver Nanoclusters for Biological Applications
	Introduction
	DNA-Stabilized Fluorescent AgNCs
	Synthesis Method and Principle
	Factors Affecting the Fluorescence of DNA-AgNCs

	Methods Used for Fluorescent Signal Output
	The Fluorescence Signal Is Based Directly on DNA-AgNCs
	The Fluorescence Signal Based on DNA Strand Hybridization
	The Fluorescence Signal Based on Energy Transfer
	The Fluorescence Signal Based on Reactive Quenchers

	Conclusion
	Author Contributions
	Funding
	References


