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DNA with programmable information can be used to encode the spatial organization of silver atoms. Based
on the primary structures of a DNA template containing a controllable base arrangement and number, the
surrounding environment and cluster together can induce the folding of the DNA template into an
appropriate secondary structure for forming AgNCs with different fluorescence emissions, such as i-
motif, G-quadruplex, dimeric template, triplex, monomeric or dimeric C-loop, emitter pair, and G-
enhancer/template conjugate. Stimuli can induce the dynamic structural transformation of the DNA
template with a recognition site for favourably or unfavourably forming AgNCs, along with varied
fluorescence intensities and colours. The array of several or more of the same and different clusters can
be performed on simple and complex nanostructures, while maintaining their original properties. By
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Accepted 7th Decerber 2020 sorting out this review, we systematically conclude the link between the performance of AgQNCs and the
secondary structure of the DNA template, and summarize the precise arrangement of nanoclusters on

DOI: 10.1039/d0ra080669 DNA nanotechnology. This clear review on the origin and controllability of AgNCs based on the
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The high-order molecule provides an exquisite structural
domain for the accurate and efficient operation of the living
organism. The functionality of the molecule depends on the
precise arrangement of atoms on the presupposed structure.
Similar to the reaction in nature, in metal materials science,
metal atoms aggregate into multiple nanoparticles with
a defined composition, size, and shape to implement their
functions for different applications, including catalysis,*?
bioscience,® photochemistry,* optoelectronics,® energy conver-
sion® and medicine.” However, a key barrier in the field is the
capability to precisely implement the absolute control over the
placement and arrangement of each atom in the material
framework. Certain biopolymer ligands, as scaffolds, encode
a spatial map of atom binding sites and provide confined spaces
for the growth of nanoparticles, allowing the tailored formation
of metal nanoparticles. The number and arrangement of metal
atoms on the coordinating ligand dictate the properties of
synthesized nanoparticles. However, the surface chemistry and
length of the conventional ligand are difficult to customize for
meeting the material diversity requirements in the fields of
photochemistry, medicine, and other areas.

Due to their clear thermodynamics and low synthesis cost,
the facile DNA structure with controllable base arrangement
can be used as a metal nanocluster synthesis scaffold to regulate
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secondary structure of the DNA template is beneficial for exploring the new probe and optical devices.

the spatial position of metal atoms. The predefined DNA scaf-
fold is capable of encoding variously fluorescent ligated silver
nanoclusters (AgNCs),*** gold nanoclusters, and copper
nanoclusters,'®'” conductive silver'® and palladium'~' nano-
wires, and morphologically distinct gold**>* or silver® nano-
particles. In particular, the fluorescent atomically DNA
scaffolded AgNCs (DNA/AgNCs) are endowed with a high
quantum yield. Unlike nanoparticles, the small-size structure
endows them with molecule-like non-plasmonic properties.
Their tunable emissive colours, ranging from blue to the near-
infrared (NIR) region, permit them to become robust candi-
dates for probe design,”®* biological labelling,”** logic
devices,**** and drug delivery systems.** The efficient expression
and editing of AgNCs depend on not only the programmable
primary structure, but also the flexible secondary structure of
the DNA template to wield control over the silver atom number
and arrangement, achieving tunable fluorescence performance.
The previous relevant review articles focused mainly on the
analytical applications of DNA/AgNCs from biosensor design to
cell imaging,*****® such as the detection of nucleic acids,
proteins, small biomolecules, and inorganic ions. Meanwhile,
they also simply summarized their synthesis process and
optical properties. In 2016, the Su group summarized the
correlation between the DNA sequence and emission behav-
iours,* yet the important role of the secondary structure in
regulating the fluorescence performance of AgNCs was not fully
embodied and interpreted. In recent years, some approaches
revealed that the formation of AgNCs depend largely on the
specific secondary structure by interaction of the protonation,
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base-pairing, and cluster-DNA, further highlighting the role
of the secondary structure in regulating the properties of
AgNCs.**** Consequently, it is necessary to integrate recent
progresses with the acknowledged mechanism and summa-
rize again the direct link between the silver atom organiza-
tion on the DNA secondary structure and the performance of
AgNCs, and the stimuli-responsive dynamic performance of
AgNCs based on the change of the DNA secondary structure,
providing an all-round support for understanding the origin
of DNA/AgNCs.

In this review, we sort out the findings from the viewpoints of
the silver atom organization on DNA scaffolds with various
spatial types based on the base arrangement, including the
ordinary and more complex spatial architectures (Fig. 1). To
begin with, we discuss how DNA with an alternative base
order and number in the primary structure directly regulates
the distribution of silver atoms in the core/shell mode to
transcribe their sequences into AgNCs. Next, we review the
results and show how the secondary structure regulates the
twisting state of the AgNC-forming domain to alter the atom
position for editing the fluorescence properties of AgNCs,
including the i-motif, G-quadruplex, cluster-induced dimer,
triplex, base-pairing-induced emitter dimer with two same or
different Ag nucleation domains, hairpin-based monomeric
or dimeric C-loop, and conjugate with G-rich sequence
opposite AgNC-forming dark domain. With the introduction
of the stimuli-responsive recognition sites to the DNA
template, such as the gene/RNA complementary sequence,
ion-binding base, and aptamer, the addition of stimuli
induces the dynamic transformation of the DNA template
into a reconfigurable structure that is favourable or unfav-
ourable for forming AgNCs, along with the available fluo-
rescence change as a report signal. Finally, we review the two-
and three-dimensional arrays of silver atoms on the DNA
template contained in duplex DNA, Y/X shaped structures,
nanowires, hydrogel networks, tile-based nanotubes and
DNA origami. We hope this comprehensive review can help
researchers customize precisely personalized AgNCs to meet
the requirement for developing intelligent biosensors.
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Fig.1 The spatial arrangement of silver atoms on a DNA template with
different dimensional secondary structures.
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1. The DNA primary structure as
a cornerstone for the spatial
distribution of silver atoms

Due to the constraints of DNA, the photophysics of the encapsu-
lated AgNCs is extremely different from that of the naked, spherical
clusters without a ligand. The formation of AgNCs can be
completed by reducing the mixture of Ag'-DNA with freshly
prepared borohydride (Fig. 2A). With the redox of the silver cation
binding to the N3 position of cytosine on DNA, the final atomic
structure of AgNCs has an Ag®-rich core and base-bonded Ag" shells
to conduct their luminescent behaviours**® (Fig. 2B). The effective
distribution of Ag® and Ag" enable the formation of two kinds of
species, including the oxidized (Ox) and reduced (Re) structures,
and their respective formed species of AgNCs belong to the blue/
green emitter and red emitter® (no. 1 in Table 1). The nucleo-
bases in the DNA template possess different affinities to the silver
cation by binding to the endocyclic amines (N7 in purines and N3
in pyrimidines), rather than the phosphate or sugar groups (Fig. 3),
and their order is as follows: cytosine > guanine > adenine >
thymine.* The strong interaction between Ag" and N3 of C depends
on their lowest binding energy based on density functional theory
(DFT) calculations.® A DNA template composed of different
nucleobases determines the spatial arrangement and distribution
of Ag® and Ag’, leading to a specific neutral core and valence
electronic shell of clusters, and thereby producing different emis-
sion colours. The bases in completely complementary double-
stranded DNA tend to form hydrogen bonds of Watson-Crick
base-pairing, leading to the difficulty of binding silver cations for
forming AgNCs.** Due to the necessity of combining Ag and bases,
single-stranded DNA is favourable for acting as a template for the
formation of AgNCs. The different base stacking interactions in
different DNA templates provide different local environment for
forming AgNCs, producing the different fluorescence spectra.

The primary structure of the DNA template mainly involves
the base composition and template length. In the neural
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Fig. 2 (A) The synthesis of AgNCs.* (B) The distribution mode of silver
atoms and cations on the DNA template. In the left figure, the gray and
blue balls represent Ag® and Ag®, respectively.44
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Table 1 The main information for different species in the primary structure

No. Type Sequence Aex/Aem (NM) Reference
1 Oxidized species Cyy Ox: 340/485; 440/525 49
Reduced species Re: 280/665; 580/665
2 The dominant species Random 10-base DNA with at least three C plus G 280/540, 280/630 53
3 Spacer effect C4—X4—Cyy X=AorT 570-590/615-630 55
4 Length effect TGC,T,G,ACG,ATA (intra) 270/562 47
T,C,AC,AC;AG,C,GT, (intra) 270/632
T,CGC4GC4AG,CGT, (inter) 270/644
CGC¢T,G,CGT (inter) 270/557
C3AC3AC;TC;A (inter) 270/777
5 The species with same Ag number C3AC;AC;5TC3A 750/810 58 and 59
C3AC;AC;GC3A 720/770
C3AC3;AC;3AC;G 840/870

condition, cytosine and guanine with their strong affinity to
silver cations are two key bases to synthesize fluorescent AgNCs.
In the synthesis of AgNCs, the DNA template needs to have more
than two motifs containing more than three cytosine and
guanine bases' (Fig. 4A). In most of the species stabilized by
different templates, there are two types of dominant colours
and Ag atom numbers, including near 540 nm with four atoms
and 630 nm with six atoms* (no. 2 in Table 1). Because of their
low affinities to Ag', adenine and thymine can only form
a fluorescent AgNC species under specific conditions. It is
difficult for thymine to form detectable fluorescent AgNCs,
except for under highly alkaline conditions.* The incorporation
of A and T hinder the formation of larger size species, pos-
sessing a molecule-like structure with smaller size. Using C,—
X,-C, (X containing A and T), the base alignment direction of A
and T in the X domain largely affects the homogeneity,
quantum yields and brightness of AgNCs, although it has only
a limited effect on their excitation and emission®® (no. 3 in Table
1). The thymine in the DNA template enables the required
folding of the DNA strand around the silver atoms, promoting
the formation of a cluster morphology.** The cluster-DNA
interaction controls the emission wavelengths and intensities of
AgNCs. The larger polycytosine length can synthesize AgNCs
with high synthesis yield and tolerance to salt conditions.*® The
amount of cytosine-based units can control the number of Ag
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Fig. 3 Silver cations interact with the N3 of pyrimidines and the N7 of
purines. The binding sites are highlighted in orange red.
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atoms, leading to the altered fluorescence quantum yields and
wavelengths of AgNCs®” (the top figure in Fig. 4B). The colours of
AgNCs may redden with increased silver numbers.'® Also, the
length of the DNA template can control the intra- and inter-
strand secondary structure for forming AgNCs (the bottom
figure in Fig. 4B, sequence information in no. 4 in Table 1). In
the synthesis of AgNCs, some templates tend to form green
emitters, while other templates tend to form red emitters.
Different near-IR emissive species were directed by DNA
templates with similar base numbers and compositions, but
they had a similar number of Ag atoms (9-10 atoms)*** (no. 5 in
Table 1). Therefore, the emission colours of the AgNCs are not
directly correlated to their size, but cooperatively interact with
the Ag-DNA ligation and Ag-Ag bond as well.*

2. The spatial distribution of silver
atoms controlled by the secondary
structure of the DNA template

2.1 Secondary-structure-dependent formation of AgNCs

Owing to the cluster-DNA and Ag-cation-DNA interactions, the
nucleobase rearrangement triggers the DNA into a specific
secondary structure for forming AgNCs with the defined
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Fig. 4 The effect of the base arrangement® (A) and template length
(B) on the performance of AgQNCs.*”%” & and A, are the fluorescence
quantum yield and emission wavelength, respectively.
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Fig. 5 (A) I-Matif,%* (B) G-quadruplex,®® and the (C) length-dependent
intra-stand and inter-strand folding of the DNA template in the
synthesis of AgNCs. (D) Triplex, and (E) the reorganization of the
template structure via the proximity of two identical or different
emitters upon hybridization.®®7° (F) Monomeric C-loop®? and dimeric
C-loop** in the hairpin structure. (G) G enhancer-induced folding of
the DNA template secondary structure for forming bright AQNCs.”47>

fluorescence colours and intensities.®* The proton-mediated i-
motif, as a familiar class of DNA secondary structure, arises
from the cytosine-rich sequences under acidic to neutral
conditions.®* Consistently, the cytosine-rich domain is the main
component in the AgNC template, and the silver cations can
fold the sequence (TA,C;), into an i-motif structure even at
physiological pH® (Fig. 5A). Using the oligonucleotides, (TAyC,)4
and (C,4A,);C4, with a common C, i-motif core under a slightly
acidic condition, red emitters appear favourably with a proton-
dominated i-motif structure. Conversely, in slightly basic condi-
tions, green emitters appear favourably with a cluster-DNA
conjugate resembling a compact i-motif structure® (no. 1 in Table
2). Guanine quadruplexes are formed via stacking interaction of
guanine residues in the presence of monovalent cations. The

View Article Online
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G,T,G, templates favourably form a G-quadruplex structure to
produce AgNCs at 686 nm emission after reduction for 5 h under
acidic conditions® (Fig. 5B) (no. 2 in Table 2). Although the
emission wavelength can be tuned from green to NIR, the forma-
tion of some secondary structures decreases the affinity of Ag” and
DNA more or less according to the following order: the coiled C-
motif > i-motif > duplex strand > G-quadruplex.®®

In addition to the secondary structure folded by one
template, the intermolecular interaction of two identical
templates can transform into a specific configuration for the
perfect formation of AgNCs via a silver-mediated template
dimer (Fig. 5C). The selection of a DNA template in terms of
either monomers or dimers to form AgNCs depends on the
template length. For example, DNA templates containing more
than 19 bases form AgNCs in one strand, while ones with 6, 8,
10, 15, and 16 bases stabilize AgNCs in two identical strands*"*
(no. 4 in Table 1). The atomic structure of AgNCs depends on
the interrelationship between the DNA configuration and
cluster arrangement. Using A,C, as a template, AgNCs are
ligated on a parallel template dimer, forming a hairpin-like
structure containing three cytosine metallo-base pairs in the
stem and adenine-rich pocket binding trapezoidal-shaped Ags
moiety* (no. 3 in Table 2). Near-infrared emissive Ag;NCs can
be formed via silver-atom-mediated interactions in terms of two
DNA decamers (CACCTAGCGA)* (no. 3 in Table 2). The formed
horse-shoe-like conformation under the interaction of DNA and
AgNCs can be almost fully shielded from the surrounding
environment.** It is difficult to form AgNCs with the full
complementary duplex strand due to the lack of binding sites
for Ag® and Ag®. However, when the duplex strand (D1) and
single strand (S1) form a stable parallel-motif triplex (D1-S1)
containing at least one set of two successive CG-CAg" via the
displacement of the N3 proton of a cytosine with Ag®, the
homogenous and bright AgNCs with the Ag, cluster unit can be
formed under acidic to neutral pH conditions®” (Fig. 5D, no. 4 in
Table 2).

After adding the complementary sequence for hybridizing
with the recognition site, the absorption of the formed AgNCs

Table 2 The main information for different species in the secondary structure®

No. Type Sequence Aex/Aem (NM) Reference

1 i-Motif (TASC4)4 460/560; 560/625 64
(C4A2)5C4 500/570; 560/625

2 G-Quadruplex G,T4G, 640/686 65

3 Inter-strand dimer A,Cy 405/540 40
CAC,TAGCGA 525/736 41

4 Parallel-motif triplex D1: GAGAG,AGAGAGA,GAGG,A,G 480/534 67
3/-CTCTC,TCTCTCT,CTC,T,C-5'
S1: CTCTC,TCTCTCT,CTC,T,C

5 Cluster dimer with two identical emitters C3;AC;AC;TC3;AT,C3GC,GCTG,A 730/800 68 and 69
TC,AGCG,CG3

6 Cluster dimer with two different emitters C;T,A,TC,T;5C;TA,CTC, 550/604 70-73

7 Hairpin dimer TAGCT,ATCAGACTGATGT,GAC¢TCA,CATCAGTCTGATA,GCTA 480/590 43 and 44

8 G-Enhancer-induced folding C,TA, TC,TATA, TA; T,A; TAT,AT,AT,A, T 580/636 75

AT,A,TA;TA,TAT;A,T;AT,ATAG,TG, TG, TG,

“ The bold nucleobases are complementary domains.
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changes from 400 nm (violet cluster) to 730 nm (near-infrared
cluster), which is attributed to the silver-mediated intermolec-
ular antiparallel cluster dimer with twice silver stoichiometry
alteration®®®® (no. 5 in Table 2). Also, the same near-infrared
cluster arises from the base-pairing-induced intramolecular
dimer (the left figure in Fig. 5E). In addition to the cluster dimer
with the same nucleation domain, our previous work found that
the proximity of the yellow and near-infrared emitters via
duplex domain and polyT spacer transforms the original colour
into a new orange emitter with excitation and emission at 550
and 604 nm, respectively’®”? (the right figure in Fig. 5E, no. 6 in
Table 2).

The hairpin-based cytosine-rich loops enable the formation
of AgNCs on the C-loop domain.** The hairpin-based C-loop
forms alternatively red or orange emissive AgNCs by the selec-
tion of a monomeric or dimeric structure in the synthesis of
AgNCs (Fig. 5F). The lone hairpin C-loop with six cytosines
generated red emissive AgNCs, while the speculated dimer of six
cytosines via hairpin inter-strand hybridization generated
orange emissive AgNCs.*> However, the dimer of six cytosines
generated by the two complete complementary strands with 6
cytosines does not form orange-emissive AgNCs, as expected.
Benefiting from the important role of the third and fourth
cytosines in the C-loop in base flipping, the two six-C-loop
structures form head-to-head dimers via the cytosine-Ag-cyto-
sine bridge after flipping base to implement the formation of
orange emissive AgNCs**** (no. 7 in Table 2). The DNA hairpin
containing 9-C loop, as a template, can form two different
species, including a green emitter with 11 atoms and red
emitter with 13 atoms. Besides the different atoms, they have
different DNA conformations. The green emitter adopts
a compact structure, while the red emitter has an extended
structure similar to the native hairpin conformation.” In
addition to the C-loop-dependent fluorescence,”” the stem in
the hairpin can affect the fluorescence of AgNCs. Using
a hairpin containing 12-C loop and 10 bp stem with different
base composition, the emission of AgNCs can be tuned. This is
attributed to the base composition in the stem leading to
conformational changes of the DNA-containing hairpin pair.”®
The spectrally pure species have two different DNA structures
because the stems can be arranged in either a cis or trans
orientation.

The proximity of the 12-base cluster-nucleation sequence
and guanine-rich enhancer (G4(TG,),TG;) transforms a dark
emitter into a bright emitter with ~500-fold fluorescence
enhancement” (Fig. 5G, no. 8 in Table 2). A combination of the
physical interaction between the N7 of guanine and silver,” and
the electron transfer from guanine to AgNCs, contributes
synergistically to the re-organization of AgNCs and results in the
strong turn-on fluorescence.”>*® By regulation of the number of
cytosines and the base arrangement of the spacer in the cluster-
nucleation sequence (C,,~spacer-C,), AgNCs with a diversity of
colours and fluorescence enhancement ratio can be produced.®*
The cytosine content can largely affect the emission (140 nm
tuning range), while the AT-spacer composition only has a little
influence on the emission (40 nm range). The increased cyto-
sines (C,, and C,) in the DNA template lead to the blue-shift

© 2021 The Author(s). Published by the Royal Society of Chemistry
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emission wavelength, which is different from the finding that
longer polycytosine templates tend to stabilize emitters with
longer emission wavelengths using the DNA template without
a G-enhancer. In the AT-linker, adding one thymine (T) to the 3’
side of the spacer can red shift the emission peaks of AgNCs by
as much as 18 nm. On the contrary, adding one adenine (A) to
the 3’ side of the spacer tends to blue shift the emission peaks.”™
Using C;-spacer-C, as a model, the role of the spacer in regu-
lating AgNCs was investigated. This finding showed that the
spacer served as a bridge to hold small C;-cluster and C,-cluster
with close proximity for the guanine-rich activating strand to
contact and fold them upon each other more easily.” The
guanine-rich activating strand then comes into physical contact
with the two dark nanoclusters, held together by the spacer, and
folds them upon themselves for re-organization into a single ca.
six-atom red-emitter.

2.2 Stimuli-induced dynamic structure transformation of
DNA template for forming AgNCs

The suitable DNA template provides the binding site for the
arrangement of the silver atom and cation, allowing the perfect
formation of fluorescent AgNCs. The state of the template
directly affects the atomic structure of AgNCs, exhibiting
translation of the structural change to fluorescence intensity
and colour change. The secondary structure of the DNA
template for AgNCs can be regulated dynamically by the addi-
tion of stimuli. The binding domain response to stimuli is
introduced to the DNA template. The functional domains
adjacent to the cluster template involve a DNA/RNA comple-
mentary sequence, aptamer, DNAzyme, ion-binding base and so
on. The introduction of a stimulus allows the formation and
deformation of the secondary structure responsible for the
appropriate arrangement of silver atoms on AgNCs, leading to
the enhancement or quenching of the fluorescence intensity
and/or alteration of the emission wavelength.

The attached complementary domain for DNA or miRNA
endows the DNA template with a specific secondary structure to
favourably or unfavourably form AgNCs. The DNA or miRNA
triggers the alteration of the initial structure for the unfav-
ourable® and favourable®**** formation of AgNCs. The DNA
template containing the miRNA (e.g., miR160) recognition site
is hybridized into a mismatch self-dimer to form a red emitter
with 620 nm emission.*® The addition of miRNA can disturb the
secondary structure of the dimer, leading to decreased emission
intensity®® (Fig. 6A). The replacement of a recognition site
with another sequence endows the probe with the different
ability to form a self-dimer, affecting the behaviour of AgNCs
and the miRNA response. The extra base is needed to compel
the DNA template with the recognition site to form a self-dimer,
extending their response to the other stimuli. The different
electronic environment occurs before and after adding the
stimulus DNA. This leads to a change in the absorption spectra
from a 400 nm species containing ~7 atoms with dark emission
to 720 nm species containing ~11 atoms with bright emission®
(Fig. 6B), where the DNA structure of the former species has
a random coil conformation, while the latter species is the

RSC Adv, 2021, 11, 153-1163 | 1157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08066g

Open Access Article. Published on 04 January 2021. Downloaded on 1/21/2026 5:20:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

stretching state through hybridization with the stimulus. The
cluster domain was replaced with the sequence for forming the
blue/green cluster. With the addition of the stimulus, the same
reaction is produced due to an absorption change from 400 nm
to 490 nm and enhanced fluorescence at 550 nm emission.*”
The formed species before and after adding the stimulus has
the same atom number (11 atoms), which is attributed to the
different isomers of the same cluster.®”

Hairpin-based C-loops vary dynamically with the addition of
stimuli, leading to the switch-off and switch-on fluorescence
response. The binding of the stimulus (e.g., miRNA) to the stem
domain opens the C-loop. Subsequently, the collapse of the C-
loop affects the formation of AgNCs, leading to the switch-off
fluorescence®® (Fig. 6C). On the contrary, the combination of
T-Hg-T promotes the formation of the C-loop for producing
more AgNCs, leading to the switch-on fluorescence® (Fig. 6D).
The dark emitter can be transformed into a bright state due to
the formation of a G-enhancer/emitter pair with the addition of
a stimulus (e.g., DNA)” (Fig. 7A). The introduction of the stim-
ulus DNA induces the exposure of the domain binding with the
G enhancer, and the produced similar proximity of the emitter/
enhancer leads to the increased fluorescence of AgNCs*
(Fig. 7B). In addition to AgNCs stabilized by the DNA template
with a specific aptamer binding to the targeted nucleus as
labels,*****> by combining the aptamer with the cellular
receptor and triggering the internalization of the probe, the
hybridization of the cellular mRNA and its recognition site
enables a structural change of the domain environment
surrounding the DNA template, resulting in the fluorescence
behavioural transformation of AgNCs from 555/620 nm to 480/
595 nm excitation/emission, visualizing the varied cell
imaging.” The specific aptamer binding to the cell,* protein,*
and ATP®® induces the proximity of the dark emitter and
enhancer, leading to the turning on of the fluorescence signal
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Fig. 6 Stimulus-induced dynamic secondary structural trans-
formation. (A) The miRNA-response collapse of the self-dimer.82#5 (B)
The DNA-induced transformation of the species resulting from
a structural change.® Stimuli (DNA or Hg)-induced deformation (C)%®
and formation (D)®° of the C-loop.
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Fig. 7 Stimuli-induced formation of the emitter/G-enhancer. (A) DNA
(e.g., gene)-induced proximity of the dark emitter and G-enhancer.”®
(B) Formation of the emitter/G-enhancer by DNA-induced exposure
of the complementary domain binding with the G-enhancer.®°. (C) The
proximity of the dark emitter and G-enhancer induced by the aptamer
structural change in the presence of stimuli (ATP, protein, and
cell).**®¢ (D) Cofactor-induced cleavage for exposing the comple-
mentary domain to form an emitter/G-enhancer pair under the
catalysis of DNAzyme.*®

(Fig. 7C). DNAzymes as functional nucleic acids possess protein
enzyme-like catalytic activities in the presence of specific metal
ions or neutral molecules.”””® In the presence of Pb>" or -
histidine, their DNAzyme domain can catalyze the cleavage of
the substrate strand combining with the DNA template,
favourably binding with the strand containing the G-rich
enhancer, leading to a detectable fluorescence enhancement®
(Fig. 7D).

However, some of the stimulus-induced fluorescence
changes cannot be explained clearly by a structural change of
the DNA template. The combination of the aptamer in the DNA
template and targeted thrombin protein induces the turn-off
fluorescence of AgNCs, but the fluorescence lifetime, absor-
bance and morphological characteristic of AgNCs before and
after adding protein do not show considerable differences.'*
Hg>" can quench the fluorescence of red emissive AgNCs in the
case of no change on the fluorescence lifetime, which is
attributed to the Hg**-induced weakened binding between
AgNCs and DNA, rather than the formation of a new species
resulting from a structural change.*****> The stimulus Cu®* can
tune the competitive proportion of two species, promoting the
formation of green emissive AgNCs with 480/564 nm excitation/
emission at pH 6.0, but precluding the orange or red emissive
AgNCs.”>191% The mechanism of the Cu”*-induced evolution of
AgNCs was not fully verified, which may be due to the tendency
of the oxidized species, weakened combination of AgNCs and
DNA, and a more rigid structure of the DNA template.

The change of input can alter the secondary structure of the
DNA template for switching the performance of AgNCs with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Design of a molecular logic device based on the structural
change induced by the stimulus as input. K* and H* as two inputs to
trigger the transformation of the i-motif and G-quadruplex for regu-
lating the fluorescence output of AQNCs.3°

corresponding signal output, which is requisite for the opera-
tion of the logic device. Using the 6-C-loop hairpin DNA
template containing the G-quadruplex and i-motif domain in
the stem domain to build up the molecular logic device, two
inputs of K" and H' can make the DNA template carry out the
structural changes, guiding the fluorescence behaviours of
AgNCs.* In the presence of K' (1 0), the formation of the G-
quadruplex leads to the species with yellow emission, while
the formation of the i-motif leads to the species with low orange
emission due to the addition of H' (0 1). The presence of both K*
and H' (1 1) produces the orange species, while the absence of
both (0 0) produces the yellow and red species (Fig. 8A). AgNCs
formed in the state of different DNA structures can construct
multiple logic operations due to the different fluorescence
outputs. At 494 nm excitation, input (1 0) and (0 0) produce
yellow emission, leading to the “NOT” gate. At 581 nm excita-
tion, input (0 0) produces red emission, leading to the “NOR”

View Article Online
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gate. At 537 nm excitation, input (1 1) produces orange emis-
sion, leading to the “AND” gate (Fig. 8).

The opening and closing of the hairpin with DNA hybrid-
ization and toehold-mediated strand displacement lead to the
change in the respective intensity of AgNCs with dual fluores-
cence signal (at 565 and 630 nm). The input-induced trans-
formation of two signals are the basis of constructing the
concomitant contrary logic gates (CCLGs).*" The fluorescence at
565 nm (Fs¢s5) and 630 nm (Fg30) correspond to positive and
negative outputs, respectively. The addition of IN1 “1” triggers
the Fs¢s increase and Fgjo decrease, leading to CCLGs with
“YES"NOT” and concatenated logic circuits with “YES|NOT”
(Fig. 9A). The high Fs45 and low Fy3, were performed in the state
of “IN2 IN3” (including “1 0”, “0 1”, and “1 1”), leading to
“OR"NOR” and “OR||NOR” (Fig. 9B). IN4 can disable the
opening states of the hairpin due to the formation of duplex
structures of IN3/IN4. The high Fs¢5 and low Fg3, appear in the
presence of IN3 only, leading to “INHIBIT"IMPLICATION” and
“INHIBIT||IMPLICATION” (Fig. 9C). The presence of X1 or X2
can make the duplex IN2/Xaux release IN2 for opening the
hairpin with high Fss; and low Fe30, while the contrary
phenomenon occurs in the presence and absence of X1 and X2,
leading to “XOR"XNOR” and “XOR|XNOR” (Fig. 9D). The
binding and dissociation of the input strand complementary
with the loop induced changes in the dynamic conformation of
the hairpin, producing an output with fluorescence intensity
alteration at 501/565 and 566/630 nm excitation/emission.

3. The spatial distribution of the silver
atom on the template anchored to two
and three-dimensional architectures

In addition to their efficient distribution on the free single-

stranded DNA template, silver atoms can be arranged
precisely on the nucleation domain anchored to different DNA
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It O INIm-ARNGs - m %Fim
H-AgNCs 1 None IN2/Xaux é I
w. Fe30 e .
(B) Entry Input Platform Output
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Fig. 9 YESANOT (A), XORAXNOR (B), INHIBITAIMPLICATION (C), and XORAXNOR (D) logic gates, and the concatenated circuits based on the
structural-change-induced dual-output by switching the hairpin-AgNCs.**
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Fig. 10 The arrangement of clusters on the simple structures. (A) The
arrangement of two different emitters on the duplex DNA.X% (B) The
arrangement of emitters on the Y, X and Y—-X shaped structures.*°¢

structures, such as simple (duplex and Y/X shaped structures)
and complex structures (nanowires, DNA hydrogel, and nano-
tube). To avoid the interaction between each cluster, the
distance between the clusters is controlled strictly to maintain
their original structures.

The proximity of the two clusters tends to drive the structural
reorganization to produce a new species with different spectral
properties. Due to the favourable intra-strand folding of the
DNA template with more than 19 bases to encapsulate AgNCs,
the 19-base DNA templates were selected as the nucleation
domain of the donors (D) and acceptors (A), respectively. The
AT-rich hybridization induced the distance of D and A to
approach in the range within 6 nm, producing fluorescence
resonance energy transfer (FRET) (Fig. 10A)."* The D and A
clusters still maintain their original structure due to no change
in the spectra.'® By tuning the spatial structures of the
branched DNA scaffold through sticky-end hybridization, the Y-
shaped structure by three strands with AgNCs, X-shaped struc-
ture by four strands with AgNCs, and (Y-X)-shaped structure by
hybridization of Y and X can be formed (Fig. 10B).**® The peak
value of the fluorescence spectra of Y and X increased first, and
then decreased with increased arm length, regulating the
spatial structure for the tunable optical properties of AgNCs.**®

The hairpin-based C-loop with six or seven cytosines
embedded in the nanowires resulting from the hybridization-
polymerization of two strands can form yellow or red emissive
AgNCs, producing a micrometre-scale luminescent wire'”’
(Fig. 11A). The C-loop for forming the yellow or red emissive
emitters was also embedded in a complex three-dimensional

(A) (B) —
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Fig. 11 (A) The arrangement of the C-loop/cluster on the nanowire.**’
(B) The arrangement of the C-loop/cluster on the hydrogel network.*°®
The arrangement of the C-loop (C) or ss-DNA (D) template for forming
clusters on the tile-based nanotube *°°°
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Fig. 12 The arrangement of AGNCs on the origami based on DNA with
sugar moieties'™ (A) and thiol groups*? (B).

structure. As shown in Fig. 11B, the Y-shaped DNA structures
with the C-loop are crosslinked to form a hydrogel network. The
yellow or red emissive emitters embedded in the Y-shaped units
were formed successfully, producing fluorescent DNA hydro-
gels.’® The hairpin-based C-loop with nine cytosines outward
from the nanotube comprising identical tiles can form AgNCs
with nearly identical spectra as a free hairpin containing the
same sequence, allowing for the spatial organization of silver
atoms and lighting up DNA nanotechnology'® (Fig. 11C). The
purified monodisperse AgNCs with a diffusing linker are
complementary to the docker extruding spaced by 7.1 nm in the
10-helix tiled DNA nanotubes (NT), being arrayed in a line along
specific individual double helices of the NT and realizing the
atomically precise nanoscale arrangement of the metal clusters
(Fig. 10D).**°

In addition to the template-guided formation of AgNCs on
the origami, DNA modified with sugar moieties'* or thiol
groups'? can direct the site-specific arrangement of AgNCs on
a DNA origami (Fig. 12). The sugar (galactose)-modified DNA
strands on the origami can reduce Ag* to Ag° due to the Tollens
reaction, forming nucleation sites for AgNCs (Fig. 12A). DNA
strands modified by thiol groups with strong affinity for metals
can hybridize with extensions on a DNA origami, forming metal
and metal oxide nanoclusters (MMONSs) (Fig. 12B).

4. Conclusions

We have reviewed the relationship between the secondary
structure of the DNA template and the fluorescence properties
of AgNCs. The base arrangement can control the primary
structure to form a specific secondary structure for operating
the spatial distribution of Ag® and Ag", and the different elec-
tronic environment surrounding DNA dictate the fluorescence
intensity and colours of AgNCs. Four bases show the differences
in the affinity to Ag". C and G provide excellent binding sites for
Ag' to form a cluster or silver-cation-induced rigid secondary
structure, while A and T control the size of the AgNCs and
folding of the DNA template. A and T can affect the fluorescence
intensity and quantum yield, rather than the wide-range emis-
sion colour regulation. Therefore, it is necessary for the DNA
template to contain more than two motifs with C and G in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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design of AgNCs. The length of the DNA template also controls
the number of Ag atom/cations and DNA structure. The longer
poly-cytosine can produce AgNCs with higher quantum yield
and stability. The strand length can determine the selection of
the inter-strand and intra-strand secondary structure for form-
ing AgNCs. Therefore, the base composition and length in the
DNA template are cornerstones for forming the DNA secondary
structure to produce the controllable performance of AgNCs.

The secondary structure of the DNA template provides the
spatial position for regulating the fluorescence behaviours of
AgNCs. Although some regular DNA secondary structures
partially limit the affinities of the Ag cation, the confined spatial
binding sites effectively and precisely control the position of Ag
on the DNA template. In the specific surrounding condition, the
pH-induced i-motif change can form red and green emitters,
and the G-quadruplex can form a red emissive species due to
the folding of the secondary structure. Different from the
conventional speculative schematic mode with one strand
surrounding the AgNCs, the short-stranded template can
encapsulate AgNCs in terms of the dimer arising from two
identical templates. More different from the conventional
finding that the duplex strands with a complete complementary
domain have difficulty in forming AgNCs due to the base-
pairing invading the binding site for Ag’, the triplex can form
emissive AgNCs via CG-CAg". In addition to the cluster-induced
DNA template dimer, the complementary hybridization can
induce the formation of a DNA template with two identical or
different emitters, leading to the transformation of the emitter's
brightness from dark to bright, and the colour from original to
new. The state of the C-loop can also regulate the properties of
AgNCs. The monomeric hairpin-based C-loop can form AgNCs
with a red colour, while the C-loop dimer can form orange
emissive emitters. In addition to the regulation of the C number
in the C-loop to the properties of AgNCs, the stem sequence can
control the cluster-induced hairpin structure to affect AgNCs.
The G-enhancer can induce the C-rich dark template to fold into
the structure for the favourable formation of fluorescent AgNCs.

Due to the significance of the secondary structure to form
AgNCs, after designing the recognition site, the addition of the
stimuli can induce a structural change along with the fluores-
cence change of AgNCs, which is the basic scheme for the
detection design based on AgNCs. In the absence of stimuli, the
DNA template containing the recognition site fold into ordered
and un-ordered structures, the stimuli can induce the DNA
template from a self-dimer to monomer, from coil to compact,
from loop to strand, from strand to loop, from respective to pair
emitter/G-enhancer, from close to open, from pair to respective
emitter, leading to a fluorescence change. Therefore, by inves-
tigating the Ag atom arrangement on the secondary structure of
the DNA template, more probes and logic devices can be
designed for meeting the requirement of the practical use. By
the precise array of the DNA template on the simple and
complex structures, the arrangement of the silver atoms can
occur in the two- and three-dimensional spaces, which is
beneficial for developing the optical device and design.

In the future, using secondary-structure-dependent fluores-
cence emission/excitation wavelength changes as the signal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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output, more ratiometric probes and complex logic gates or
circuits should be promising areas to be explored, avoiding the
disturbance from the practical environment. In addition to the
reported site-specific arrangement of AgNCs on the 2-D and 3-D
DNA nanotechnology, versatile nano-robots should be prom-
ising to be explored using the structure-controlled properties of
AgNCs. The comprehensive review can provide some rules for
precisely personalized AgNCs, meeting the requirement for
developing an intelligent biosensor and molecular machine.
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