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DNA-templated fluorescent silver nanoclusters (Ag NCs) composed of several or tens of atoms
are gaining much interest because of their unique properties and convenient emission tunability
by DNA sequence and length. However, the modulation by other factors other than DNA is also
dependent on the special DNA secondary structure formation such as i-motif or G-quadruplex that is
stimulated by pH or K*. One main observation considered in this work is emission modulation of
Ag NCs by divalent Mg?* during or after the clusters’ creation. Tuning the emitting intensities and
band positions can be realized by Mg?* addition for the examined single-stranded DNA (ss-DNA)
templates, which is dependent on the addition moment of Mg?*, while only intensity modulation
should be achieved for the used double-stranded DNA (ds-DNA). Despite of this discrepancy, Mg?*
addition always induces a lifetime-varied emission state of Ag NCs. The modulated emission still
follows the common nature of the previously used DNA sequence- and length-dependent emitting.
Efficient screening the negative charges of DNA backbone upon addition of the divalent ion is
responsible for the modulation by adaptively accommodating the formed Ag NCs. This strategy
could be more advantageous over the emission modulation by DNA sequence and length because
a desired emitting could be achieved only by alteration of the electrolyte conditions during or after
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1. INTRODUCTION

Silver nanoclusters (Ag NCs) as an emerging set of flu-
orophores have attracted much attention because of their
unique properties such as brightness, photostability and
subnanometer size which could find wide applications in
the field of sensing, catalysis, surface-enhanced Raman
scattering (SERS).!"® In order to stabilize the Ag NCs dur-
ing the synthesis process and further applications, many
efforts have been made to synthesize fluorescent Ag NCs
by using varieties of capping scaffolds’”-® such as chi-
tosan, ionic liquid, dendrimer and polymers.’"'# Interest-
ingly, biomolecules such as peptide,>™'7 protein'®2° have
also been employed as alternative biotemplates for bio-
compatibility consideration. Followed by Dickson’s work?!
and on the basis of the fact that Ag* favors specific bind-
ing mainly to DNA’s heterocyclic bases rather than to its
phosphate backbone,”>* nucleic acids (DNA) have been
widely accepted as novel biocompatible scaffolds because
of the convenience in DNA chemical synthesis for variable
DNA sequence and length. Among them, oligonucleotidic
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single-stranded DNAs (ss-DNAs) as capping scaffolds
hold great potentials for synthesis of Ag NCs emitters with
tunable emissions from blue to near-infrared regions?!- 2!
and variable quantum yields up to 64%.%' For example, the
ss-DNAs with same 12-mer length and base composition
but variable base combinations (5-CCCTCTTAACCC-3,
5-CCCTTTAACCCC-3’, and 5'-CCCTTAATCCCC-3')
have been used to create highly fluorescent blue, green,
and yellow emitters.”® 5'-TATCCGT-C,-ACGGATA-3'
hairpin can produce Ag NCs with emissions from 525
to 686 nm by varying the loop n between 3 and
12.3 However, pure water®>2%:31:37.50 and buffered salt
conditions,?!>26-35.39.42, 4451 were used to produce these Ag
NCs and the roles of them were not very clear. Addition-
ally, double-stranded DNAs (ds-DNA) with functional seg-
ments such as polycytosine bulge,”? mismatch> or abasic
site® have been occasionally demonstrated to accommo-
date fluorescent Ag NCs, of course in buffered conditions,
and used for in situ single-nucleotide polymorphism (SNP)
DNA biosensing at the same time of their synthesis. In
the field of post-synthetical applications, ss-DNAs have
attracted much attention due to the successful applica-
tions in cell biolabeling®”#>>! and chemical or biological
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sensing such as toxic metal ions®>33%} and biothiols.*-*
During these processes, the coexisted species with the ana-
Iytes of interest in the tested samples would affect the
fluorescence performance of formed Ag NCs by compet-
itively binding the ss-DNAs bases or directly approach-
ing the surface of Ag NCs. It has been confirmed
that solution pH has effects on the formation of Ag
NCs using ss-DNAs as capping scaffolds by pH-induced
i-motif formation,””*° protonation and deprotonation of
cytosine for Ag NCs binding sites in DNA.* Recently,
K*-induced G-quadruplex conversion can also tune the
emission of the templated Ag NCs for DNA logic device
operation.35 However, these modulations are DNA struc-
ture specific. In addition, excess of bivalent Mg>* in a
sample (for example blood serum) would bring a pro-
found effect on the detection of trace quantity of ana-
lytes such as heavy metal ions Cu’*j3%33 Hg**,* and
biothiols.*>*? Therefore, elucidating the effect of non-
specific bivalent Mg>* on the fluorescence of Ag NCs
is very important for Ag NCs synthesis and practi-
cal applications.”>2!:2426,28,34.44,45.52 Tny this work, silver
nanoclusters templated by 5-CGCTGCCCCCACCAT-3'
and previously reported ss-DNAs were synthesized, and
the influence of Mg?* on the fluorescence of Ag NCs
was investigated through varying their concentrations and
changing the order of its addition. It is interesting to find
out that the generation of fluorescent Ag NCs templated
by ss-DNA was very sensitive to Mg?>* additions by obser-
vations of changes in both emission intensity and posi-
tion. However, Ag NCs produced by a ds-DNA containing
an abasic site or a mismatched base pair experience an
increase in fluorescence intensity upon addition of Mg?*
instead with the emission position unchangeable. It is the
first time to report that Mg** can generate distinct mod-
ulation on Ag NCs emission. Because of Mg?* binding
mainly at DNA phosphate backbone,?? this modulation
could be explained by redistribution of the flexible struc-
ture of ss-DNAs on silver NCs surface after neutralizing
the negative charge by Mg?*.

2. EXPERIMENTAL DETAILS

DNA strands were synthesized by TaKaRa Biotechnology
Co., Ltd. (Dalian, China). All DNA samples were puri-
fied by HPLC. Other reagents were of analytical grade
and used without purification. The DNA concentrations
in single-stranded format were measured at 260 nm in
pure water on the basis of extinction coefficients calcu-
lated by the nearest neighbor analysis.”> AgNO; (Sigma-
Aldrich Ltd.) with or without phosphate buffer (pH =
7.0) and magnesium acetate was added to the ss-DNA
solution (5 uM if not stated) to an appropriate molar
ratio. After mixing, the solution was incubated for 15
minutes with gentle stirring. It was then reduced by
fast addition of freshly prepared NaBH, to an appropri-
ate quantity as required and allowed to react for up to

2

DNA1-Y: 5-CGCTGCCYCCACCAT-3¥

Y=C,A G,orT

DNA2: 5-CCCTCTTAACCC-3’

DNA3: 5-CCCTTAATCCCC-3

DNA4: 5'-GCTCATGGTGGAGGCAGCGCCTC-3'
3’'-CGAGTACCACCCCCGTCGCGGAG-5'

DNAS: 5-ATGGTGGXGGCAGCG-3
3-TACCACCCCCGTCGC-5
X = Abasic site

Scheme 1. The examined sequences of ss-DNAs (DNA1, DNA2, and
DNA3) and ds-DNAs (DNA4 and DNAS).

4 h at 4 °C. The resulting solutions were examined at
room temperature within 2 h. The Ag NCs templated by
DNA2 and DNA3 (Scheme 1) were synthesized accord-
ing to the previous procedure?® with 1:6:6 molar ratios
of DNA:Ag":NaBH,. To prepare DNA duplex solutions
(mismatched DNA for DNA4 and abasic site-containing
DNA for DNAS), the two strands were mixed in equimo-
lar amounts and annealed in a thermocycler (first at 92 °C,
then cooled down to room temperature slowly) in 20 mM
phosphate buffer (pH 7.0). Tetrahydrofuran residual was
used as the chemically stable abasic site for replacement
of naturally tautomeric deoxyribose aldehyde structure.
Nanopure water (18.2 mQ; Millpore Co., USA) was used
in all experiments. Fluorescence spectra were acquired
with a FLSP920 spectrofluorometer (Edinburgh Instru-
ments Ltd., UK) at 18 -1 °C, equipped with a temperature-
controlled circulator (Julabo, Germany). Time-resolved
fluorescence decays were recorded on a time-correlated
single photon counting FLSP920 system, with excita-
tion at less than 400 nm. A ludox solution was used as
scatter for the instrument response. The data were fit-
ted with a multiexponential decay and x? was less than
1.2. UV/Vis absorption spectra and were determined with
a UV2550 spectrophotometer (Shimadzu Corp., Japan),
equipped with an accessory of TMSPC-8 system which
can simultaneously control the chamber temperature and
detect up to 8 samples by a micro multi-cell. Sizes of
the concomitantly formed large silver nanostructures were
acquired with a JEOL 2010F transmission electron micro-
scope (TEM). TEM samples were prepared by droping a
dispersion of Ag NCs onto a Cu grid covered by a holey
carbon film.

3. RESULTS AND DISCUSSION
3.1. Emission Modulation of DNA-templated Ag NCs

Fluorescent Ag NCs were first formed using DNA1s as
capping scaffolds. For a general consideration, the used

J. Nanosci. Nanotechnol. 11, 1-9, 2011
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DNAI1 sequences are not self-complementary or hairpined
and avoided to produce complex secondary DNA struc-
tures. In an optimized experiment, 5 uM DNA1 was mixed
with AgNO; solution (AgNO,;/DNA concentration ratio
of 10:1) at the desired medium. The resultant solution
was incubated for 15 minutes under stirring and then
reduced by fast addition of NaBH, (NaBH,/Ag* concen-
tration ratio of 0.9:1) and left to react for 4 h to produce
Ag NCs. As shown in Figure 1(A), DNA1-C produced at
water provides the excellent template for the fluorescent
clusters with emissions peaked at 508 nm by excitation
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at 436 nm. However, substitution of A, G, or T for C in
the very middle of DNAL1 to give DNA1-A, DNAI1-G, or
DNAI1-T dramatically decreases the intensities. However,
addition of phosphate buffer (pH 7.0) alone or Mg?* alone
or both of them during the synthesis to DNA1-C solution
totally quenches the emission with unnoticeable changes
for other DNAIls. Interestingly, a new long-wavelength
emission band peaked at 640 nm for DNAI1-C appears
with excitation at 560 nm, which is actually distinct only
in the presence of Mg*" by comparison with the cases
for buffer alone, Mg?* alone, and buffer plus Mg>*, while
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Fig. 1. (A and B) Fluorescence excitation and emission spectra of Ag NCs with DNA1-Ys (Y = A, C, G, T) as capping scaffolds. The Ag NCs
were synthesized in (0) pure water, (1) 5 mM phosphate buffer (pH = 7.0), (2) 5 mM phosphate buffer (pH=7.0) and 1 mM Mg>*, or (3) 1 mM
Mg?*. The small variations in excitation and emission wavelengths for Mg?* alone result from pH changes caused by magnesium acetate addition.
Inset: photographs of the fluorescent Ag NCs (templated by DNA1-C) generated at the conditions of 0 and 2 under UV illumination. TEM images

of DNA1-C-templated Ag clusters synthesized in pure water (C) or phosphate buffer (pH = 7.0) containing Mg?* (D) were given. (E) Time-resolved

emission decays of Ag NCs templated by DNA1-C without (0) and with (1) addition of phosphate buffer and Mg>*. The samples were irradiated by

335 nm, 40 MHz hydrogen-filled flash lamp.
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Mg?* addition induces or increases the emissions almost
at the same wavelengths for replacement of C by A, G,
or T at the same position in DNAI1-C but with relative
small variations in intensities relative to DNA1-C. The
average sizes of these nanosilvers revealed by TEM images
are about 1.9 nm and 2.8 nm synthesized in pure water
and Mg?*-containing phosphate buffer (pH = 7.0), respec-
tively (Figs. 1(C and D)). The almost similar maxima in
the excitation and emission spectra of the long-wavelength
bands for all DNA1-Ys indicate that the emission emit-
ters result from the same electronic transition in the pres-
ence of Mg?*, not dependent on the DNA1 sequences
although with different intensities. Such large shifts in
emission wavelengths modulated by Mg?* have not been
achieved by other chemical stimuli like pH?"3%3%40 and
K*.3 Additionally, the Ag NCs’ emision exhibits single-
exponential decay kinetics with fluorescence lifetime mea-
surement by fitting (Fig. 1(E)) for synthesizing either in
water (0.24 ns) or in Mg*"-containing phosphate buffer
(2.68 ns), indicating only one dominant species presents
for either case and emission modulation from 508 nm to
640 nm is entirely converted. These almost totally off- and
on- switch in the short and long wavelengths by Mg>*
stimulus is very advantageous for such applications as
DNA logic device construction.> As shown in Figure 2,
relative to the phosphate buffer concentrations, the mod-
ulation is sharply dependent on Mg?* concentrations in
which 1 mM is more effective.

Ag NCs’ emission is usually affected by their creation
conditions. Addition manner of phosphate buffer and Mg?*
was also investigated here. As shown in Figure 3, the
strongest emission is observed when Ag NCs’ synthesis
was carried out in phosphate buffer and Mg?* solution,
which is followed by the synthesis in the presence of
Mg?* but with post-synthetical addition of 5 mM phos-
phate buffer. However, a little weak fluorescence response
is achieved in phosphate buffer during the synthesis and
with Mg?*t post-synthetical addition, but still overrun the
case of pure-water creation first and then with Mg>*-
containing phosphate buffer added after completion of the
synthesis. All these results suggest that Mg>* addition dur-
ing the synthesis creates more effective emissions than its
post-synthetical addition, but this influence is weakened
when adding Mg?* ions to the system after the formation
of Ag NCs.

To demonstrate generality of the modulation in Ag NCs’
emission by Mg>*, we extended this approach to DNA2
(Fig. 4) and DNA3 (Fig. 5). DNA2 and DNA3 have
been used to synthesis Ag emitters with efficient modu-
lation in emissions.?® Here 50 uM DNA2 was employed
with 1:6:6 concentration ratios of DNA:Ag*:NaBH, and
Ag NCs templated by DNA2 was initially synthesized
in pure water. As shown in Figure 4(A), addition of
phosphate buffer into the Ag NCs solution preformed in
pure water sharply decreases the emission at 660 nm
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Fig. 2. (A) Dependences of the fluorescence intensities for DNA1-C at
640 nm on the phosphate buffer concentrations in the presence of 1 mM
Mg>* (A) and on Mg*t or Ca®* concentrations (B) in the presence of
5 mM phosphate buffer during the synthesis of Ag NCs.
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Fig. 3. Fluorescence excitation and emission profiles (A, = 560 nm,
A = 640 nm) of Ag NCs templated by DNA1-C in different experi-
mental conditions: (a) Ag NCs synthesis in 5 mM phosphate buffer and
1 mM Mg>*; (b) Ag NCs synthesis in 1 mM Mg>* with post-synthetical
addition of 5 mM phosphate buffer; (c) Ag NCs synthesis in 5 mM phos-
phate buffer with post-synthetical addition of 1 mM Mg**; (d) Ag NCs
synthesis in pure water with post-synthetical addition of 5 mM phosphate
buffer and 1 mM Mg**.
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Fig. 4. (A) Fluorescence excitation and emission spectra of Ag NCs with DNA2 as capping scaffolds in different experimental conditions: (0) Ag
NCs synthesis in pure water, (1) Ag NCs synthesis in pure water with post-synthetical addition of 5 mM phosphate buffer (pH = 7.0); (1') Ag NCs
synthesis in pure water with post-synthetical addition of 5 mM phosphate buffer (pH = 7.0) and 1 mM Mg**; (2) Ag NCs synthesis in 5 mM phosphate
buffer (pH = 7.0); (2') Ag NCs synthesis in 5 mM phosphate buffer (pH = 7.0) with post-synthetical addition of 1 mM Mg?*. Inset: photographs of
the fluorescent Ag NCs generated at different conditions under UV illumination. (B) Time-resolved emission decays of Ag NCs templated by DNA2
without (0) and with (1’) addition of phosphate buffer and Mg**. The samples were irradiated by 350 nm, 40 MHz hydrogen-filled flash lamp. Inset:
the corresponding fluorescence time-resolved (7,, 7,) and average (7,) lifetimes (ns).

(excited at 574 nm) and increases the emission at 538 nm
(excited at 438 nm). This modulation in intensities is much
more significant upon addition of Mg?*-containing phos-
phate buffer, accompanied by a blue shift for the long-
wavelength emission band to 622 nm (excited at 556
nm). The similar modulations in emission bands are also
observed for the Ag NCs preformed in phosphate buffer.
The fluorescence difference after buffer and Mg?* modu-
lation is readily distinguishable by naked eye under UV
illumination (Inset of Fig. 4(A)). The clusters templated
by DNA2 exhibit biexponential decay kinetics behavior
with an average lifetime of 0.70 ns in water and a pro-
longed average lifetime 2.03 ns at Mg?*-containing phos-
phate buffer (Fig. 4(B)). On the basis of the amplitudes
from the fits, the less stable species (0.24 ns) in water rep-
resent 85% of the total population of the clusters have a
decay rate that is 14 times slower than that of the minor
species (3.39 ns). However, after modulated by Mg?*, the
major fraction (1.36 ns) with a contribution of 69% has a
decay rate that is only 2.6 times slower than that of the
long-lived species (3.52 ns), indicating that Mg?* addition
can tune the emissions at the two wavelengths.

J. Nanosci. Nanotechnol. 11, 1-9, 2011

The emission of the Ag NCs templated by DNA3
(synthesized in 50 uM DNA3 with 1:6:1.2 concentration
ratios of DNA:Ag™:NaBH,) is also tuned by observa-
tions of Mg?*-induced more sharp intensity increases and
decreases in the short and long wavelength regions than
the buffer alone (Fig. 5(A)). However, the red emitters
are still abundant (Inset of Fig. 5(A)) and the emission
lifetime is decreased (Fig. 5(B)) after Mg additions.
The Ag NCs templated by DNA3 have been used to
DNA hybridization,” aptamer for thrombin*® and probe
for Cu®* detection.’? As shown in Figure 5(C), the pres-
ence of Mg?* significantly decreases the sensitivity for
Cu?* response by monitoring the emissions in short wave-
length regions.

Previously, double-stranded DNAs (ds-DNA) with spe-
cial functional segments such as mismatched base pair™
and abasic site’®* were developed to be served as the growth
spots for Ag NCs and biosensing applications. Here the
modulation by Mg?* is also applied to these ds-DNAs.
As shown in Figure 6(A), the Ag NCs templated by
DNA4 which contains a mismatched base pair experiences
enhancement of the emission intensity upon Mg?* addition

5
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Fig. 5.

(A) Fluorescence excitation and emission spectra of Ag NCs with DNA3 as capping scaffolds in different experimental conditions: (0) Ag

NCs synthesis in pure water, (1) Ag NCs synthesis in pure water with post-synthetical addition of 5 mM phosphate buffer (pH = 7.0); (1) Ag NCs
synthesis in pure water with post-synthetical addition of 5 mM phosphate buffer (pH = 7.0) and 1 mM Mg?>*; (2) Ag NCs synthesis in 5 mM phosphate
buffer (pH = 7.0); (2') Ag NCs synthesis in 5 mM phosphate buffer (pH = 7.0) with post-synthetical addition of 1 mM Mg>*. Inset: photographs of
the fluorescent Ag NCs generated at different conditions under UV illumination. (B) Time-resolved emission decays of Ag NCs templated by DNA3
without (0) and with (1) addition of phosphate buffer and Mg*t. The samples were irradiated by 350 nm, 40 MHz hydrogen-filled flash lamp. Inset:
the corresponding fluorescence time-resolved (7,, 7,) and average (7,) lifetimes (ns). (C) The Cu®** concentration-dependent emission intensities of
DNA3-templated Ag NCs in the absence (square) and presence (circle) of | mM Mg>t.

but with an almost invariable excitation and emission peak
positions, as is opposite the Mg?*-induced modulations of
both for ss-DNA-templated Ag NCs. In addition, the pres-
ence of Mg?* induces a long-lived emission state of the Ag
NCs (Fig. 6(C)). The similar phenomenon is observed for
DNAS5 which contains an abasic site (Fig. 6(B)). This non-
modulation in the emitting peak positions for the ds-DNA
templates could be resulted from the rigid DNA structure,
while the enhancements in intensities should be ascribed to
the more thermal stabilities of the DNAs upon Mg** addi-
tion for better protecting the formed Ag NCs. For exam-
ple, the melting temperatures (7,,) for 5 uM DNA4 in
20 mM phosphate buffer (pH 7.0) increased from 60.1 °C
to 71.7 °C in the absence and presence of 1 mM Mg?*.%

3.2. Mechanism

It is well known that bivalent ions with high charge den-
sity such as Mg?* and Ca?* are more efficient to neutralize
the negative charge in DNA phosphate diester backbone
than monovalent ions like Kt and Na*.>”° Therefore,
the DNA-encapsulated Ag NCs could be protected well in

6

the presence of Mg?* or Ca?* by decreasing the electro-
static repulsion along the DNA backbone. In order to prove
this point, the Ag NCs’ emission modulated by Mg?* was
compared with that by Ca®*. From the results for DNA1-C
in Figure 2(B), Ca?* induces a more sharp increase for the
modulated long-wavelength emission at the low concen-
tration regions than Mg+, in agreement with the stronger
DNA binding ability of Ca?* than that for Mg?*.%’ This
point can be further strengthened by the observations that
the modulation seems to be more efficient for divalent
Mg+ and Ca?* than monovalent Na™ from the used buffer
(Fig. 2). But at high concentrations of more than 1 mM,
Ca*" induces a more rapid decrease in the long-wavelength
emission, maybe because more Ca>* would make the DNA
strand rigid enough to weaken its ability to effectively sur-
round Ag NCs.

To further validate the role of the bivalent ions on the
structure of ss-DNAs, absorption spectra were measured
by comparison with the conditions that Ag™ was coexisted
with the bivalent ions or not. Reduction by NaBH, was
not performed for this motivation in order to avoid distur-

J. Nanosci. Nanotechnol. 11, 1-9, 2011
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Fig. 6. Fluorescence excitation and emission spectra of Ag NCs with
a mismatch-containing DNA (A, DNA4, ds-DNA) and an abasic site-
containing DNA (B, DNAS, ds-DNA) as capping scaffolds in different
experimental conditions: (0) Ag NCs synthesis in 20 mM phosphate
buffer (pH = 7.0), (1) Ag NCs synthesis in 20 mM phosphate buffer
(pH=7.0) and | mM Mg**; (1') Ag NCs synthesis in 20 mM phos-
phate buffer (pH = 7.0) with post-synthetical addition of 1 mM Mg>*.
(C) Time-resolved emission decays of Ag NCs templated by DNA4 with-
out (0) and with (1) 1 mM Mg**. The samples were irradiated by 350 nm,
40 MHz hydrogen-filled flash lamp. Inset: the corresponding fluorescence
time-resolved (7,, 7,) and average (7,) lifetimes (ns).

bance from the formed Ag NCs absorption. In addition,
binding to heterocyclic DNA bases is kept for either Ag*°
or Ag clusters.! As shown in Figure 7 with DNA1-C
as a typical example, Mg?* or Ca?* alone induces a lit-
tle decrease in absorption at 260 nm under room tem-
perature by comparison with Ag" alone, indicating the
role of these bivalent ions by neutralizing the backbone

J. Nanosci. Nanotechnol. 11, 1-9, 2011

Wavelength / nm

Fig. 7. UV-Vis absorption spectra and dependences of the 260 nm
absorbance of 5 uM DNAI1-C on temperatures (insert) in 5 mM phos-
phate buffer (pH 7.0) under different conditions: (1) Ag*; (2) Mg>*;
(3) Ca**; (4) Agt+Mg*t; (5) Agt+Ca®". Ag+: 50 uM; Mg*" and Ca’*:
1 mM.

negative charge to result in a stronger base stacking. But
this stability is weakened upon increasing temperature of
the systems relative to the unchangeable absorption for
Agt alone at the examined temperature regions, in agree-
ment with Ag™ binding favorably and chemically to DNA
heterocyclic bases and not phosphate backbone.?>?* How-
ever, the coexistence of Mg?* or Ca’* with Ag* induces
a further decrease in the absorption and this gained sta-
bility is obvious enough to endure the temperature to be
increased up to 60 °C. These results prove that the pres-
ence of the bivalent ions makes the ss-DNA surround Ag™
more compactly and protect the lately formed NCs well
from attacking by species in the solution. The fact that the
presence of Mg?* for DNA3-templated Ag NCs showed
a less emission dependence on added Cu?** at micro-
molar concentrations, relative to the case in the absence
of Mg** (Fig. 5(C)), could be explained by this mecha-
nism. The bivalent ions-induced base stacking to a high
degree should also make the encapsulating DNA around
the preformed Ag NCs redistribute on the cluster surface
to achieve an emission modulation in position and inten-
sity. Based on this model, the emission modulation can be
easily achieved upon addition of the bivalent ions, even
without variations in DNA sequences. Especially, the post-
modulation after Ag NCs formation will make initiating a
new synthesis event by another DNA template for a desired
emission unnecessary (Figs. 3-5). This modulation should
be more effective for ss-DNA template because of its flexi-
ble structure feature, relative to the rigid ds-DNA structure,
which can be evidenced by the fact that modulation only in
emission intensity occurred for DNA4 and DNAS5 (Fig. 6),
but further position modulation was realized for DNAI,
DNAZ2, and DNA3 (Figs. 1, 4 and 5). It is expected that the
size of Ag NCs has no chance to be changed upon Mg>*
post-addition for the preformed clusters (Figs. 3-5). There-
fore, the Mg?*-induced more packing between DNA bases
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would make redistribution of ss-DNAs around the formed
clusters so as to result in a new emission band because
different binding site®> and interaction manner®® between
Ag NCs and the capsulate matrix would produce different
electronic band structure. But for the rigid ds-DNA struc-
ture, this interaction rearrangement of DNA strand to the
clusters couldn’t occur, in agreement with the results for
DNA4 and DNAS.

Another issue that should be concerned is whether
the Mg?* modulation in Ag NCs’ optical properties is
different from the other means or not. Although many
efforts have been made to tune Ag NCs’ emissions from
blue to near-infrared regions by changing DNA sequences
and lengths, these fascinating modulations in the domi-
nant emissions seem follow a distinct trend. As shown
in Figure 8, by grouping the data for the previously
reported DNA-templated Ag NCs’ optical properties, a
linear dependence of the dominant emission energies
(E.,) on excitation energies (E.,), E.,, = (0.40+£0.032) +
(0.70£0.014) E,, with a relative standard deviation 0.972,
is mostly abided. Note that only dominant emission bands
are collected from literatures and only several data?®?’
are against this relationship. This linear dependence means
that about 70% of the excitation energies are effective for
radiation transition from excited states to ground states
after gaining a definite energy about 0.40 eV, indicating
that modulation by any means should accord with this
trend provided that DNA template is used, not very depen-
dent on the size of Ag NCs, DNA sequence and length.
Interestingly, the modulated emissions by Mg*" in this
work still follow this empirical tendency (Fig. 8), indi-
cating the interplay between DNA bases and the clusters
remains in the presence of Mg**. This linear dependence
could be used to explain the possible mechanism of Ag
NCs emission process that is regulated by the interaction
of DNA bases with silver clusters.

w
)

Emission energy / eV
N

1 T T
1 2 3 4

Excitation energy / eV

Fig. 8. The emission energies and corresponding excitation energies of
fluorescent Ag NCs synthesed by DNA templates with a linear (cir-
cle) or out-of-linear (diamond) dependence. The data are derived from
Refs. [21-51] for ss-DNAs and Refs. [52-54] for ds-DNAs. Our data in
this work (triangle) are also agreed with this linear dependence.
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4. CONCLUSION

In summary, emission modulation of fluorescent Ag NCs
templated by DNA during or after the clusters’ creation
was achieved by divalent Mg?* that has a nonspecific inter-
action with DNA backbone. Dependent on the addition
moment of Mg?*, the emitting intensities and band posi-
tions can be tuned for single-stranded DNA (ss-DNA) tem-
plates, while only intensity modulation should be achieved
for double-stranded DNA (ds-DNA)-templated Ag NCs. In
addition, Mg?* addition always induces a lifetime-varied
emission state of Ag NCs. The emission modulation is
ascribed to efficient screening of the negative charges of
DNA backbone upon addition of the divalent ion. This
strategy provides the motivation to ascertain the factors
that significantly influence the Ag NCs’ emission by minor
variations in the environments that surround the clusters.
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