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ABSTRACT Luminescent nucleic acid-stabilized Ag nanoclusters (Ag NCs) are applied for the optical

detection of DNA and for the multiplexed analysis of genes. Two different sensing modules including Ag NCs as

luminescence labels are described. One sensing module involves the assembly of a three-component sensing

module composed of a nucleic acid-stabilized Ag NC and a quencher-modified nucleic acid hybridized with a

nucleic acid scaffold that is complementary to the target DNA. The luminescence of the Ag NCs is quenched in

the sensing module nanostructure. The strand displacement of the scaffold by the target DNA separates the

nucleic acid-functionalized Ag NCs, leading to the turned-on luminescence of the NCs and to the optical
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readout of the sensing process. By implementing two different-sized Ag NC-modified sensing modules, the parallel multiplexed analysis of two genes (the

Werner Syndrome gene and the HIV, human immunodeficiency, gene), using 615 and 560 nm luminescent Ag NCs, is demonstrated. The second sensing

module includes the nucleic acid functionalized Ag NCs and the quencher-modified nucleic acid hybridized with a hairpin DNA scaffold. The luminescence of

the Ag NGs is quenched in the sensing module. Opening of the hairpin by the target DNA triggers the luminescence of the Ag NCs, due to the spatial

separation of the Ag NCs/quencher units. The system is applied for the optical detection of the BRAC1 gene. In addition, by implementing two-sized Ag NCs,

the multiplexed analysis of two genes by the hairpin sensing module approach is demonstrated.
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he synthesis and applications of fluor-
Tescent metal nanoclusters (NCs), par-

ticularly nucleic acid-stabilized Ag®
nanoclusters (Ag NCs), have recently at-
tracted substantial research efforts.? Cyto-
sine-rich nucleic acids are usually used to
stabilize the Ag NCs, and the stabilization of
the NCs by specific single-stranded nucleic
acid sequences, or by sequence-specific
duplex nucleic acid configurations, were
reported.>~7 The DNA-stabilized Ag NCs ex-
hibit interesting properties, such as tunable
luminescence properties, high luminescence
quantum yields, good photostability, solu-
bility in aqueous media, biocompatibility,
and low cytotoxicity.®? Specifically, the tun-
able luminescence properties of the Ag NCs
were found to be controlled by the size of the
Ag NCs and by the specific sequences that
stabilize the NCs. Not surprisingly, the unique
optical properties of the DNA-stabilized Ag
NCs were, recently, implemented to develop
different optical sensing platforms'® and for
bioimaging.'"'? For example, DNA-stabilized
Ag NCs were applied for the detection of
metal ions such as Hg>" or Cu*™,"* for the
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analysis of bioactive thiols'® such as cysteine,
homocysteine, or glutathione, for probing
aptamer—substrate complexes,”>™"” such
as the aptamer—ATP or aptamer—thrombin
complexes, for detection of DNA,'® single
nucleotide mutations,'®?° and micro RNAs,?
and for probing the activity of enzymes,
such as glucose oxidase or tyrosinase.??
Furthermore, similar to the use of the size-
controlled tunable luminescence properties
of semiconductor quantum dots for multi-
plexed analysis of antigens,?®> DNA,%*~2 or
aptamer—substrate complexes,?’ the tun-
able luminescence spectra of Ag NCs were
also applied for the multiplexed detection
of pathogens or aptamer—substrate com-
plexes.'”® For example, different-sized Ag
NCs, exhibiting different luminescence prop-
erties, were coupled to DNA probes consist-
ing of the recognition sequences corre-
sponding to the hepatitis B virus (HBV) and
of the human immunodeficiency virus (HIV)
genes, respectively. The resulting DNA—Ag
NCs were adsorbed on graphene oxide,
where the luminescence of the Ag NCs was
quenched. By the selective desorption of the
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respective Ag NCs conjugates through the formation of
the duplex DNA structures with the target genes, the
luminescence of the respective Ag NCs was switched-
“ON”, thus allowing the multiplexed analysis of the
genes. In the present study, we introduce two new
sensing configurations that implement Ag NCs for the
optical detection and multiplexed analysis of genes.
The systems lead to the switched-“ON" luminescent
detection of the analytes and the multiplexed analy-
sis of genes using two different-sized Ag NCs. Most
importantly, we describe a modular hairpin-based
sensing platform that includes versatile quencher-
modified nucleic acids and versatile nucleic acid stabi-
lized Ag NCs that allow the sensing and multiplexed
sensing of any gene by the appropriate programming
of the sensing hairpin probe.

RESULTS AND DISCUSSION

Figure 1A depicts the concept of one sensor config-
uration that applies Ag NCs as the optical label. We
made use of 560 and 615 nm luminescent Ag NCs. The
sizes and composition of the Ag NCs were determined
by TEM and ESI-mass spectrometry. Figure S1, Support-
ing Information, exemplifies the TEM image of the
615 nm Ag NCs. The dimension of the clusters is
5—6 nm. It is difficult to distinguish the size differences
between the two kinds of Ag NCs. The ESI-mass
spectrometry analyses of the Ag NCs reveal that the
615 nm luminescent Ag NCs consist of six to seven Ag
atoms, whereas the 560 nm luminescent Ag NCs are
composed of four to five Ag atoms (see Table S1,
Supporting Information). The excitation spectra of
the 560 and 615 nm luminescent Ag NCs are provided
in Figures S2 and S3, Supporting Information. The
system consists of a DNA template (1) that is composed
of domains | and Il and the overhang lll. All of these
domains are complementary to the DNA analyte 4.
The sensor system also includes the nucleic acid (2)-
stabilized Ag NCs strand and the BHQ-functionalized
nucleic acid (3) (where BHQ = Black Hole quencher).
The nucleic acid 2 is composed of domain IV, which
stabilizes the Ag NCs (in the specific example the
615 nm luminescent Ag NCs, e, = 520 nm?®) and of
domain I’ that is complementary to domain | of the
template (1). Similarly, the BHQ-modified nucleic acid 3
includes the sequence domain Il that is complemen-
tary to domain Il of the template 1. Thus, the sensing
module consists of the template 1 to which the
2-modified Ag NCs and the BHQ-functionalized nucleic
acid 3 are hybridized. In the resulting hybrid-sensing
module the luminescence of the Ag NCs is quenched
by BHQ due to the spatial proximity between the NCs
and the BHQ quencher. In the presence of the target
DNA 4, the template DNA is displaced from the sensing
module due to the formation of the energetically
favored hybrid 1/4. Note that in the hybrid 1/4, the
DNA analyte yields a duplex with domains |, II, and Il of
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Figure 1. (A) General scheme of the optical detection of a
target gene using a sensing module consisting of a probe
template, a nucleic acid protected Ag NCs, and a quencher-
functionalized nucleic acid. (B) Time-dependent lumines-
cence spectra changes upon subjecting the 1/3/2-modified
Ag NCs sensing module to the analyte 4, 1 x 1077 M: (a) 4,
(b) 8, (c) 12, (d) 16, (e) 20, (f) 24, and (g) 28 min. Inset:
luminescence changes at A = 615 nm as a function of time.
(C) Luminescence spectra changes (AF) observed upon
treatment of the sensing module 1/3/2-modified Ag NCs
with variable concentrations of target 4 for a fixed time
interval of 28 min: (@) 1 x 1078 M, (b) 2 x 1078 M, (c) 3 x
10°8M,(d)4 x10°8M,(e)5x 1072M,(f) 6 x 1078 M,(g) 7 x
10°8M,(h)8x 10°8M, ()9 x 108 M,and (j) 1 x 1077 M.
Inset: Derived calibration curve corresponding to the lumi-
nescence intensity changes of the sensing module at dif-
ferent concentrations of target 4.

the template 1. As a result, the 2-stabilized Ag NCs unit
and the BHQ-modified 3 unit are separated from the
sensing module, leading to the switching-“ON” of the
luminescence of the Ag NCs. Figure 1B shows the time-
dependent luminescence spectra of the Ag NCs upon
treatment of the sensing module with a fixed concen-
trations of the DNA analyte 4. The luminescence
spectra are intensified with time, and they level-off to
a constant value after ca. 28 min, consistent with the
separation of the sensing module. Figure 1C depicts
the fluorescence spectra of the sensing module upon

VOL.8 = NO.11 = 11666-11673 = 2014 ACS\JAN

WWwWW.acsnano.org



treatment with variable concentrations of the DNA
analyte 4 for a fixed time interval of ca. 28 min. As the
concentration of the analyte increases, the fluorescence
of the system intensifies, consistent with the increased
separation of the sensing module as the concentration
of the analyte is elevated. The inset of Figure 1C shows
the derived calibration curve corresponding to the
fluorescence changes of the system (AF) in the presence
of different concentrations of DNA analyte 4. The system
enabled the analysis of target DNA 4 with a detection
limit that corresponded to 1 nM.

This general paradigm to use nucleic acid-stabilized
Ag NCs as luminescent quantum dots for the detection
of DNA was then applied to detect two different genes,
the gene associated with the Werner Syndrome and
the human immunodeficiency virus (HIV) gene, and to
apply two different-sized Ag NCs for the multiplexed
analysis of the two genes, Figure 2A. The Werner
Syndrome is an autosomal recessive progeroid syn-
drome which is characterized by the appearance of
premature aging.?°~3' The gene associated with this
syndrome was identified.3? To analyze the gene asso-
ciated with the Werner Syndrome (7), we designed a
sensor module that consists of the DNA template 5,
that includes the domains |, Il, and Ill,. Domains |, and
Il are complementary to the 615 nm luminescent
Ag NCs-functionalized nucleic acid 6 and the BHQ-
modified nucleic acid 3, respectively. Domains I, and lIl,
are complementary to the Werner Syndrome gene (7).
As the Werner Syndrome gene displaces the template
5 from the sensor module, the luminescence of the
system at 615 nm is switched on. Similarly, the HIV
gene (10) was analyzed using a sensing module com-
posed of the 560 nm luminescent Ag NCs*® that are
stabilized by the domain V associated with the nucleic
acid 9. For this, the DNA template 8, that includes the
complementary domains I, and lll, to the HIV gene,
was used to assemble the sensing module. The 9-
stabilized Ag NCs (lex = 480 nm, luminescence at
560 nm) and the BHQ-functionalized 3 were hybridized
with the template unit 8. Treatment of the hybrid
sensing module with the HIV gene (10) results in the
displacement of the energetically stabilized duplex 8/9
and the separation of the 9-stabilized Ag NCs. This leads
to the turned-on luminescence of the Ag NCs at 4 =
560 nm. Figure 2B depicts the fluorescence spectra
changes upon analyzing the gene associated with the
Werner Syndrome (7) according to Figure 2A. Figure S4
(Supporting Information) shows the time-dependent
luminescence spectra of the 615 nm luminescent Ag
NCs sensing module shown in Figure 2A upon interac-
tion with a fixed concentration of analyte 7,1 x 10" M.
The luminescence spectra increase with time, and
they level off to a constant value after ca. 35 min,
consistent with the formation of the energetically
stabilized duplex 5/7 and the separation of the sensing
module. The sensing system consisting of 615 nm
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Figure 2. (A) Schematic detection of the Werner Syndrome
gene (7) and of the HIV gene (10) using Ag NCs-functiona-
lized sensing modules emitting at 615 and 560 nm, respec-
tively. (B) Luminescence spectra changes observed upon
treatment of the 5/3/6-modified Ag NCs sensing module
with variable concentrations of the Werner Syndrome gene
(7) for a fixed time-interval of 34 min: (@) 1 x 1078 M, (b) 2 x
1078M,(c)4 x 1072 M, (d)6 x 107 M, () 8 x 10" M, and (f)
10 x 10~ ® M. Inset: Derived calibration curve corresponding
to the luminescence intensity changes (AF) of the sensing
module at 615 nm in the presence of different concentra-
tions of target 7. (C) Luminescence spectra changes ob-
served upon treatment of the 8/3/9-modified Ag NCs
sensing module with different concentrations of the HIV
gene (10) for a fixed time-interval of 28 min: (a) 1 x 1078 M,
(b)2x10°8M,(c)3x 10 5 M, (d)4 x 1072 M, ()5 x 10 2 M,
6 x1078M,(g)7 x 10°3M, (h) 8 x 1073 M, and (i) 9 x
102 M. Inset: Derived calibration curve corresponding to
the luminescence intensity changes (AF) of the system at A =
560 nm at different concentrations of target 10.

luminescent Ag NCs was then subjected to variable
concentrations of target 7 for a fixed time-interval of
34 min. As the concentrations of the analyte gene are
elevated, the resulting luminescence changes are in-
tensified, consistent with the increased separation of
the sensing module and the generation of higher
amounts of the free luminescent Ag NCs. Figure 2B
inset depicts the resulting calibration curve corre-
sponding to the luminescence changes of the system
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Figure 3. Fluorescence spectra changes upon analysis of 10
and its mutants by the sensing module shown in Figure 2(A):
(a) Fluorescence change upon analysis of 10. (b—d) Fluores-
cence changes upon analyzing one-base, two-base, and
three-base mutants 10a, 10b, and 10c, respectively. In all
experiments, the concentrations of 3 and 9 are 100 nM, that of
8 is 80 nM, and the concentrations of the analyzed gene/
mutants corresponded to 60 nM. All experiments were per-
formed in a mixture of HEPES and phosphate buffer solution,
each 10 mM, pH = 7.0, that included NaNO3, 180 mM. Spectra
were recorded after a fixed time interval of 28 min.

at different concentrations of DNA analyte 7. The
detection limit for analyzing 7 corresponds to 3 nM.
Similarly, the 560 nm luminescent Ag NCs hybrid
module shown in Figure 2A was applied to detect
the HIV gene (10). Figure 2C shows the luminescence
spectra changes upon sensing variable concentrations
of the HIV gene (10) for a fixed time-interval of 28 min.
As the concentrations of analyte 10 increase, the
luminescence intensities of the system are increased,
consistent with the higher degree of separation of the
sensing module upon increasing the concentrations
of the analyte DNA. The inset of Figure 2 depicts the
derived calibration curve. The system enabled the
detection of the HIV gene with a detection limit that
corresponded to 5 nM. (For the time-dependent lumi-
nescence changes of the sensing module upon analyz-
ing a fixed concentration of 10, that corresponds to
9 x 1078 M, see Figure S5, Supporting Information).
An important aspect to consider involves the selec-
tivity of the sensing platform and the possibility to
detect mutations. This issue was addressed by imple-
menting the sensing scheme shown in Figure 2A to
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Figure 4. (A) Multiplexed analysis of the Werner Syndrome gene (7) and of the HIV gene (10) using the DNA sensing module
composed of the 615 nm luminescent Ag NCs and the 560 nm luminescent Ag NCs. (B) Fluorescence spectra changes upon the
multiplexed analysis of the Werner Syndrome gene (7) and of the HIV gene (10) using the two Ag NCs/quencher modules
according to (A): (a) Analysis of the Werner Syndrome gene (7) only, 5 x 1078 M; (b) analysis of the HIV gene (10) only, 31 x
108 M; (c) analysis of the two genes, 7and 10,5 x 10 > M and 31 x 10~ 8 M, respectively. The system is excited at 1 = 520 nm
to record the 615 nm luminescence and at 1 = 480 nm to follow the 560 nm luminescence.
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analyze the HIV gene, 10, and three mutants of the
gene that include one-base, two-base, and three-base
mutations 10a, 10b, and 10c, respectively. Figure 3
shows the fluorescence intensity changes generated
by the sensing module upon analyzing the target 10,
curve (a), and the mutants 10a, 10b, and 10c, curves
b—d, respectively. As the number of mutations in-
creases, the intensities of the fluorescence changes
decrease, consistent with the lower degree of separa-
tion of the sensing module. The mutant that includes
three-base mismatches (10c) yields a very low fluores-
cence change, implying that the scaffold 9 was not
displaced by the mutant.

The successful analysis of the genes associated with
the Werner Syndrome and of the HIV gene by the two
different luminescent Ag NCs sensing modules al-
lowed the multiplexed analysis of the two genes.
Accordingly, the 615 nm luminescent sensing module
for analyzing the gene associated with Werner Syn-
drome was mixed with the 560 nm luminescent sen-
sing module for analyzing the HIV gene, and the
composite mixture was applied to analyze the two
genes. Figure 4A illustrates the scheme for the multi-
plexed optical detection of the Werner Syndrome and
the HIV genes. Figure 4B, panel a, shows the lumines-
cence spectra changes upon subjecting the system to
the gene (7) associated with the Werner Syndrome
only. The luminescence at 615 nm is intensified (Ao =
520 nm), with no luminescence change at 1 = 560 nm.
Exciting the system at A = 480 nm does not yield any
significant luminescence change at A = 560 nm, nor at
615 nm, indicating that only the gene associated with
the Werner Syndrome yields a luminescence change.
Similarly, subjecting the mixture composed of the two
sensing modules to the HIV gene (10) resulted in the
luminescence spectra change shown in Figure 4B,
panel b. Evidently, only the 560 nm luminescence
spectrum is intensified upon analysis of the HIV gene
(Aex = 480 nm), and no significant luminescence
change is observed at 4 = 615 nm (e, = 520 nm, or
Aex =480 nm), implying that the system responds only
to the HIV gene. Finally, the mixture of the sensing
modules was subjected to the two genes, 7 and 10.
Figure 4B, panel ¢, shows that in the presence of the
two genes the luminescence of the two Ag NCs is
intensified. The 615 nm luminescence is triggered on
due to the gene associated with the Werner Syndrome
(Aex =520 nm), and the luminescence of the 560 nm Ag
NCs is triggered on due to the separation of the
corresponding sensing module by the HIV gene (A¢, =
480 nm). It should be noted that the excitation
spectra of the two different-sized Ag NCs are narrow.
As a result, the multiplexed analysis of the two genes is
performed by the selective wavelength excitation of
the two different-sized Ag NCs. The results indicate the
advantages of using the Ag NCs for multiplexed anal-
ysis of the genes. The selective narrow-band excitation
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Figure 5. (A) Schematic sensing module for the analysis of
the BRCA1 gene (12) using a hairpin DNA scaffold functio-
nalized with a nucleic acid 2-functionalized Ag NCs and a
quencher-modified nucleic acid 3. (B) Luminescence spectra
changes upon analyzing different concentrations of the
BRCAT1 gene (12) for a fixed time-interval of 33 min accord-
ingto (A):(a) 1 x 10 8M,(b)2 x 1078 M, (c) 3 x 10 2 M, (d)
4x108M,(e)5x102M,(H6x102M,(g)7 x 10°2M,
and (h) 8 x 108 M. Inset: Resulting calibration curve cor-
responding to the luminescence changes at 1 = 615 nm at
different concentrations of the HIV gene (12).

of each of the Ag NCs allows the generation of the
selective luminescence bands of the two-sized Ag NCs,
with no cross-interference between the luminescence
bands.

The second sensing platform thatimplemented a Ag
NCs DNA module for the luminescence detection of
DNA is shown in Figure 5A. This is exemplified with the
sensing of the breast cancer gene, BRCA1. The sensing
module consists of the hairpin scaffold 11 to which
the nucleic acid 2, stabilizing the 615 nm luminescent
Ag NCs, and the BHQ-modified nucleic acid 3, were
hybridized. The loop domain VI of the hairpin scaf-
fold includes the complementary sequence for the
recognition of the BRCA1 gene (12). In the hybrid
hairpin structure 11/2/3 the Ag NCs are effectively
quenched by BHQ due to the close spatial proximity
between the Ag NCs luminophores and the BHQ-
quencher unit. In the presence of the BRCA1 gene tar-
get 12, the hairpin structure opens, leading to the
spatial separation between the Ag NCs and the BHQ
units, resulting in the triggered-“ON" luminescence of
the Ag NCs. Figure S6 (Supporting Information) depicts
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Figure 6. (A) Multiplexed analysis of the BRCA1 gene (12) and of random strand T (13) using the hairpin DNA scaffold
composed of the 615 nm luminescent Ag NCs and the 560 nm luminescent Ag NCs. (B) Fluorescence spectra changes upon the
multiplexed analysis of the BRCA1 gene (12) and of random strand T (13) using the two Ag NCs/quencher modules according
to (A): (a) analysis of random strand T (13), 5 x 10~° M; (b) analysis of the BRCA1 gene (12), 1 x 10~% M; (c) analysis of the two
analytes (12) and (13), 1 x 10" M and 5 x 10~® M, respectively. The system is excited at A = 520 nm to record the 615 nm
luminescence and at 4 = 480 nm to follow the 560 nm luminescence.

the time-dependent luminescence spectra changes
upon treatment of the Ag NCs/hairpin sensing mod-
ule with a fixed concentration of the BRCA1 gene, 8 x
1078 M. The luminescence spectra changes increase
with time, and they level-off after ca. 33 min. The time-
dependent changes correspond to the kinetics of
opening of the hairpin probe by the analyte DNA
(12). Figure 5B shows the luminescence spectra
changes upon analysis of different concentrations of
the BRCA1 gene (12) for a fixed time-interval of 33 min,
using the sensing module shown in Figure 5A. As the
concentration of the BRCA1 gene increases the lumi-
nescence changes are intensified, consistent with the
higher degree of opening of the hairpin probe, upon
elevation of the concentrations of BRCA1 analyte (12).
The inset of Figure 5B shows the derived calibration
curve. The system enabled the detection of the BRCA1
gene with a detection limit that corresponds to 9 nM.
We further implemented this sensing module for the
multiplexed analysis of genes. Toward this goal, we
used two hairpin modules, Figure 6A. One sensing
module, L;, consists of the BRCA1 sensing hairpin,
shown in Figure 5, that includes the 615 nm lumines-
cent Ag NCs as probes. The second hairpin module, L,,
is constructed for a random strand T (13). The sensing
modaule includes a hairpin strand (14) that includes in
its loop region the sequence VIl that is complementary
to the random strand T. The 9-stabilized 560 nm

ENKIN ET AL.

luminescent NCs and the quencher-functionalized nu-
cleic acid 15 were hybridized with 14 to yield the
sensing module for 13. Figure 6B depicts the multi-
plexed analysis of the two analytes by the mixture
composed of the sensing modules L; and L,. Subject-
ing the mixture to the random strand T, 13 results in
the selective enhancement of the 560 nm luminescent
Ag NCs, panel (a). Treatment of the mixture with the
BRCA1 gene results in the fluorescence enhancement
of the 615 nm luminescent Ag NCs, consistent with the
selective opening of hairpin L,, Figure 6B, panel (b).
Treatment of the mixture with both of the analytes
BRCA1 (12) and T (13) results in the increase in the
luminescence of both Ag NCs labels, consistent with
the multiplexed analysis of the two targets, Figure 6B,
panel (c).

CONCLUSIONS

To conclude, the present study has applied different-
sized luminescent Ag NCs for the optical detection of
genes. Two different sensing platforms for the turn-on
detection of genes were introduced, and the use of
different-sized Ag NCs for the multiplexed analysis of
the genes was demonstrated. A major advantage of
the present study, particularly the hairpin sensing
module presented in Figures 5 and 6, is reflected by
the modularity of the sensing components. The nucleic
acid-stabilized Ag NCs and the quencher-modified
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nucleic acids may be considered as versatile elements
of the module. For analysis of any genes, only the
respective hairpin strands need to be programmed.
The availability of different nucleic acid-stabilized

EXPERIMENTAL SECTION

Materials. Ultrapure water from NANOpure Diamond
(Barnstead International, Dubuque, IA) was used for all experi-
ments. All other reagents were purchased from Sigma-Aldrich
Inc. The DNA strands were purchased from Integrated DNA
Technologies Inc. (IDT). All oligonucleotides were HPLC-purified
and freeze-dried by the supplier. The oligonucleotides were
used as provided and dissolved in an ultrapure water to give
stock solutions of 100 #M. The sequences of the oligonucleo-
tides that were used in this study are as follows:

(1) 5’-AAC TCT GCT CGA CGG ATT GCA GTA ACG TTA GTC
GGA TAA CAG ATC CAT-3'

(2) 5’-ACC CGA ACC TGG GCT ACC ACC CTT AAT CCC CAA
TCC GTC GAG CAG AGT T-3'

(3) 5’-TCC GAC TAA CGT TAC TGC TTT-BHQ-3'

(4) 5'-ATG GAT CTG TTA TCC GAC TAA CGT TAC TGC AAT
CCG TCG AGC AGA GTT-3’

(5) 5'-CAT CTT CAA ATC CAT CTT CTT TTC ATT CCA CTT TGC
AGT AAC GTT AGT CGG A-3'

(6) 5’-ACC CGA ACC TGG GCT ACC ACC CTT AAT CCC CAA
GTG GAA TGA AAA GAA G-3/

(7) 5’-AAA GTG GAA TGA AAA GAA GAT GGA TTT GAA GAT
G-3

(8) 5-GAG ACC ATC AAT GAG GAA GCT GCA GAA TGG GAT
TGC AGT ACG TTA GTC GGA-3’

(9) 5’-CCCTTC CTT CCT TCC AAC CAA CCCATCCCATTCTGC
AGC TT-3'

(10) 5’-ATC CCA TTC TGC AGC TTC CTC ATT GAT GGT CTC-3'

(10a) 5'-ATCCCATTC TACAGC TTC CTC ATT GAT GGT CTC-3’

(10b) 5'-ATC CAA TTC TAC AGC TTC CTC ATT GAT GGT
cTC-3’

(10¢) 5’-ATC CAATTC TACAGC TTC CTA ATT GAT GGT CTC-3’

(11) 5'-AAC TCT GCT CGA CGG ATT CGT TCT TCC AAC AGC
TAT AAA CAG TCC TGG AAG AAC GGC AGT AAC GTT AGT CGG
A-3

(12) 5'-CAG GAC TGT TTA TAG CTG TTG GAA G-3'

(13) 5'- TCA TTG AAG GAT TTT CCT TGT CAT G-3'

(14) 5'- GCT GCA GAA TGG GAT CTT CAT GAC AAG GAA AAT
CCT TCA ATG AAG TGG GTC AAT TAT-3'

(15) 5’- ATA ATT GAC CCA TTT- BHQ-3’

Synthesis of Fluorescent Ag NGs. The 615 nm luminescent Ag
NCs were synthesized by mixing 10 uL of the nucleic acid 2 or 6,
100 uM, with 20 uL of a phosphate buffer solution, 20 mM, pH =
7.0. To this solution 4 uL of a freshly prepared aqueous solution
of AgNO3, 1.5 mM, was added, followed by the vigorous shaking
of the solution for 30 s. After 15 min, 4 uL of freshly prepared
aqueous solution of NaBH,, 1.5 mM, was added to the solution,
followed by vigorous shaking of the mixture for 30 s. The solution
was kept in the dark at room temperature and was allowed to
react for 12 h. The 560 nm luminescent Ag NCs were synthe-
sized by mixing of the nucleic acid 9 as described above.
It should be noted that the Ag NCs reveal fluorescence peaks
at 560 and 610 nm, respectively. The fluorescence spectra are,
however, not smooth and include fluorescence shoulders.
This is due to the inhomogeneity of the sizes of the Ag NCs,
as reflected by the ESI-MS analyses (see Table S1, Supporting
Information). These features do not affect, however, the sensing
process since all Ag NCs are quenched by the BHQ quencher.

Preparation of the Sensing Modules. The analyses were per-
formed in a reaction volume of 150 uL that included phosphate
buffer solution, 10 mM, pH = 7.0, HEPES buffer solution, 10 mM,
pH =7.0,and 200 mM NaNOs. The sensing modules: 1/2/3, 5/6/
3, 8/9/3, 11/2/3 were reacted for 30 min and then subjected to
the respective targets: 4, 7, 10, and its mutants 12 for different

luminescent metal nanostructures and the sequence-
controlled luminescence properties of the metallic NCs
pave the grounds for designing new metal NCs-based
DNA sensing platforms.

time intervals, at fixed concentrations of the targets, or for a
fixed time intervals for variable concentrations of the targets.
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