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ABSTRACT: The use of DNA as a template has been demonstrated as an
effective method for synthesizing different-sized silver nanoclusters. Although
DNA-templated silver nanoclusters show outstanding performance as fluorescent
probes for chemical sensing and cellular imaging, the synthesis of DNA-stabilized
gold nanoclusters (AuNCs) with high fluorescence intensity remains a challenge.
Here a facile, reproducible, scalable, NaBH,-free, UV-light-assisted method was
developed to prepare AuNCs using repeats of 30 adenosine nucleotides (A;). The
maximal fluorescence of Ayj-stabilized AuNCs appeared at 475 nm with moderate
quantum vyield, two fluorescence lifetimes, and a small amount of Au® on the
surface of the Au core. Results of size-exclusion chromatography revealed that A;-
stabilized AuNCs were more compact than As,. A series of control experiments
showed that UV light played a dual role in the reduction of gold-ion precursors and
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the decomposition of citrate ions. Ay, also acted as a stabilizer to prevent the aggregation of AuNCs. In addition, single-stranded
DNA (ssDNA) consisting of an AuNC-nucleation sequence and a hybridization sequence was utilized to develop a AuNC-based
ratiometric fluorescent probe in the presence of the double-strand-chelating dye SYBR Green I (SG). Under conditions of single-
wavelength excitation, the combination of AuNC/SG-bearing ssDNA and perfectly matched DNA emitted fluorescence at 475
and 525 nm, respectively. The formed AuNC/SG-bearing ssDNA enabled the sensitive, selective, and ratiometric detection of
specific nucleic acid targets. Finally, the AuNC-based ratiometric probes were successfully applied to determine specific nucleic

acid targets in human serum.
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B INTRODUCTION

Gold-based nanomaterials have received substantial attention in
the past decade because of their intriguing size- and shape-
dependent optical, electrical, and catalytic properties."> Of
these properties, the optics of gold-based nanomaterials are
perhaps most interesting; gold-based nanomaterials that are
larger than 3 nm possess size- and shape-dependent surface
plasmon resonance (SPR) caused by the interaction of light
with electrons on the gold surface. At the resonance
wavelength, SPR can generate strong light scattering, a local
electromagnetic field, and localized heat release.' As the size of
gold-based nanomaterials approaches the Fermi wavelength of
an electron, they become ultrasmall “gold nanoclusters”
(AuNCs) that exhibit moleculelike properties such as strong
fluorescence’ and quantized charging.”” In addition to being
ultrasmall, AuNCs are biocompatible and photostable. These
properties enable AuNCs to serve as fluorescent probes for use
in chemosensing, molecular imaging, and biolabeling.’”*
Although silver nanoclusters have similar advantages to
AuNGC:s, their fluorescence is sensitive to the concentration of
chloride anions because of strong complexation between Ag(I)
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and chloride anions.” In addition, silver-based nanomaterials are
susceptible to oxidizing agents.'’

Numerous innovative synthesis methods have been devel-
oped for preparing differently sized AuNCs with fluorescent
emissions from the UV to the near-IR regions. Ligand-induced
removal of gold atoms from the surface of nanometer-sized
gold particles (>2 nm) results in the formation of fluorescent
AuNCs via electron injection from the ligands to the gold
particles.'"'* Long-chain thiols such as 11-mercaptoundecanoic
acid,”? dihydrolipoic acid,"* 11-mercapto-3,6,9-trioxaundecyl-
a-p-mannopyranoside,'” and glutathione'® are most commonly
used as etching ligands for producing highly fluorescent
AuNCs. Choosing a suitable capping ligand and template is
an alternative method for producing fluorescent AuNCs. For
example, near-IR-emitting AuNCs with a quantum yield (QY)
of 2.9% were prepared via NaBH, reduction of a gold precursor
in the presence of lipoic acid,'”'® whereas blue-emitting
AuNCs with a QY of 8.3% were synthesized by reducing a
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Figure 1. (A) Absorption spectrum of Ay -stabilized AuNCs. (B) Fluorescence spectra of Ayj-stabilized AuNCs with (a) and without (b) the
treatment of UV light. Inset: Digital photos of Asq-stabilized AuNCs under visible (left) and UV light (right).

mixture containing a gold precursor and 3-mercaptopropionic
acid with NaBH,."” Hydroxyl-terminated poly(amidoamine)
dendrimer and bovine serum albumin have been utilized as
templates for preparing blue-emitting Aug and red-emitting
Au,g clusters, respectively.””*' Compared with thiols, proteins,
and polymers, the use of DNA as a template for synthesis of
fluorescent AuNCs in the presence of citrate’” or dimethyla-
mineborane™ has been reported in relatively few studies. In
addition, the application of DNA-templated AuNCs as a
fluorescent probe lacks investigations because of low
fluorescence intensity, although DNA molecules are widely
used as recognition elements in nanomaterials for sensitive and
selective detection of biomolecules and metal ions.

Photosynthetic methods are well-established for the
preparation of gold-based nanomaterials in the presence of
adenosine,”* benzoin,” cationic surfactants,26 CdS nanorods,”’
and carbon nanotubes.”® Compared with standard chemical
approaches, light-assisted synthesis of gold-based nanomaterials
offers the following distinct advantages: (1) The process is
simple and green. (2) The rate of reaction can be controlled by
tuning the power density and the irradiation wavelength. (3)
The reducing agent is uniformly distributed throughout the
solution. Sodium citrate ions are commonly utilized as the
reducing agent for the synthesis of metal nanoparticles,”” and
the major oxidized species of citrate ions during the synthesis
has been identified as acetoacetate.”® The decomposition of
citrate to acetoacetate was also observed when citrate was
irradiated with visible light in the presence of silver nano-
particles.”** Without those thoughts in mind, in the present
study, we proposed that UV light could be used to stimulate the
decomposition of citrate ions. We identified the chemical roles
of UV light, citrate, and polyadenosine in the UV-light-assisted
synthesis of AuNCs. In addition, we used a combination of the
double-strand-chelating dye SYBR Green (SG) and blue-
emitting AuNCs to design a ratiometric fluorescent probe for
specific nucleic acid targets.

B RESULTS AND DISCUSSION

UV-Light-Assisted Formation of AuNCs. The synthesis
of DNA-templated AuNCs was achieved by irradiating an
aqueous gold-ion precursor solution with 305 nm UV light in
the presence of 1 yuM A, and citrate ions at pH 6.0. This one-
step reaction proceeded at ambient temperature for 24 h. The
as-prepared solution exhibited a broad absorption band without
a localized SPR band, which indicated the possible formation of
AuNCs (Figure 1A). Upon excitation at 290 nm, the as-
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synthesized AuNCs emitted a maximal fluorescence at 475 nm
(curve a in Figure 1B). Because polyadenosine-containing
adenine exhibits fluorescence when excited at 290 nm, we
compared the fluorescence spectra of A;; and A;j-stabilized
AuNCs. Figure S1 shows that the emission at 475 nm resulted
from A,;-stabilized AuNCs rather than Ay,. To initiate a control
experiment, the reaction of HAuCl,, A, and citrate ions was
allowed to proceed for 24 h without UV irradiation. The
resulting product fluoresced weakly, which indicates that UV
light is essential to convert gold-ion precursor to fluorescent
products (curve b in Figure 1B).The emission at 475 nm that
corresponds to Ajy-stabilized AuNCs suggests that Aug clusters
formed successfully in A,, via the simple relationship Eg../
N3, which was predicted using the spherical Jellim model.”
The emission wavelength is almost equal to that reported for
lysozyme-stabilized (A, = 455 nm),>* BSA-mediated (A,
=450 nm),”” polyethylenimine-encapsulated (4,,,, = 455 nm),*
and dendrimer-capped (A, = 458 nm) AuNCs.”” Because the
excitation wavelength varied from 280 to 370 nm, the maximal
emission wavelength of A;y-stabilized AuNCs remained almost
constant (Figure S2). This result clearly indicates that the band
at 475 nm was indeed a fluorescence signal rather than
scattering from AuNCs and As,. The absolute QY of Ajy-
stabilized AuNCs with and without the treatment of UV light
was determined to be 22 and 0.5%, respectively. Lifetime
values of Aug clusters were obtained by numerically fitting the
fluorescence at 475 nm (excitation at 390 nm). The blue-
emitting Aug clusters exhibited two lifetimes of 3 ns
(approximately 40%) and 40 ns (approximately 60%) (Figure
S3). The short lifetime could be attributed to the singlet
transition between the d band and sp band, whereas the long
lifetime probably arose from triplet—singlet intraband tran-
sition. The identification of two lifetimes in the present study
agrees with the findings of previous AuNC studies.”* >’ The
stability of As-stabilized AuNCs was examined by monitoring
their fluorescence under various conditions. When the pH of
the solution varied from 3.0 to 11.0, the fluorescence intensity
at 475 nm of Azj-stabilized AuNCs remained almost unchanged
(Figure S4). In the presence of 200 mM NaCl, a 20% decrease
in the fluorescence intensity of Ay -stabilized AuNCs was
observed (Figure SS). In contrast, previous studies reported
that the presence of 200 mM NaCl caused about 99%
fluorescence quenching of DNA-templated silver nanoclus-
ters.”* A slight decrease in the fluorescence of Az(-stabilized
AuNCs was observed after prolonged storage at 4 °C for 5
months (Figure S6). These results suggest that Ajy-stabilized
AuNCs have potential for use as molecular sensors under a
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Figure 2. Characterization of Ayj-stabilized AuNCs. (A) XPS spectrum of Asq-stabilized AuNCs. (B) SEC chromatograms of A, (black line) and
Agy-stabilized AuNCs (red line). Inset: Fluorescence spectra of peaks 1 and 2. (C) Negative-ion MALDI-TOF mass spectrum of Asj-stabilized
AuNCs. (D) CD spectra of Ay, (black line) and Ayq-stabilized AuNCs (red line).

variety of physiological conditions. With a reliable irradiation
process by UV light, the synthesis method presented above had
good batch-to-batch reproducibility (Figure S7). In addition,
Figure S8 shows that the synthesis method can be scaled up to
large volumes (e.g,, 20 mL).

The valence states of A;j-stabilized AuNCs were determined
from their X-ray photoelectron spectroscopy (XPS) spectra.
Deconvolution of the Au 4f/? spectrum of A,-stabilized
AuNCs revealed the existence of Au’, Au*, and Au’*. According
to the best fit of the experimental data, A;y-stabilized AuNCs
consisted of 4% Au’*, 28% Au', and 68% Au’ (Figure 2A).
Apparently, UV light does indeed stimulate the conversion of
HAuCl, to AuNCs in the presence of citrate ions and As. Size-
exclusion chromatography (SEC) was used to confirm the
formation of AuNCs because this separation method can
distinguish solutes on the basis of their sizes. In contrast to the
chromatogram of A;, (black line in Figure 2B), the chromato-
grams of Ajy-stabilized AuNCs exhibited two resolved peaks
(black line in Figure 2B). Because the molecular weight of Ay,
resembles that of A;j-stabilized Aug clusters, we proposed that
they would have similar retention times. Accordingly, a large
peak, peak 1, with a retention time at 16.8 min, was collected
manually from the SEC column and analyzed by fluorescence
spectroscopy. A small peak, peak 2, with a retention time at
18.9 min, was also collected for further analysis. The
fluorescence and absorption spectra of peak 1 was almost the
same as that of an Ay,-stabilized-AuNC solution (inset in Figure
2B; also Figure S9); thus, peak 1 corresponded to the Ay
stabilized AuNCs. Peak 2 did not exhibit fluorescence in the
spectral region of interest (inset in Figure 2B), which implies
that it did not contain AuNCs. This result suggests that the
presence of the byproduct in an A;-stabilized-AuNC solution
did not interfere with their optical properties. Although Asj-
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stabilized AuNCs have a larger molecular weight than A;, they
were eluted later. This could be because AuNCs contact the
DNA strand through nucleobase coordination, which results in
a condensed and compact structure. Similarly, Obliosca et al.*’
used SEC to determine the size of DNA-stabilized silver
nanoclusters; they revealed that the retention time of these
nanoclusters was slightly slower than that of DNA strands. We
also measured the hydrodynamic radius of A,y-stabilized
AuNCs to determine the impact of AuNC adducts on DNA
shape. SEC analysis of five single-stranded polyadenosines (A,
Ay Azgy Ay and Ag) resulted in a calibration curve describing
the retention time according to the logarithm of the
hydrodynamic radius (Figure S10). Importantly, the hydro-
dynamic radii of these polyadenosines progressively increased
as their length increased. The hydrodynamic size of Ajy-
stabilized AuNCs was 42% smaller than that of Ay,

In addition to the XPS and SEC measurements, the results of
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) provided strong supporting
evidence for the successful formation of AuNCs. In MALDI-
TOE-MS analysis of A;, and Ay -stabilized AuNCs, 3,4-
diaminobenzophenone was chosen as the matrix because it
provides a low detection limit, high resolution, and Iess
fragmentation.”’ In contrast to the mass spectra of 3,4-
diaminobenzophenone (Figure S11), the mass spectra of Ay,
and A;j-stabilized AuNCs consisted of a broad range of peaks
in the higher mass range (Figures S12 and 2C). Apparently, the
peaks between m/z 1200 and 2800 originated from A;, and
Aj-stabilized AuNCs rather than 3,4-diaminobenzophenone.
The mass spectrum of Ay-stabilized AuNCs consisted of major
peaks at m/z 1052, 1058, 1190, 1321, 1460, 1593, 1732, and
1862, which corresponded to [6Au + Na + A;y] ™', [6Au + 3Na
+ Ag] 710 [7Au + Ayl ™%, [6Au + 2Na + Asy] ™% [4Au + 4 Na +

DOI: 10.1021/acsami.5b07766
ACS Appl. Mater. Interfaces 2015, 7, 23708—23716


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07766/suppl_file/am5b07766_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07766/suppl_file/am5b07766_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07766/suppl_file/am5b07766_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07766/suppl_file/am5b07766_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07766/suppl_file/am5b07766_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07766/suppl_file/am5b07766_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b07766

ACS Applied Materials & Interfaces

Research Article

(A)

8000
[ la
I
6000 -
S
i 4000 -
£
—~ 2000
I — —— o
Acetate Citrate Phosphate Tric-HCI
Buffer
(C) 8000
[A,] (nM)
1000
6000 100
— 80
S 4000 40
s 10
'S
— 2000t 0
0

420 440 460 480 500 520 540
Wavelength (nm)

8000
= UV
o Green
6000 ¢ Red .,
=- [ ]
& 4000¢ .
£
& .
¥ 2000 - . . o
N o
0 5 9 $ M Y Y T T
0 6 12 18 24 30 36
Time (h)
(D)
8000
Aso
6000 | C30
- G,,
S 4000} T
S 30
_I.I.
2000 |

420 440 460 480 500 520 540
Wavelength (nm)

Figure 3. Effect of the parameters on the synthesis of Ay-stabilized AuNCs. (A) Fluorescence intensity at 475 nm of the product synthesized from
different buffer solution with (a) and without UV irradiation (b). (B) Temporal change in fluorescence intensity at 475 nm of the precursor solution
under the irradiation of UV-, green-, and red-emitting LEDs. (C and D) Effect of (C) the Ay, concentration and (D) the DNA sequence on the
fluorescence spectra of the product obtained from photoreaction of UV light and the precursor solution. (A—D) The precursor solution contains (A)
50 uM HAuCl,, 1 uM Ay, and S mM buffer solution, (B) 50 uM HAuCl,, 1 uM Ay, and 5 mM sodium citrate, (C) S0 uM HAuCl,, 0—1000 nM
Ay and S mM sodium citrate, and (D) SO uM HAuCl,, 1 uM oligonucleotide, and S mM sodium citrate.

As]™7, [Au + Na + As] ™% [SAu + 3Na + Ay ™% and [9Au +
3Na + As) 75, respectively. The formation of sodium adducts
was generally observed in negative-mode MALDI-TOEF-
MS.*"* This result indicates that A;y can complex with
AuNC:s. In addition, the number of Au atoms in A,y-stabilized
AuNCs was less than nine; thus, their emission wavelength
could be located between 400 and 500 nm. Transmission
electron microscopy (TEM) imaging reveals that the majority
of as-synthesized AuNCs were smaller than 2 nm in size
(Figure S13). These findings are consistent with the
aforementioned results from the fluorescence spectroscopy
and SEC analyses.

Circular dichroism (CD) spectroscopy analyses provided
another line of evidence for the strong interaction between
polyadenosine and AuNCs. Compared with the CD spectrum
of Ayy, Azp-stabilized AuNCs exhibited a remarkable change in
ellipticity at the region from 200 to 350 nm, which suggests that
the presence of AuNCs triggers a dramatic change in the
conformation of Ay, (Figure 2D). This finding is in agreement
with a specific result from SEC analysis that showed Aj;-
stabilized AuNCs had a shorter retention time than Ay,

Chemical Role of Citrate lons and UV Light. To
determine the role of citrate ions in the UV-light-assisted
synthesis of AuNCs, four different buffer systems (sodium
acetate, sodium phosphate, Tris-HCl, and sodium citrate) were
incubated with a solution containing HAuCl, and Ay, for 24 h
at pH 6.0. Without UV light irradiation, weak fluorescence was
only observable where the solution was buffered with sodium
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citrate (Figure 3A). Compared with the other buffer systems,
citrate ions were still capable of reducing HAuCl, to AuNCs in
the presence of Az, without UV light irradiation. This result is
consistent with the observation that citrate ions were effective
to reduce HAuCl, to AuNCs in the presence of repeats of 5
adenosine nucleotides.”> When a mixture of HAuCl,, A, and
citrate ions was irradiated with UV light, the generated products
emitted strong fluorescence at 475 nm. Thus, UV-light-induced
decomposition of citrate ions apparently supplies the electrons
that facilitate the conversion of HAuCl, to AuNCs. To confirm
this result, the synthesis of A;-stabilized AuNCs proceeded at
90 °C without UV light irradiation. Figure S14 shows that the
fluorescence spectrum of the products obtained from UV-light-
assisted synthesis resembled that of the products synthesized
from heating-assisted synthesis. This result clearly suggests that
the heating method intensified the oxidation of citrate to
acetoacetate supplying the electrons for the reduction of
HAuCl, which is consistent with the previous finding.*’
Therefore, the oxidation of citrate ions was determined to be
a major factor governing the synthesis of DNA-templated
AuNCs.

The absorption and fluorescence spectra of Aj-stabilized
AuNCs were monitored at different growth stages under
conditions of UV light irradiation. Prior to irradiation, a mixture
of HAuCl,, citrate, and A, had a strong absorbance band
centered at 260 nm, which can be attributed to the intrinsic
absorbance of A;, (Figure $15).* When the precursor solution
was irradiated with UV light, the absorbance intensity
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progressively increased with time from 300 to 400 nm (Figure
S15). Additionally, the fluorescence intensity of the precursor
solution at 475 nm gradually increased with irradiation time
(Figure 3B). The changes in absorbance and fluorescence
spectra were attributed to the conversion of HAuCl, to AuNCs.

The effect of irradiation wavelength on the photoreduction
process was also investigated to confirm the role of UV light in
the synthesis of DNA-templated AuNCs. When the precursor
solution was separately irradiated with green- and red-emitting
LEDs, the obtained product exhibited weak absorbance in the
range from 300 to 400 nm (Figure S16), accompanied by the
presence of weak fluorescence intensity at 475 nm (Figure 3B).
This indicates that UV light is more efficient for the formation
of AuNCs than green or red light, which in turn implies that the
decomposition of citrate ions proceeds relatively quickly when
using UV light irradiation. However, this could also be
explained by the stability of the HAuCl, complexes being
relatively weak under conditions of UV illumination, which
would lead to the dissociation of Au®* from the complex.”
Here, cyclic voltammetry (CV) was utilized to support the
conversion of HAuCl, to AuNCs via UV light irradiation. CV
analysis of the precursor solution generated one reduction wave
at +0.28 V in the forward potential scan from +1.0 to —1.0 V
and one oxidation wave at +0.95 V in the reverse potential scan
(Figure S17A). The reduction wave results from the reduction
of AuCl,”™ to Au’, whereas the oxidation wave is due to the
oxidation of the formed Au’.*® After the photoreaction of UV
light and the precursor solution had proceeded for 4 h, CV
analysis of the obtained products revealed that the Au®*
reduction wave was shifted to +0.47 V and its current became
smaller (Figure S17B). When the photoreaction continued to
24 h, the Au®" reduction wave was no longer observed in the
CV voltammogram of the obtained products (Figure S17C).
The shift in the potential of the Au®* reduction wave indicates
that once AuNCs are formed a much lower potential is required
for additional formation of AuNCs. Similarly, Chen and
Huang"” reported that the Au®* reduction wave was shifted
to an increased positive potential after the electrodeposition of
Au nanoparticles on the electrode surface. The observed
decrease in the current of the Au** reduction wave shows that
the concentration of HAuCl, decreased with irradiation time.
Importantly, the UV-light-assisted conversion of HAuCl, to
AuNCs was complete after 24 h. In comparison, Lopez and Liu
prepared adenosine-capped AuNCs with blue emission through
a short time exposure of the adensoine—Au*" complexes to UV
light in the presence of citrate ions.”* The difference in UV
exposure time between the proposed and previous methods
could be attributed to the fact that polyadensoine forms more
stable complexes with Au** than adenosine. The reduction of
the adenosine—Au®" complexes is therefore much easier than
that of the polyadenosine—Au®** complexes.

Chemical Role of Polyadenosine. Short cytosine-rich
DNA molecules have been used extensively as templates in the
synthesis of silver nanoclusters because of the strong binding of
cytosine to silver ions."® Because polyadenosine is capable of
directly attaching to the surface of citrate-capped gold
nanoparticles through the exocyclic amino group and ring
nitrogen atoms,*” we reasoned that the role of polyadenosine in
the UV-light-assisted synthesis of AuNCs is to serve as a
stabilizer. To confirm this hypothesis, preparation of AuNCs
was carried out in the presence of different concentrations of
Ayp. After treating a mixture of citrate ions and HAuCl, with
UV light in the absence of A;, the obtained products exhibited

an SPR band at 525 nm, which is the characteristic band of gold
nanoparticles (Figure S18). Because of the absence of a
stabilizer, the formed AuNCs were extremely unstable and
aggregated to form large particles. As the concentration of Aj,
increased in the precursor solution, we observed a progressive
decrease in the SPR band intensity (Figure S19), which was
accompanied by a gradual increase in the fluorescence intensity
(Figure 3C). These results indicate that increasing the Aj,
concentration facilitates the formation of AuNCs, and this can
be attributed to As, acting as a stabilizer to prevent the
aggregation of AuNCs through aurophilic attraction. In other
words, the attachment of polyadenosine on the surface of
AuNCs inhibits their growth through electrostatic repulsion or
steric hindrance. When A, was replaced by 30-repeat thymines
(Ty), cytosines (Cyy), or guanines (Gj,), UV-light-assisted
synthesis of AuNCs was unsuccessful under identical conditions
(Figure 3D). Therefore, in contrast to thymine, cytosine, and
guanine, polyadenosine has a high affinity for AuNCs and is
apparently able to prevent their aggregation in an aqueous
solution.

On the basis of our experimental results and earlier studies,
we concluded that five processes occurred during UV-light-
assisted synthesis of AuNCs (Figure 4): (1) The interaction
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Figure 4. Step-by-step illustration of the procedure for UV-light-
mediated synthesis of Asy-stabilized AuNCs in the presence of sodium
citrate.

between Au** and adenine bases resulted in the formation of
the Au**—polyadenosine complexes. (2) UV light induced the
oxidation of citrate ions to acetoacetate and the produced
electron converted gold ions to atomic Au’. (3) The formed
Au’ tended to aggregate through aurophilic attraction.’® (4)
The electrons produced from oxidized citrate ions reduced gold
ions on the surface of the assembled Au’, thereby promoting a
progressive increase in particle size; polyadenosine molecules
acting as stabilizers attached to the surface of the formed
AuNCs, preventing nanoclusters from coalescing with
neighboring clusters. (S) The formation of Ajy-stabilized
AuNCs increased with increasing irradiation time and reached
saturation after 24 h.

Ratiometric Fluorescent Probes. Various factors, includ-
ing environmental conditions, probe concentration, photo-
bleaching, and stability of the light source, could interfere with
the signal from the fluorescent sensor, which would result in
inaccurate quantification. Theoretically, these shortcomings
could be overcome by using a ratiometric fluorescent probe
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Figure 5. (A) Ratiometric detection of specific nucleic acid target via the combination of SG- and AuNC-bearing ssDNA. (B) Fluorescence spectra
of AuNC/SG-bearing ssDNA in the presence of increasing DNA,,, concentration. The arrow indicates the signal changes with increasing the
concentration of analyte: 0. 1. 2.5, S, 7.5, 10, 50, 100, and S00 nM. (C) Plot of the Is;s,/Iy7snm Value versus theDNA,,,, concentration. (D) Lysnm/
I7som value of AuNC/SG-bearing ssDNA in (a) the absence and (b—e) presence of 10 nM (b) nontarget DNA, (c) DNA,,, (d) single-base-
mismatched DNA, and (e) double-base-mismatched DNA. The error bars represent standard deviations based on three independent measurements.
The incubation time was 30 min. A mixture of 100 nM SG and 0.1X AuNC-bearing ssDNA was prepared in 10 mM Tris-HCI at pH 7.0.

because it offers built-in correction of the aforementioned
factors.”’ To produce a probe such as this, single-stranded
DNA (ssDNA) consisting of an AuNC-nucleation sequence
(As) and a 22-base hybridization sequence was utilized as a
template for the synthesis of AuNCs under the same conditions
used during the synthesis of Ay-stabilized AuNCs (Figure SA).
Figure S20 shows that the emission band of the as-synthesized
AuNCs was centered at approximately 475 nm, which
resembled the emission wavelength of Ajj-stabilized AuNCs.
A mixture of SG (100 nM) and perfectly matched DNA
(DNAPm) was added to the AuNC-bearing ssDNA, and the
resultant formation of double-stranded DNA (dsDNA) in the
hybridization sequence interacted with the SG molecules to
cause an increase in their fluorescence intensity at 525 nm
(with an excitation of 290 nm; Figure S21). A concentration of
100 nM SG was chosen for this sensing system because a higher
concentration of SG caused a higher fluorescence background
and reduced the sensitivity of the proposed probe. In a control
experiment, the addition of either perfectly matched DNA or
SG to a solution of AuNC-bearing ssDNA did not affect the
fluorescence of AuNCs (Figure S21). Additionally, the
fluorescence intensities at 475 and 525 nm of AuNC/SG-
bearing dsDNA, respectively, were similar to those of AuNC-
bearing ssDNA and SG-labeled dsDNA at the same
concentrations (Figure S22). This demonstrates that fluo-
rescence resonance energy transfer from AuNCs to SG rarely
occurred. These results strongly suggest that AuNC/SG-
bearing ssDNA is well-suited for ratiometric detection of
specific nucleic acid targets (Figure SA).

Figure SB shows that the fluorescence intensity at 525 nm
(Iszsnm) of AuUNC/SG-bearing ssDNA gradually increased with
the concentration of DNA,,,; however, this was accompanied
by unchanged fluorescence intensity at 475 nm (Iysum)- A
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linear relationship was observed between the Igsn./Lizsnm
values and DNA,,, concentration (Figure SC) from 1 to 10
nM (R* = 9974). With a signal-to-noise ratio of 3 for DNA,,,
the limit of detection (LOD) was estimated as 0.3 nM. The
sensitivity of this probe for DNA,,, is comparable to that of a
molecular beacon with two fluorescent dyes.’>>® Figure SD
shows that the I, /Ii7s.m value obtained from the analysis of
DNA,,, was higher than that obtained from the analysis of
single-base-mismatched DNA, double-base-mismatched DNA,
and nontarget DNA; thus, AuNC/SG-bearing ssDNA exhibited
high selectivity toward DNA,,. The feasibility of AuNC-
bearing ssDNA was next validated by quantifying DNA,,, in
human plasma sample. After samples of human plasma were
spiked with a series of concentrations of DNA,,, the DNA,, -
spiked samples were treated with the PureLink Genomic DNA
Mini Kit. Note that this kit is designed for direct and efficient
extraction of DNA from complex biological matrices. The
extracted samples were then detected by the proposed probe.
As the spiked concentration of DNA,,, was increased, we
observed a gradual increase in the fluorescence intensity at 525
nm and a rare change in the fluorescence intensity at 475 nm.
Plotting the Is,s5,./Li7snm value against the spiked concentration
of DNA,,, produced a linear plot over the range of 1 to 10 nM
(R* = 9956). This result clearly reveals that DNA,, was
successfully detected in plasma by using AuNC/SG-bearing
ssDNA.

B CONCLUSIONS

In this study, UV light was introduced as a tool for the synthesis
of DNA-templated AuNCs in the presence of citrate ions. The
formation of A;y-stabilized AuNCs was driven by the UV-light-
triggered oxidation of citrate ions and polyadenosine-induced
inhibition of nanocluster aggregation. A functional ssDNA
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probe, which consisted of Ajy-stabilized AuNCs and a
recognition sequence for hybridization, was hybridized with
target DNA to form dsDNA; the result was enhanced
fluorescence intensity of SG at 525 nm and a rare change in
the fluorescence intensity of Asy-stabilized AuNCs at 475 nm.
The combination of SG, AuNC-bearing ssSDNA, and DNA,,,
resulted in the generation of AuNC/SG-bearing dsDNA, which
emitted fluorescence at 475 and 525 nm under conditions of
single-wavelength excitation. The sensing platform described
here exhibited high sensitivity and high reproducibility, and it
was able to discriminate between DNA,, and single-base-
mismatched DNA. To the best of our knowledge, this is the
first example of the synthesis of DNA-templated AuNCs for
sensitive and selective detection of specific nucleic acid targets.
Because the fluorescence features of DNA-templated silver
nanoclusters strongly rely on their DNA sequence,”* we believe
that different sizes of DNA-templated AuNCs could be
synthesized by tuning the DNA sequence. Moreover, the
availability of other DNA-binding fluorescent dyes as well as the
sequence- and structure-dependent selectivity of DNA
molecules such as aptamers will pave the way for the design
and development of additional AuNC-based ratiometric
fluorescence probes.

B EXPERIMENTAL SECTION

Chemicals. Hydrogen tetrachloroaurate (III) dehydrate was
purchased from Alfa-Aesar (Ward Hill, MD, USA). Bovine serum
albumin (from bovine serum), NaOH, HCIl, NaCl, Na,HPO,,
NaH,PO,, H;PO,, Na;PO,, homocysteine, quinine sulfide, citric
acid, trisodium citrate, tris(hydroxymethyl)aminomethane (Tris),
acetic acid, sodium acetate, 3,4-diaminobenzophenone, AChE
(EC1.1.3.7 from Electrophorus electricus, 1000 U mg™"), ATC, bovine
serum albumin, cytochrome C (from bovine heart), hemoglobin (from
human erythrocytes), myoglobin (from equine heart), thrombin (from
bovine serum), human serum albumin, and metal ions were ordered
from Sigma-Aldrich (St. Louis, MO, USA). Lysozyme (from chicken
egg white) and trypsin (from bovine pancreas) were obtained from
MP Biomedicals (Irvine, CA). All DNA samples were synthesized
from Neogene Biomedicals Corporation (Taipei, Taiwan). SG
(10000% ; 19.2 mM) was purchased from Molecular Probe, Inc.
(Portland, OR); the molar absorption coefficient of SG at the optical
wavelength of 494 nm is approximately 73 000 M™' cm™. Milli-Q
ultrapure water (Milli-Pore, Hamburg, Germany) was used in all of the
experiments.

Instrumentation. The absorption and fluorescence spectra were
recorded using a double-beam UV—vis spectrophotometer (Cintra
10e; GBC, Victoria, Australia) and a Hitachi F-7000 fluorometer
(Hitachi, Tokyo, Japan), respectively. CV was conducted using a CHI
611c electrochemical analyzer (CHinstrument Inc., USA). A
disposable electrochemical screen-printed electrode consisting of a
carbon working electrode, a carbon counter electrode, and a Ag/AgCl
reference electrode was purchased from Zensor R&D (Taichung,
Taiwan). Time-resolved fluorescence measurements of Ayq-stabilized
AuNCs were carried out using a time-correlated single-photon
counting system (Time-Harp 200, PicoQuant GmbH, Berlin,
Germany) equipped with a pulsed diode laser at 390 nm (tens of ps
pulse-width). The elemental compositions of As-stabilized AuNCs
were measured by JAMP-9S00F Auger Electron Spectroscopy (JEOL,
Japan). CD was carried out on a JASCO model]-815 CD
spectropolarimeter (JASCO, Corporation, Tokyo, Japan). The size-
exclusion chromatography system consisted of a Spectra Series P100
isocratic pump (Thermo Separation Products, Waltham, MA, USA), a
manual injector, a separation column (OHpak SB-804 HQ, Showa
Denko America, Inc. New York, USA; 8.0 mm ID X 300 mm), and a
Spectra Series UV100 detector (Thermo Separation Products,
Waltham, MA, USA). TEM (JEM-1400, JEOL, Tokyo, Japan) was
used to measure the size of Ajj-stabilized AuNCs. MALDI-TOF MS
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(BrukerDaltonics, Germany) was carried out to determine the
molecular weight of Ajj-stabilized AuNCs. Prior to MALDI-TOF
MS measurement, 3,4-diaminobenzophenone (0.01 g) was dissolved
into a solution (1 mL) containing 70% acetonitrile and 0.1%
trifluoroacetic acid. We mixed the as-prepared solution with an
equal volume of the purified Ayy-stabilized AuNCs and pipetted the
resulting mixture onto a stainless-steel 384-well target (BrukerDal-
tonics, Germany). In negative-ion and reflectron mode, each final mass
spectrum was accumulated as an average of 5000 single-shot spectra.
Laser fluence was set to 72 4J/100 pm?>

Synthesis of Polyadenosine-Stabilized AuNCs. A 500 uL
volume of aqueous solution containing HAuCl, (1 mM, 10—100 uL),
polyadenosine, (A10-A50; 10 uM, SO uL), and sodium citrate (pH 6;
100 mM, 25 uL) was prepared in a quartz cuvette at ambient
temperature. Parafilm was used to seal the containers. The as-prepared
solution was exposed to UV-emitting LED (UVTOP29S, Roithner
Laser Technik, Vienna, Austria; 4, = 305 nm; optical power = 500
UW at 20 mA) in a dark box at ambient temperature for 0—36 h
(Figure S24). The concentration of the as-synthesized AuNCs was
denoted as 1X in this study. To test the effect of the wavelength on the
photoassisted synthesis of AuNCs, this study replaced UV LED with a
green-emitting LED (4., = 525 nm; optical power = 180 mW) and a
red-emitting LED (A, = 635 nm; optical power 180 mW).
Additionally, other buffer systems, including sodium acetate, sodium
phosphate, and Tris-HCI, were used in place of sodium citrate. To
develop ratiometric probe, ssDNA (§'-A;, CAT CAT AGT CCA
GTG TCC AGG G-3') was used to synthesize AuNCs under the same
conditions as provided in the preparation of Ajy-stabilized AuNCs.
The concentration of AuNC-bearing ssDNA was denoted as 1X in this
study.

Sensing of Target DNA. All samples were prepared in 10 mM
Tris-HCl at pH 7.0. Different concentrations of DNA,,, (0—1 uM, 200
uL; 5'-CCC TGG ACA CTG GAC TAT GAT G-3') was mixed with
Ajq-stabilized AuNCs (1X , 40 uL) at 40 °C for 30 min. A solution of
SG (250 nM, 160 uL) was incubated with the resulting solution at
ambient temperature for another 30 min. The resulting solutions were
transferred into a 1 mL quartz cuvette. Their fluorescence spectra were
recorded by operating the fluorescence spectrophotometer at an
excitation wavelength of 290 nm. The selectivity of Aj,-stabilized
AuNCs was tested by replacing DNA,,,, one at a time with single-base-
mismatched DNA (5'-CCC TGG GCA CTG GAC TAT GAT G-3'),
double-base-mismatched DNA (5'-CCC TGG GCA CTG GAC TCT
GAT G-3'), and nontarget DNA (5'-TTC CCA CCC ACC CCG
GCC C GT T-3').

To quantify DNA,,, in real samples, blood samples were collected
from a healthy adult male (age = 24 years). The whole blood samples
were immediately centrifuged at 10 000 rpm for 10 min. The obtained
plasma samples (100 uL) were spiked with standard solutions of
DNA,,, (0—400 nM, 100 uL). The spiked samples were treated with
the PureLink Genomic DNA Mini Kit (200 yL; Life Technologies).
The purified samples (40 uL) were incubated with a solution
containing AuNC-bearing ssDNA (1x , 40 uL), SG (1 uM, 40 uL),
and 20 mM Tris-HCI (1 uM, 280 uL) at ambient temperature for 30
min.
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