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a b s t r a c t

We have developed a simple, rapid and label-free sensor for the essential biological OHd radicals based
on the fluorescence quenching of DNA-templated Ag nanoclusters (DNA-Ag NCs). The OHd radicals
generated from the Fenton reagent attack and cleave the DNA template, which disturbs the micro-
environments around Ag NCs, resulting in spontaneous aggregation due to the lack of stabilization and
further the quenching of the Ag NCs fluorescence. These changes in fluorescence intensity allow sensing
of OHd radicals with good sensitivity and selectivity under optimal conditions. The sensor can be also
applied for quantifying the radical scavenging action of antioxidants. Various characterizations including
absorption spectra, fluorescence lifetimes, light scattering (LS) spectra, transmission electron microscopy
(TEM), dark field light scattering imaging, and circular dichroism (CD) spectrometry have been employed
to illustrate the proposed sensing mechanism. Further investigations demonstrate that the fluorescent
probe could penetrate into intact cell membranes to selectively detect intracellular OHd radicals induced
by the phorbol myristate acetate (PMA) stimulation. These advantageous characteristics make the
fluorescent DNA-Ag NCs potentially useful as a new candidate to monitor OHd in broad biosystems.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

It is known that the redox reactions controlled by a complex
enzymatic mechanism in mitochondria would generate radical and
nonradical reactive oxygen species (ROS), i.e., superoxide anion (O2

d�),
hydroxyl radical (OHd), singlet oxygen (1O2), and hydrogen peroxide
(H2O2) [1,2]. These oxygen-derived species have been implicated as
damaging agents involved in many physiological and pathological
conditions, including carcinogenesis [3], inflammatory response [4],
ischemia-reperfusion injury [5], and eukaryotic signal transduction [6].
In addition, the accumulation of ROS can lead to alteration of cellular
functions responsible for cardiovascular diseases, neurodegenerative
diseases, diabetes, cancer, joint diseases as well as aging [7–12]. In
particular, the OHd radical produced by the Fenton and Habber-Weiss
reactions of H2O2 is considered the most aggressive free radical
primarily responsible for cellular disorders and cytotoxic effects that
can be traced back to the oxidative damage of DNA [13], RNA [14],
proteins [15], or lipids [16].

OHd radicals could be monitored using various methods,
including electron spin resonance (ESR) [17], high pressure liquid
chromatography (HPLC) [18], electrochemistry [19], UV–vis [20],
fluorescence [21,22], and luminescence spectroscopies [23].
Although the ESR method using spin trapping agents is a major
technique that is currently used for detecting OHd, the method
cannot be applied to the real time imaging of OHd in living cells
due to the low space resolution. Furthermore, the ESR method
requires expensive instrumentation, is laborious, and may
involve a number of transient radicals. On the other hand,
fluorescence spectroscopy could circumvent many of the short-
comings with respect to inexpensive equipment, easy operation,
high selectivity and sensitivity, good reproducibility, and high
spatial resolution in imaging techniques [24]. In recent years,
there have been some research efforts toward the development
of fluorescent probes for evaluating the characteristics of OHd-
related biological processes [25]. For example, coumarin deriva-
tives such as coumarin 3-carboxylic acid (C3C), succinimidyl ester
of C3C (SECCA), phospholipid-linked coumarins, and coumarin–
cyanine hybrid have been used for detection of OHd [26–29]. Tang
and co-workers recently designed a new fluorescent probe by
covalently combining boron dipyrromethene (BDP) with 2,2,6,6-
tetramethyl-1-piperidinoxyl (TEMPO) for the detection of OHd

and further the imaging of OHd in mice macrophages [30].
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Although the organic fluorescent probes with good photostability
and low cytotoxicity have been widely applied to the OHd

sensing, most of them suffer complex synthetic route, time-
consuming purification and structure characterizations. In addi-
tion, some organic fluorescent probes demonstrate poor solubi-
lity, small Stokes shift and relatively low fluorescence
quantum yield.

More recently, traditional organic fluorophores are replaced
with burgeoning fluorescent nanoparticles such as semiconductor
quantum dots, graphene quantum dots, and noble metal nanoclus-
ters. In particular, Ag nanoclusters (Ag NCs), on the order of the de
Broglie wavelength of the Fermi level, are known to show discrete,
size-tunable electronic transitions and a strong fluorescence
emission due to the strong quantum-confinement effect [31,32],
which have been applied to the sensing of ions [33,34], small
biological molecules [35,36], and biomacromolecules [37,38]. Thus
far, a manifold of Ag NCs have been successfully synthesized by the
reduction of silver salts in the presence of varying templates, such
as poly(amidoamine) dendrimers [39], poly(acrylic acid) deriva-
tives [40], poly(methacrylic acid) [41], peptides [42], protein [43],
or DNA [44]. Among the various species investigated so far, Ag NCs
encapsulated by the single-stranded DNA through the presence of
Ag–Ag bonds and Ag–N/O ligations to DNA arguably constitute the
most promising system thanks to their excellent photostability,
strong antibunching, good biocompatibility and size tunable
optical properties [45].

Since the electronic and optical properties of Ag NCs depend
strongly on the nature of the template and of the metal–ligand
interaction, the spectral characteristics of DNA-templated Ag NCs
(DNA-Ag NCs) can be controlled by the base sequence and DNA
length that host the silver atoms, a result that may ultimately
contribute to the achieving sequence/length-programmed optical
tuning and further constructing turn-on/turn-off fluorescence
sensing platform. For example, based on the phenomenon that
the red fluorescence of DNA-Ag NCs can be enhanced 500-fold
when placed in proximity to guanine-rich DNA sequences, Werner
et al. designed a “NanoCluster Beacon” for the sensitive hybridiza-
tion detection in a separation-free format [46]. Moreover, Wang
and co-workers demonstrated that the hybridized DNA duplex
with an inserted cytosine loop could be employed as capping
scaffolds for the generation of fluorescent Ag NCs, and the
fluorescence signatures arised from perturbed base pairing in
regions adjacent to the cluster template (cytosine loop) could be
utilized to identify single-nucleotide mutation [47]. Obviously, in
the appropriate context, the susceptible fluorescence conversion of
Ag NCs can be used as new signal transduction mechanisms for
molecular sensing.

Herein, inspired by the template-dependent properties of
DNA-Ag NCs and oxidative damage of template DNA trigged by
OHd, we demonstrated a novel fluorescence assay for monitor-
ing OHd that was not only sensitive and specific, but also simple
and economic in operation (see Scheme 1). We first prepared
bright, yellow-emitting Ag NCs by using a template DNA con-
sisting of continuous cytosine bases. In the presence of the OHd-
generating Fenton reagent, the template DNA is cleaved, which
disturbs the microenvironments around Ag NCs, resulting in
spontaneous aggregation due to the lack of DNA stabilization
and further the quenching of the Ag NCs fluorescence. It was
found that the quenching degree proportionably increased with
OHd quantity. The strategy can be also used for quantifying the
radical scavenging action of antioxidants. Furthermore, the
DNA-Ag NCs could penetrate through cell membranes to detect
intracellular OHd in human bone marrow neuroblastoma cells.
These advantageous characteristics make the fluorescence Ag
NCs potentially useful as a new candidate to detect OHd in broad
biosystems.

2. Experimental

2.1. Chemicals

Silver nitrate (AgNO3) was purchased from Tianjin Damao Che-
mical Reagent Co. Ltd. (Tianjin, China); sodium borohydride (NaBH4),
vitamin C (ascorbic acid) and ferrous sulfate heptahydrate (FeS-
O4 �7H2O) were obtained from Shanghai Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). A stock solution (10 mL) of
H2O2 (0.1 M) was freshly prepared by diluting H2O2 (30%, 103 μL)
with water, and the concentration was standardized by titration with
potassium permanganate. Phorbol myristate acetate (PMA) was
purchased from Sigma-Aldrich (USA). All amino acids were obtained
from Shanghai Lanji Science and Technology Development Co. Ltd.
(Shanghai, China). All DNA strands were purchased from Shanghai
Sangon Biological Co. Ltd. (Shanghai, China) and used without further
purification. A complete list of DNA sequences used in this study can
be found in Table S1 in the ESI†. Oligonucleotides were received as
dehydrated pellets and dissolved in sterilized, deionized water. Acetic
acid and sodium acetate trihydrate were used to prepare buffers with
pH values from 4.4 to 6.0. All other chemicals were from commercial
sources and of analytical reagent grade.

2.2. Apparatus

UV–vis absorption spectra were recorded on a Shimadzu UV-
2450 spectrophotometer (Tokyo, Japan). Fluorescence spectra as
well as light scattering (LS) spectra were performed on a Hitachi F-
7000 fluorescence spectrofluorometer (Tokyo, Japan). Fluores-
cence life time was carried out with a FL-TCSPC fluorescence
spectrophotometer (Horiba Jobin Yvon Inc., France). Transmission
electron microscopy (TEM) measurements were conducted on a
JEM-2010 transmission electron microscope (JEOL Ltd.). Dark field
light scattering images were acquired using an Olympus BX51
microscope (Tokyo, Japan) with a high-numerical-aperture dark-
field condenser (U-DCW, numerical aperture¼1.2–1.4) for illumi-
nation and a 100� variable-aperture oil immersion objective
(UPLANFLN, numerical aperture¼0.6–1.3) for subsequent collec-
tion of the scattered light. The dark field images were recorded
with a DP72 single-chip color CCD camera (Olympus, Japan).
Circular dichroism (CD) spectra were obtained from a Jasco J-810
spectropolarimeter. Fluorescence imaging was performed with an
IX81 microscope with a 10� objective (Olympus, Japan), and the
image analysis and processing were performed with Image-Pros

Plus Version 6.3 for WindowsTM. A QL-901 vortex mixer (Haimen,
China) was used to blend the solution.

2.3. Preparation of DNA-Ag NCs

DNA-Ag NCs were prepared using the protocol developed by
Ritchie et al. [48]. Briefly, DNA was first dissolved in ultrapure
deionized water, then AgNO3 was added into the DNA solution.
After the mixture solution was incubated at 4 1C for 1 h, they were
reduced with NaBH4 under vigorous shaking for 2 min. The
reduced DNA-Ag NCs solution was then kept in the dark overnight
at 4 1C. Unless otherwise specified, the final concentrations were
2.5 μM DNA, 15 μM AgNO3, and 15 μM NaBH4. The as-prepared
DNA-Ag NCs maintained pale yellow-green solution color and
corresponding high fluorescence intensity. To demonstrate the
feasibility of our proposed approach, DNA strand 1 containing
continuous cytosine bases was chosen as template for the pre-
paration of Ag NCs, which were then employed for OHd sensing.
Strands 2–4 were employed as Ag NCs templates to facilitate the
sequence investigation, while strand 5 combining PrPC protein
aptamer with continuous cytosine bases was chosen as the

L. Zhang et al. / Talanta 118 (2014) 339–347340



template of Ag NCs with orange emission, which could be further
utilized for intracelluar OHd imaging.

2.4. DNA-Ag NCs/OHd interaction and scavenger inhibiting
procedure

For the sensing of OHd, to a 1.5 mL centrifugal tube were
sequentially added 40 μL 0.1 M acetate buffer (pH 5.2), 100 μL of
the as-prepared Ag NCs solution, 40 μL of 3 mM Fe2þ solution,
different concentrations of H2O2 to generate approximately the
expected quantity of OHd, and then diluted with deionized water
to a final volume of 400 μL. The mixture was then immediately
mixed thoroughly on the vortex mixer. After incubation for 5 min,
the fluorescence spectra of the resulting solution were recorded
upon appropriate excitation wavelength. The resulting solution
was further characterized by absorption spectra, fluorescence
lifetime, LS spectra, CD spectra, TEM, and dark field light scattering
imaging. The inhibition experiment was the same as the above
procedure, except for involvement of different amounts of vitamin
C in the reaction solution before 20 μL of 100 μM H2O2 was added.

2.5. Cell culture and fluorescence imaging

In a typical experiment, human bone marrow neuroblastoma
(SK-N-SH) cells were cultured in medium supplemented with 10%
fetal bovine serum (FBS) at 37 1C under 5% CO2, which were then
cleaved by trypsin and replaced onto 18 mm glass coverslips in a
24-well tissue culture plate and allowed to grow for 24 h. The
medium was then changed with 300 μL of fresh minimum
essential medium (MEM, 10% FBS) containing appropriate amounts
of DNA-Ag NCs fluorescent probes, and the cells were allowed to
grow for another 3 h. A set of cells were stimulated with phorbol
myristate acetate (PMA) (200 ng mL�1; a stimulator of cell respira-
tory burst to give rise to OHd) at 37 1C for 5 h. Cells were washed
three times with PBS buffer, fixed with 4% paraformaldehyde for
30 min, and sealed with a small amount of glycerol. All back-
ground parameters (the laser intensity, exposure time, objective
lens) were stationary when the different fluorescence images were
captured.

2.6. Cell extracts

The procedure was performed according to Tang et al. with
some mofication [21]. The SK-N-SH cells were cultured in medium
supplemented with 10% fetal bovine serum (FBS) at 37 1C under 5%
CO2, which were then cleaved by trypsin, and the concentration
was counted to be 1�106 cells mL�1. Appropriate amounts of
DNA-Ag NCs fluorescent probes were added and incubated at 37 1C
for 3 h. A set of cells were stimulated with PMA (200 ng mL�1) at

37 1C for 5 h. All cells were harvested by centrifugation, and then
washed three times with PBS buffer. The cells were then disrupted
for 10 min in a GA88-Π ultrasonic disintegrator. The broken cell
suspension was centrifuged at 6000 rpm for 15 min, and the pellet
was discarded. The PMA-stimulated cell supernatant solutions
were analyzed by the proposed method as well as the standard
HPLC method [18]. For the recovery studies, the PMA-stimulated
cells suspension was divided into twelve parts, and standard
solution of Fe2þ (0.3 mM)/H2O2 (0.5 μM) were added into six
parts in turn.

3. Results and discussion

3.1. Optical characterization of DNA-Ag NCs

The UV–vis absorption spectrum of an aqueous solution of the
in situ formed DNA-Ag NCs shows a narrow maximum of
λmax¼397 nm and broad bands characterized at 433 and 550 nm
(Fig. S1-A in the Supporting Information). The three electronic
transitions were all considered indicative of genuine small
nanoclusters, in particular Ag2 and Ag3 [49], as expected from
theoretical and low-temperature spectroscopic studies. Thus far, a
definitive assignment of the electronic bands is problematic on the
basis of these prior studies because the peaks for the DNA-Ag NCs
are expected to shift and broaden relative to their gas phase and
rare gas matrix-isolated values [44].

As opposed to larger Ag nanoparticles, a distinctive feature of Ag
NCs is their strong fluorescence due to their lower density of electronic
states. For the DNA-Ag NCs, several electronic transitions were
observed-one prominent band with maximum emission at 550 nm
(λem¼550 nm) upon 440 nm excitation (λex¼440 nm) and two
weaker bands with λex¼280 nm/λem¼620 nm and λex¼550 nm/
λem¼612 nm (Fig. S1-A, B). It was worth noting that the transition
band with 280 nm excitation has a similar emission wavelength to
that with 550 nm excitation, which suggests that the nanocluster
emission may occur via energy transfer, the nanoclusters also have
higher lying excited states accessible in this spectral region [44], and
thus emission following direct excitation of the higher electronic
bands of the Ag NCs is also feasible. Furthermore, it was observed
that excitation at wavelengths greater than 530 nm results in red-
shifts of the λem with increasing λex (Fig. S1-C), a result that was
observed in previous studies [44], demonstrating that at least two
distinct species contribute to the fluorescence in this wavelength
region. The multiple transition bands in both the absorption and
fluorescence spectra provide sufficient evidence that the Ag NCs
samples contain multiple species with varying stoichiometries, and
themaximum fluorescence spectrumwith λex¼440 nm/λem¼550 nm

Scheme 1. Schematic representation of the preparation and the operation of DNA-Ag NCs fluorescent probe for the sensing and intracellular imaging of OHd radicals.
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was utilized in the following experiment to evaluate the effect of OHd

on the fluorescence emission of DNA-Ag NCs.

3.2. Interaction of DNA-Ag NCs with OHd radicals and antioxidation
investigation

The fluorescence assay for OHd radicals was performed by
using Fenton's reagent. It is well known that OHd can be generated
by the Fenton reaction in which Fe2þ reacts with H2O2, thereby
producing the OHd and FeOH2þ (Eq. 1).

Fe2þ þH2O2-FeOH2þ þOHd ð1Þ

The generated OHd can cleave the DNA strand into different
sequence fragments and even single bases by abstracting a
hydrogen atom from a deoxyribose sugar in the DNA backbone
[50]. Inspired by the fact that the fluorescence intensity of DNA-Ag
NCs depends on base sequence and conformation, a straightfor-
ward strategy for OHd sensing has been explored based on the
cleavage of template DNA.

The mechanism of our novel fluorescence nanosensor is shown
in Scheme 1, and the fluorescence spectra of Ag NCs in the
presence of different concentrations of OHd are demonstrated in
Fig. 1A. In this experiment, the concentration of OHd was changed
by changing the concentration of H2O2, as described in the
experimental section. When H2O2 and Fe2þ were added sepa-
rately, the fluorescence intensity (λex¼440 nm/λem¼550 nm) of
Ag NCs showed no significant change. Only when H2O2 and Fe2þ

were added simultaneously, was a remarkable decrease in fluor-
escence intensity found due to the formation of OHd. If the Ag NCs
and Fe2þ concentrations were held constant, then the fluores-
cence intensity of Ag NCs linearly decreased with an increase in
concentration of H2O2. The Stern–Volmer plot showed a linear
relationship (R2¼0.9922) between the fluorescence decrease with
the concentration of H2O2 over the range from 50 nM to 5.0 μM
(Fig. 1B), demonstrating the OHd-dependent oxidative/cleavage
efficiency. Interestingly, the other emission band (λem¼612 nm)
responded differently to Fenton's reagent, it was found that the
addition of 0.3 mM Fe2þ could completely quench their fluores-
cence (data not shown), and the reason might be explained as
follows: since the Fe2þ would be partly oxidized to Fe3þ with the
involvement of dissolved oxygen under our experimental condi-
tions, where the small amount of Fe3þ as relatively strong oxidizer
could react with the reduced species associated with the
λex¼550 nm/λem¼612 nm bands [48], and thus efficiently quench
its fluorescence. In view of the intensive quenching of the
fluorescence emission (λem¼550 nm) of DNA-Ag NCs in the
presence of OHd, it was possible to develop a new Ag NCs-based
fluorescence sensing system for OHd.

This new approach to quantify the action of free radicals by their
destruction of DNA template can be also applied for quantification of
antioxidants, that is, scavengers of free radicals. This process is shown
by the addition of ascorbic acid to the Fenton solution [19], which
leads to an easily detectable decrease of the destructive power of the
Fenton solution, reflected in the fluorescence recovering with
increasing ascorbic acid concentration (Fig. 2). Hence, our novel
strategy can not only efficiently probe the OHd through the fluores-
cence quenching of Ag NCs triggered by the breakage of DNA
template, but also provide a rapid and convenient method to screen
antioxidation natural products or drugs.

3.3. Optimization of interaction conditions

To obtain the optimal experimental conditions for the proposed
method, we first explored the effect of pH on the fluorescence
intensities of Ag NCs in the absence and presence of OHd. Since Ag
NCs bind preferentially with the N3 of the cytosine base, it is
expected that the increase of pH values higher than the pKa of the
N3 of cytosine (4.5) would promote the deprotonation of N3, and
thus enhanced the fluorescence intensities due to the elevated
nanocluster binding [48]. The experimental results in Fig. S2-A in
the Supporting Information demonstrated that the fluorescence
intensity of Ag NCs gradually increased with pH from 4.4 to
5.2 and then the tendency became slight with further increase of
pH, while the quenching efficiency of fluorescence intensity with
OHd reached the maximum around the pH 5.2. At more basic pH
values (pH45.2), the iron is converted from a hydrated ferrous form
to a colloidal ferric form, thereby causing a decrease in the effective-
ness of the reaction and further inhibiting the DNA cleavage [51]. In
order to ensure a higher fluorescence intensity of the Ag NCs blank
and better quenching efficiency between the Ag NCs and OHd, a pH
value of 5.2 in acetate buffer was employed throughout.

The concentration of Fe2þ was also optimized, Fig. S2-B
indicates that either in the absence or presence of H2O2, the
fluorescence intensities of Ag NCs got enhanced slightly with
increasing the concentration of Fe2þ , while the quenching effi-
ciency almost remained constant over the range of 0.075–
0.75 mM, indicating that the excessive Fe2þ over this concentra-
tion range can hardly affect the OHd generation. To ensure the
molar ratio of Fe2þ/H2O2 higher than 10 for all involved H2O2

concentrations, a 0.3 mM Fe2þ solution was chosen.

3.4. Investigation of interaction mechanism

The efficient fluorescence quenching of DNA-Ag NCs by OHd

raised two important questions. What changes in the Ag NCs
morphology and distribution make the fluorescence intensities in
the absence of OHd different from those in the presence of OHd,

Fig. 1. (A) Fluorescence spectra of DNA-Ag NCs after reaction with OHd (at various H2O2 concentrations), the H2O2 concentrations were (from a to i): 0, 0.05, 0.2, 0.5, 1.5, 2.5,
3.5, 4.5 and 5.0 μM. (B) Fluorescence responses of DNA-Ag NCs to various concentrations of added H2O2 in 0.1 M acetate buffer (pH 5.2) containing 0.3 mM Fe2þ .
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and what structural changes in template DNA are responsible for
the distribution evolution of Ag NCs?

In addressing these questions, many aspects of Ag NCs distribu-
tion and template DNA structure warrant consideration. Absorption
spectra were important in determining nanoparticle species with
different electronic transitions. Fig. 3A shows the absorbance curves
of DNA-Ag NCs in the presence of Fe2þ and H2O2. It was found that
the shoulder of the peak located at 433 nm remarkably enhanced
with the decrease of the maximum band at 397 nm after the
addition of Fe2þ . The evolution of these absorbance peaks might
be assigned to the energy transfer between different species under
Fe2þ titration [43], and the investigation on detailed mechanism is
still in progress. In the presence of H2O2, the absorption peak at
433 nm slowly broadened and decreased with increasing H2O2

concentration, indicating that the template DNA has been cleaved
by the generated OHd, and thus the unstable Ag NCs would be
released from the capping agent and aggregated to larger nano-
particles, which could be further confirmed by the blue-shift and
broadness of the absorption band located at 397 nm. We then
performed a series of experiments, including fluorescence lifetimes,
LS assay, TEM measurements and dark field light scattering imaging
to ensure that the observed fluorescence quenching was due to the
Ag NCs aggregation, and employed CD spectrometry to prove that
the occurrence of OHd-induced DNA scission was responsible for
the release of Ag NCs from DNA template.

Lifetime measurements of DNA-Ag NCs in the presence of
Fenton's reagent were performed at the emission wavelength of
λem¼550 nm. The fluorescence decay curves are shown in Fig. 3B,
demonstrating that the fluorescence intensity of DNA-Ag NCs in

the absence and presence of OHd decreased over time, and the
data followed the triexponential fitting equation:

FðtÞ ¼ A1eð� t=τ1Þ þA2eð� t=τ2Þ þA3eð� t=τ3Þ

allowing us to determine the values of lifetime τ1, τ2 and τ3. Since
electron charge transfer from Ag to DNA scaffolds occurred in the Ag-
DNA complex [52], the triexpoential decay was possibly attributed to
the differential distribution of complicated luminescent pathways of
polynuclear Ag-DNA complexes [34,53]. The lifetimes of the DNA-Ag
NCs are listed in Table S2 in the Supporting Information, revealing that
they all followed triexponential decays, with slight differences in the
values of A1, A2 and A3 under different conditions. It was found that
the lifetime of the DNA-Ag NCs did not obviously change with the
addition of different concentrations of OHd. The unchanged fluores-
cence lifetime and linear Stern–Volmer plot (Fig. 1B) imply that the
quenching of the Ag NCs by OHd obeyed a simple static quenching
mechanism—i.e., the OHd cleaved the template DNA into different
sequence fragments and even single bases, and destruction of the
DNA strand likely leading to the aggregation of unprotected Ag NCs,
and to the subsequent formation of large Ag nanoparticles with non-
fluorescence. In other words, the fluorescence quenching was due to
the disappearance of bright species with a remaining population of
nanoclusters (unaggregated) that were of comparable brightness,
ruling out the fluorescence resonance energy transfer (FRET) mechan-
ism since the absorption of DNA does not overlap with the emission
spectrum of the Ag NCs (Fig. S3 in the Supporting Information).

To further evaluate the performance and consistency of our assay,
we measured the enhanced LS signals of aggregated Ag NCs by
scanning synchronously both the excitation and emission

Fig. 2. (A) Fluorescence spectra of DNA-Ag NCs after exposure to Fenton's reagent (0.3 mM Fe2þ , 5.0 μM H2O2) in the absence or presence of various amounts of vitamin C
(ascorbic acid), the vitamin C concentrations were (from a to j): 0, 2.5, 5.0, 7.5, 10.0, 11.25, 12.5, 13.75, 15.0 and16.25 μM. (B) Dependence of the increase of the fluorescence
intensity of DNA-Ag NCs after exposure to Fenton's reagent (0.3 mM Fe2þ , 5.0 μM H2O2) on the concentration of vitamin C.

Fig. 3. (A) Absorption spectra of DNA-Ag NCs after reaction with Fenton's reagent. (B) Fluorescence decay as a function of time of DNA-Ag NCs in the presence of Fenton's
reagent. (0.1 M pH 5.2 acetate buffer, the concentration of Fe2þ was 0.3 mM).
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monochromators of a common spectrofluorometer. As shown in
Fig. 4A, the LS intensity of the solution containing Ag NCs and Fe2þ

was very weak in the absence of H2O2. It was worth noting that the LS
would be only Rayleigh scattering because the diameter of the Ag NCs
was smaller than 1/20 of the incident wavelengths [54]. Notably, the
LS intensity of Ag NCs can be greatly enhanced in the presence of OHd

(by introducing H2O2) in the wavelength range of 250–500 nm, and
the LS spectra maintained almost the same pattern as the concentra-
tion of H2O2 increased. The enhanced LS intensities as a function of
H2O2 concentration confirmed the formation of Ag NCs aggregates
(Fig. 4B), which were fully consistent with the absorption and lifetime
results, and strongly supported our speculations that the fluorescence
quenching was ascribed to the Ag NCs aggregation. It should be
noticed that the LS assay exhibited lower sensitivity to OHd than the
fluorescence method because of the more sensitive responsiveness of
fluorescence to the formation of aggregates compared with that of
light scattering.

A direct evidence for the aggregation of Ag NCs could further be
provided by TEM measurements and dark field light scattering
imaging. We note that while a few nanoparticles were larger than
10 nm, the majority of as-prepared DNA-Ag NCs were well-
dispersed with the average size smaller than 5 nm (Fig. 5A). Small
clusters are known to have a tendency for agglomeration. The
prepared DNA-Ag NCs still retained the monodispersed states with
key emissive properties, probably due to the intrinsic bond
strength in diatomic or triatomic silver and further stabilization
by the cytosine-rich DNA. In the presence of OHd, the aggregation
species of Ag NCs with the average diameter of 50 nm were
formed (Fig. 5B), which was much larger than that of the
individual nanoclusters before treatment with OHd. Furthermore,
the aggregation process could be verified with the dark-field
microscope. As shown in Fig. 5C, because of the low scattering
intensity and faster diffusion of the small Ag NCs, the light
scattered from single DNA-Ag NCs was not readily observed by
our system. Note that strong scattering occurred once the DNA-Ag
NCs were treated with OHd, where the bright blue spots in Fig. 5D
corresponded to the scattering images of Ag NCs aggregates.

We further employed CD spectrometry to identify the breakage
and cleavage of template DNA triggered by OHd. It is well known
that the electronic transition of the DNA bases exhibit a small CD
due to the chirality of the riboses, and this spectroscopic technique
is sensitive to the arrangement of the bases. For the Ag NCs
complex with template DNA, CD studies show that Ag NCs induced
slight nonplanar and tilted orientations of the bases relative to the
normal DNA form (black curve and red curve in Fig. S4), which
could be attributed to the alteration of the dipole coupling
between the excited electronic states of the bases induced by
structural changes after the Ag NCs formation [44]. The addition of
Fe2þ caused the ellipicity at 248 nm and 278 nm to decrease due

to the looser structure of template DNA [55]. As a result, the
template DNA became more flexible, enhancing their capping
capability for stabilizing the DNA-Ag NCs [56], and thus exhibiting
better resistance to the environmental quenching, which was
consistent with the experimental results that the fluorescence
intensity of DNA-Ag NCs slightly enhanced with Fe2þ concentra-
tion (Fig. S2-B). Further increasing the H2O2 concentration from
0 to 5.0 μM caused the Cotton effect to decrease (Fig. S4). In the
presence of 5.0 μM H2O2, the fluorescence of DNA-Ag NCs was
quenched by greater than 95% (Fig. 1), while both the positive and
negative Cotton effect decreased close to that of the pure water,
revealing that DNA played an important role in determining the
fluorescence of DNA-Ag NCs. When the template DNA was gradu-
ally cleaved by OHd, Ag NCs were exposed to the bulk solution to a
greater extent, and the degree of quenching, due to aggregation of
the nanoclusters, increased.

3.5. Sequence investigation

To further confirm the generality and controllability of the regula-
tion of fluorescence quenching by DNA cleavage, the other three
cytosine-rich oligonucleotides, 24mer strand 2, 12mer strand 3 and
12mer strand 4 were chosen as the Ag NCs template, and the sequence
details are listed in Table S1 in the Supporting Information. The DNA-
Ag NCs synthesis procedure was similar to that for the 42-base
strand 1, and the conditions for the DNA-Ag NCs/OHd interaction were
the same as that for the 42mer DNA-Ag NCs-participated reaction. As
shown in Fig. 6A, the fluorescence responses to a series of OHd

concentrations were in accordance with former results except for the
blue-shift of themaximum emissionwavelength to 515 nm, suggesting
that the Fenton reaction was able to induce DNA damage and then
quench the fluorescence of Ag NCs despite employing different DNA
sequences. In addition, the slopes corresponding to the fluorescence
quenching efficiency were found to depend on the template DNA
structure-including sequence and length (Fig. 6B). In other words, a
shorter template DNA sequence gave rise to a relatively faster cleavage
rate, thus the higher fluorescence quenching efficiency of Ag NCs
(Fig. 6B, strand 2 and strand 3). In addition, since the DNA damage
induced by Fenton's reagent is partially site-specific, where cytosine is
the most sensitive of the four bases to Fenton reactions [57], making it
more susceptible to oxidative breakage. Therefore, a higher occurrence
of DNA damage to strand 3 was obtained in comparison with that of
strand 4, resulting in higher fluorescence quenching efficiency.

3.6. Selectivity of the method

The selectivity of DNA-Ag NCs for OHd is very important, especially
when the fluorescent probe is applied to cellular systems, and so the
effects of interfering species normally found in association with

Fig. 4. (A) LS spectra of DNA-Ag NCs after reaction with OHd (at various H2O2 concentrations), the H2O2 concentrations were (from a to e): 0, 2.0, 5.0, 10.0 and 20.0 μM. (B) LS
responses of DNA-Ag NCs as a function of H2O2 concentration in 0.1 M acetate buffer (pH 5.2) containing 0.3 mM Fe2þ .
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biological system were studied (Fig. 7). The experimental results
demonstrated that only OHd induced a dramatic decrease in the
fluorescence intensity, whereas neither Fe2þ nor H2O2 can markedly
affect the stability and the fluorescence property of Ag NCs. Moreover,
the DNA-Ag NCs showed no significant fluorescence decrease when
various cations-such as Naþ , Kþ , Ca2þ , Mg2þ-were added. Other
biological compounds such as lysine (Lys), glutamic acid (Glu), serine
(Ser), histidine (His) and glucose were also investigated and did not
make interferences with the sensing of OHd. These observations

revealed that the present method provided relatively high selectivity
toward OHd, which was ascribed to the high-specificity of OHd for
DNA cleavage, and allowed its quantitative determination in biological
samples.

3.7. Fluorescence imaging and detection of OHd in cells

In light of the afore-mentioned favorable properties of DNA-Ag
NCs, we proceeded to examine its potential utility for fluorescence

Fig. 5. TEM images (A, B) and dark field light scattering images (C, D) of DNA-Ag NCs in the absence (A, C) and presence of OHd. (0.1 M pH 5.2 acetate buffer, the
concentration of Fe2þ and H2O2 was 0.3 mM and 5.0 μM respectively).

Fig. 6. (A) Fluorescence spectra of DNA-Ag NCs (strand 4) after reaction with OHd (at various H2O2 concentrations), the H2O2 concentrations were (from a to h): 0, 0.2, 0.5,
1.5, 2.5, 3.5, 4.5 and 6.0 μM; (B) Fluorescence responses of DNA-Ag NCs (strand 2–4) as a function of H2O2 concentration in 0.1 M acetate buffer (pH 5.2) containing 0.3 mM Fe2þ .
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imaging of OHd in living cells. In order to specifically recognize the
membrane protein–cellular prion protein (PrPC) on the SK-N-SH cells,
the template DNA used for Ag NCs synthesis has been modified to
obtain a new fluorescent recognition ligand that combines the strong
fluorescence of DNA-AgNCs with the specificity and strong binding
affinity of DNA aptamers for the target proteins PrPC, and the DNA
sequence (strand 5) as well as other details were demonstrated in
Section 2. It was found that DNA-Ag NCs could penetrate through the
cellular membrane when incubated with the cells at 37 1C and the
orange emission was concentrated in the nuclei (Fig. 8A–C). Although
the fluorescence intensity might decrease to a certain extent due to
the specific interaction between DNA-AgNCs and target membrane
protein [37], the remnant intense fluorescence would be adequate for
imaging under our experimental conditions. The internalization of
these nanoclusters illustrated that DNA-AgNCs served as both a
fluorescent label and a specific binding ligand can be potentially

applied as a reporter of endocytic uptake and vesicular transport.
Further experimental results demonstrated that the cells incubated
with phorbol myristate acetate (PMA, a stimulator for production of
OHd) and DNA-Ag NCs exhibited much weaker fluorescence in the
orange channel (Fig. 8D–F) compared with that treated with only
DNA-Ag NCs (Fig. 8 A–C), indicating that DNA-Ag NCs, as a selectively
cell-permeable probe, can respond to changes in intracellular OHd

concentrations.
To further investigate the feasibility of the proposed assay in

biological systems, determination of OHd in cell extracts was
performed. The detected OHd content of PMA-stimulated cell
extracts was 0.3570.04 μM (n¼6), based on a correlation
between the fluorescence intensity of the cell extracts and the
regression equation. The value is consistent with the result
obtained by the standard HPLC method, i.e., 0.3170.02 μM
(n¼6). The average recovery test was conducted utilizing the
standard addition protocol, and the standard deviation (SD) was
obtained from a series of six cell extracts (Table 1). The results
demonstrate that the present method could be applied to deter-
mine low level of intracelluar OHd with good accuracy and
precision.

Fig. 7. Fluorescence responses of DNA-Ag NCs to 0.5 μM OHd, 0.3 mM Fe2þ , and
5.0 μM other various species.

Fig. 8. Fluorescence images of the intracellular OHd of SK-N-SH cells. The upper panels (A–C) show the images of the cells after incubating with DNA-Ag NCs; the lower
panels (D–F) show the images of cells incubated with DNA-Ag NCs and then treated with PMA. (A, D) The fluorescence micrographs. (B, E) The images of differential
interference contrast (DIC). (C, F) Overlays of fluorescence micrographs and DIC images.

Table 1
Determination of OHd in cell extracts (n¼6). PMA, 200 ng mL�1; Fe2þ (0.3 mM)/
H2O2 (0.5 μM).

Sample OHd content of PMA-
stimulated cells (μM)

Added
(μM)

Found
(μM)

Recovery
(%)

The
proposed
method

HPLC
method

Cell extracts 0.3570.04 0.3170.02 0.5 0.8470.03 99.073.6
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4. Conclusions

In summary, a simple, rapid and label-free sensor has been
developed for the essential biological OHd based on the
aggregation-induced fluorescence quenching of Ag NCs as a result
of the cleavage of template DNA. The DNA-Ag NCs based method
circumvents many of the shortcomings of conventional organic
fluorophores and demonstrates multifaceted advantages: first of all,
the DNA templates used do not require the labor-intensive and
expensive modification, and the preparation of DNA-Ag NCs fluor-
escent indicators is facile, low-cost and accessible to numerous labs;
second, the method presented here can be efficiently applied to
probe OHd with simple and fast procedure; third, the as-prepared
fluorescent probe could be rationally designed according to require-
ment by modification the template DNA, thus providing feasibility of
our proposed approach, especially in the cell recognition and
fluorescence detection of intracelluar OHd. It is expected that the
novel strategy will open new opportunities for the development and
design of other extended DNA-Ag NCs systems for fluorescence
study, sensing applications and biological imaging in the future.
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