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We have developed a reliable, sensitive, label-free and turn-
on sensor for H202 and glucose based on the cleavage of
ssDNA by *OH and the fluorescence enhancement effect when
guanine-rich (G-rich) DNA sequences are in proximity to
DNA-silver nanoclusters (DNA-Ag NCs). In addition, we also
prove that *OH is indeed produced in the sensing by adding
antioxidants.

H20: is one of the most important reactive oxygen species, it
is involved in many biological, chemical, pharmaceutical,
clinical, food and environmental processes. However, the
wide use of H202 in various fields has resulted in serious
health and environmental problems. Since H202 may cause
various human central nervous system diseases'?2 and has an
indirect effect on the procedure of acid rain,® which currently
is a global problem. Therefore, the detection of H202 is of
great importance. Traditional techniques, such as titrimetry,*
spectrophotometry,>® electroanalysis,”® resonance light
scattering assays,®° chromatography!'-'> and so on, have
been applied to the determination of H202. However, these
conventional methods suffer from expensive, time-consuming,
laborious, isotope labeling, high background, low signal-to-
noise ratio (S/N ratio), less sensitive>% and poor selectivity*
which restrict their widespread use.

Glucose is one of the major carbohydrate metabolized by
animals and plants, it is the main source of energy in cellular
metabolism and plays an important role in the natural growth
of cells. It is also important in the food industry,’®> public
health,'6 the life sciences,!” and other industry sectors. The
glucose level in urine or blood*® is usually acted as a clinical
indicator of diabetes. Therefore, developing sensitive and
novel methods for detecting glucose is very important.
Common protocols performed for detecting glucose are
surface plasmon resonance,'® electrochemiluminescence,?°
colorimetry,?! optical,?>23 and electrochemical.?*-2> However,
many existing techniques for detection of glucose suffer from
isotope labeling, high background, low signal-to-noise ratio
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(S/N ratio), less sensitive and have poor specificity for
biological fluids.?® At the present time, the determination of
glucose is generally based on H202 measurement, as glucose
45 can be oxidized by O2 producing hydrogen peroxide (H202) in
the presence of glucose oxidase (GOx).?7-%° Thus, the accurate
determination of glucose is dependent on the accurate
determination of H20x.
Noble metals nanoclusters, comprising of several to several
so tens of atoms, such as gold, silver and Pt nanoclusters, have
obtained much attention owing to their particular fluorescence
properties and have great potential for applications in
biosensors and bionanotechnology.31-32 Among these noble
metal clusters, silver nanoclusters, which possess good water
ss solubility, desirable photophysical properties and low
toxicity,® complements the properties of organic dyes and
quantum dots.3*% Among various templates of Ag
nanoclusters, oligonucleotide-templated silver nanoclusters
(DNA-Ag NCs) have become of great interest due to their
e facile synthesis, strong and robust size, tunable fluorescence
emission, and high photostability.%¢-37 The fluorescence
emission spectra of DNA-Ag NCs can be tuned throughout
the visible and near infrared range region by changing
oligonucleotides, which are the template of silver
es Nanoclusters.®® Numerous schemes that related to silver
nanoclusters have been designed based on the quenching

AVAVAN R AVANRN P2
—— 5 \\\ —— Ny
~ /7 >
N\ B-DNA AVAVANYCR.TY \/ G-rich sequence

W\f\ DNA-AgNC \/ NC nucleation sequence @

AgNCs

80
Scheme 1 Schematic description of the label-free and turn-on strategy for

H20, and glucose detection based on the cleavage of ssDNA by «OH and
the fluorescence enhancement effect when guanine-rich (G-rich) DNA
sequences are in proximity to DNA-silver nanoclusters (DNA-Ag NCs).
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mechanism. As a large amount of ligands or solvents may
interfere with quenching and lead to “false positive”, they are
not preferred in practice.®® Lately, Werner and colleagues
discovered an interesting phenomenon that the fluorescence
intensity of DNA-Ag NCs could be enhanced when guanine-
rich (G-rich) DNA sequences were in close proximity to them.
It has been proposed to be an advanced approach to develop
“turn-on” nanoclusters biosensors.*®*2 More “turn on”
homogeneous assays would be desirable for a broader class of
targets.

Herein, Inspired by the above facts, we developed a reliable,
sensitive, label-free and turn-on sensor for H202 and glucose
based on the cleavage of ssDNA by <OH?%30 and the
fluorescence enhancement effect when guanine-rich (G-rich)
DNA sequences are in proximity to DNA-silver nanoclusters
(DNA-Ag NCs). The mechanism of the label-free and turn-on
fluorescent assay of H202 and glucose are illustrated with
Scheme 1.The system mainly consists of block DNA (B-
DNA), G-DNA and Ag-DNA. B-DNA, which can be entirely
complementary to G-DNA, plays the role as the substrate of
*OH. Except being entirely complementary to B-DNA, G-
DNA, which contains a guanine-rich overhang sequence (red
part in Scheme 1) and a hybridization part (green part in
Scheme 1) at the 5'-end, is partially complementary to Ag-
DNA. Ag-DNA involves two sequences, one sequence (rose
red part in Scheme 1) is complementary to G-DNA and the
other sequence (black part in Scheme 1) is used to compound
DNA-Ag NCs. The DNA-Ag NCs through the reduction of Ag
ions by NaBHs display a dark fluorescence emission. The
fluorescence enhancement obviously when G-rich DNA
sequences are in proximity to DNA- Ag NCs. In the absence
of H202, B-DNA hybridized with G-DNA, DNA-Ag NCs,
which failed to hybridize with G-DNA, displayed very weak
fluorescence. When H202 was introduced into the system, the
hydroxyl radical (*OH) was produced by Fenton reaction in
the presence of ferrous iron (Fe?*). As the oxidative effect of
*OH, B-DNA was irreversibly cleaved into mono- or short-
oligonucleotides fragment through hydrogen abstraction from
the deoxyribose phosphate backbones*?, so it could not
hybridize with G-DNA. Thus, G-DNA hybridized with Ag-
DNA, the G-rich sequences were brought in proximity to Ag
NCs, accompanied by a significant fluorescence enhancement.
Therefore, H202 was successfully quantified by monitoring
the fluorescence intensity. Because glucose can be oxidized
by O2 producing hydrogen peroxide (H2032) in the presence of
glucose oxidase (GOXx),2”2 so this system can also quantify
glucose. The reaction equations are as follows:

Glucose + O2 — Gluconic acid + H202 Q)
EDTAFe?* + H202 — EDTAFe3* + «OH + OH™  (2)
*OH + DNA — DNA segments 3)

(In these reactions, EDTA prevents iron ions from binding to
DNA and accelerates the formation of hydroxyl radical.*3)
Besides, we also proved that *OH was indeed produced in the
sensing system by adding antioxidants. This label-free and
turn-on biosensor have turned out to be sensitive and selective.
Gel electrophoresis analysis was used to demonstrate the
breakage of B-DNA. As shown in Fig. 1, the B-DNA alone
(lane 2) showed a clear band between 20 bases and 30 bases.
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Fig.1 Gel electrophoresis analysis of B-DNA strand scission. DNA ladder
(lane 1), 1 uM B-DNA alone (lane 2), 1 uM B-DNA incubated with H,0,
and Fe?* (3 mM, 0.3 mM, respectively) (lane 3), 2 uM B-DNA incubated
with glucose, GOx, and Fe* (3.75 mM, 15 pg/ml, and 37.5 mM,
respectively) (lane 4). The numbers in the left indicate the the number of
the base.

When 1 uM B-DNA incubated with H202 and Fe?* (lane 3), it
could be observed that the DNA band disappeared, suggesting
the breakage of the B-DNA chains by *OH completely. When
2 uM B-DNA incubated with glucose, GOx, and Fe?* (lane 4),
we could see that the band almost completely disappeared, it
suggested that almost all B-DNA chains were broken by *OH.
The electrophoresis results have well confirmed the
occurrence of Fenton reaction, which may lay the foundation
for the further detection.

As shown in Fig. 2, Before hybridizing with G-DNA,
DNA-Ag NCs showed very weak fluorescence emission at
510 nm with excitation at 465 nm (curves a and b, Fig. 2A).
When G-DNA was introduced, the fluorescence intensity of
Ag-DNA increased enormously, we also found that the
excitation and emission peaks changed to 570 nm and 625 nm
(curves c and d, Fig. 2A).

We first investigated the feasibility of our strategy for H202
assay. Upon being excited at 570 nm, DNA-Ag NCs solely
displayed very weak fluorescence (curve a, Fig. 2B). Upon the
addition of G-DNA, the fluorescence intensity of the DNA—
Ag NCs increased greatly in PB buffer (curve f, Fig. 2B), we
also found that the fluorescence intensity increased more
obviously in the sensing system after G-DNA was added
(curve e, Fig. 2B), which may be caused by the solution
environment of the sensing system. When the B-DNA was
added into the system, B-DNA hybridized with G-DNA, the
subsequent addition of DNA-Ag NCs could not hybridized
with G-DNA, thus the fluorescence intensity of DNA-Ag NCs
was not change (curve b, Fig. 2B). This result indicated that
B-DNA could effectively prevent the fluorescence
enhancement, which was caused by the proximity of G-rich
sequences and the Ag NCs. When Fe?* and H20: existed
together in the sensing system, the fluorescence intensity
increased obviously with a high signal-to-noise ratio (S/N
ratio) about 123 (curve g, Fig. 2B). However, in the absence
of H202 or Fe?*, the fluorescence intensity was not
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Fig. 2 (A) Excitation and emission spectra of the fluorescent Ag NCs
obtained before (curves a and b) and after (curves c and d) addition of G-
DNA. The concentration of all DNA used here was 0.5 pM. (B)The
fluorescence emission spectra of DNA-Ag NCs were recorded in the
presence of (a) no added reagent, (b) B-DNA + G-DNA, (c) Fe* + B-
DNA + G-DNA, (d) H,0,+ B-DNA + G-DNA, (e) H,O,+ Fe?* + G-DNA,
(f) G-DNA, (g) H,0; + Fe** + B-DNA + G-DNA. The concentration of all
DNA used here was 0.5 pM. The concentration of H,O, was 3 mM.
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enhancement (curve ¢ and d, Fig. 2B). The result indicated
that Fenton reaction produced *OH, which cleaved B-DNA
into mono- or short-oligonucleotides fragments. As a result,
B-DNA could not hybridize with G-DNA and G-DNA formed
a stable duplex with Ag-DNA, which brought G-rich
sequences close to Ag NCs, accompanied by a significant
fluorescence enhancement.

On the basis of the above work, the DNA-Ag NCs probe
sensing system was used for detecting H20.. Fig. 3A shows
the fluorescent spectra of the sensing system in the presence
of variable concentrations of H202 (from 0 to 3 mmol/L). In
the absence of H202, The fluorescence intensity of the system
was very weak. However, the fluorescence intensity around
625 nm gradually enhanced upon increasing H202 addition,
this indicated that the B-DNA was gradually degradation. At
high concentrations, however, the fluorescence increased
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Fig.3 (A) The fluorescence emission spectra of the sensing system with
different concentrations of H,O, (from a to m): 0 uM, 0.5 pM, 5 pM, 125
uM, 375 uM, 0.5 mM, 0.75 mM, 1 mM, 1.25 mM, 1.5 mM, 2 mM, 2.5
mM, 3 mM. (B) The relationship between the fluorescence intensity and
the concentration of H,0,. Inset shows the linear relationship between the

95 fluorescence increase and the concentration of H,O,. The concentration of

@

DNA used here was all 0.5 uM. Error bars represented standard deviations
from three repeated experiments.

slowly in close to platform. This phenomenon is in agreement
100 With the kinetics of enzyme-catalyzed reactions.** The
relationship between the fluorescence intensity and the
concentration of H20: is outlined in Fig. 3B. As shown in the
inset, a good linearity concentration (R% = 0.9960) is raised
from 0 to 1.5 mM. The detection limit (LOD) was 0.3 M,
10s Which is lower than those obtained using other reported
fluorescence detection methods.*>*¢ LOD was estimated
based on the following equation: LOD = 3o/k (o is the
standard deviation of the blank signals and k is the slope of
the calibration curve).
1m0 The successful sensitive detection of H202 was then applied
for the analysis of glucose. We also first investigated the
feasibility of our strategy for glucose assay. When Fe?*, GOx
and glucose existed together in the sensing system, the
fluorescence intensity increased obviously with a high S/N
us ratio about 137 (Fig. S2ht). But the fluorescence intensity
was much lower than that absence of B-DNA (Fig.S2f}). This

This journal is © The Royal Society of Chemistry [year]
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may be result from the incomplete breakage of B-DNA, which
was proved by the gel electrophoresis analysis. However, in
the absence of Fe?*, GOx or glucose the fluorescence intensity
was not enhancement (Fig.S2c-et). This phenomenon was
similar to H202 detection (Fig.S1t, Fig.S2+t).

To determine the optimum experimental conditions for
glucose detection, we investigated the concentration of Fe?*
which is a moiety of the Fenton reagent, the concentration of
GOx, the reaction time for B-DNA strand scission, and the
incubation time for G-DNA hybridizing with DNA-Ag NCs in
the sensing system. As shown in Fig. S3f, the fluorescence
intensity ratio F/Fo increased rapidly as the concentration of
Fe?* was increased from 10 to 25 uM, then changed slightly as
the concentration of Fe?* was further increased to 50uM. To
ensure the amount of Fe?* was enough, 37.5uM was chosen as
the optimum concentration. Fig. S4t displays fluorescence
enhancement of the sensing system at different concentrations
of GOx, we can see that the fluorescence intensity increased

500000

400000

300000 A

200000 -

100000 -

Fluorescence intensity (CPS)

e
01 -
600 620 640 660 680 700 720 740
Wavelength (nm)
500000
B

)
Q. 400000 -
o
=
>
=
2 300000
[
S
=
8
£ 200000 1
[
(5
(73
2
o 100000 -
=
i

0

0 1 2 3 4

Cglucose (MM)

Fig.4 (A) The fluorescence emission spectra of the sensing system with
different concentrations of glucose (from a to n): 0 uM, 0.75 uM, 5 puM,
125 pM, 375 uM, 0.5 mM, 0.75 mM, 1.25 mM, 1.75 mM, 2.25 mM, 2.75
mM, 3.25 mM, 3.75 mM, 4.5 mM. (B) The linear relationship between the
fluorescence increase and the concentration of glucose. The concentration
of DNA used here was all 1.0 uM. Error bars represented standard
deviations from three repeated experiments.
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along with increasing GOx concentration over the range from
0 to 15ug/mL in the presence of glucose, and then reached a
plateau, so 15pg/mL was the optimum concentration. As
shown in Fig. S5, the fluorescence intensity of the sensing
system increased with the increase of reaction time for B-
DNA strand scission from 0 to 6.5 h, suggesting the
continuous cleavage of B-DNA. The fluorescence intensity
increased slightly for reaction time greater than 4.5 h,
indicating the cleavage of DNA was nearly finished in 4.5 h.
Thus 4.5 h was chosen as the optimum reaction time. Fig. S6}
shows the fluorescence enhancement of the sensing system at
different incubation time for DNA-Ag NCs hybridizing with
G-DNA. The fluorescence was measured every 10 min, the
fluorescence enhancement was fast between 0 to 90 min and
very slow after 90 min, it indicated that DNA-Ag NCs almost
completely hybridized with G-DNA in 90 min. Therefore, 90
min was chosen as the optimum incubation time for DNA-Ag
NCs hybridizing with G-DNA.

Under optimized condition, Fig. 4A shows the fluorescence
emission spectra of the sensing system at varying
concentrations of glucose. A very weak emission peak was
observed before glucose addition. However, upon addition of
glucose to the solution, the fluorescence intensity around 625
nm gradually enhanced upon the increasing of glucose
concentration, and then changed slightly. This phenomenon is
in agreement with the Kkinetics of enzyme-catalyzed
reactions.** A good linearity concentration (R?= 0.9961) was
achieved by plotting the fluorescence increment versus
glucose concentration within 0 to 3.75 mM, deriving a
detection limit of 0.4 pM, which is much lower than those
obtained wusing other reported fluorescence detection
methods.?°#647 LOD was calculated with the following
equation: LOD = 30/k (o is the standard deviation of the blank
signals and k is the slope of the calibration curve) (Fig. 4B).

Table 1 Determination of glucose in urine samples spiked with glucose.

Page 4 of 7

sample added(mM) found(mM) recovery(%) RSD(%)
1 2.500 2.538 101.52 3.04
2 5.000 4.883 97.66 2.50
3 7.500 7.262 96.83 4.29

To evaluate the feasibility of the sensing system for glucose
detection in biological samples, the proposed method was
applied to detect glucose levels in urine samples spiked with
glucose, as the presence of glucose in urine is an indication of
worsening of diabetes. It is worth mentioning that Ag NCs can
be quenched by —SH, so NEM which can eliminate —SH was
firstly added to the samples incubating for 2 days to eliminate
—SH which may be exist in urine samples. The results were
shown in Table 1. We added different concentration of
glucose to the three urine samples, the recoveries ranged from
96.83 % to 101.52 % for the three samples, and the relative
standard deviation (RSD) were no more than 4.29 %. These
results indicated that the proposed method can be used to
detect glucose in urine.

Specificity was an important factor in evaluating the
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performance of the proposed sensing system. To examine the
specificity of the DNA-Ag NCs probe towards glucose.
Glycine, L-Cysteine, fructose, maltose, lysine, galactose and
histidine were added into the sensing system instead of
glucose to investigate the specificity. As shown in Fig. 5, the
fluorescence intensity increased obviously after addition of
glucose, but there were no significant differences between the
blank after addition of the other interferents, indicating the
high specificity of glucose. These results clearly indicated that
the proposed method could serve as a high selectivity
fluorescence probe for glucose detection.

As we all known, antioxidants, such as ascorbic acid
(vitamin C), are the scavengers of free radicals. To prove that
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Fig.5 Selectivity of the sensing system for glucose. The concentrations of
glucose and histidine were 3.75 mM, The concentrations of all other
interferents were fixed at 37.5 mM. Error bars represented standard
deviations from three repeated experiments.
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Fig.6 Scavenging effect of ascorbic acid (vitamin C) on <OH. The
concentration of glucose was 3.75 mM. Error bars represented standard
deviations from three repeated experiments. F and Fq are the fluorescence
intensity of the sensing system in the presence and absence of ascorbic
acid (vitamin C).
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*OH was indeed produced in the sensing system, we added
ascorbic acid (vitamin C) to the system. In the absence of
Vit.C, *OH was not scavenged, so it did not have influence on
the fluorescence of DNA-AgNC. However, in the prescence of
Vit.C, *OH was scavenged by Vit.C, B-DNA could not cleave
into mono- or shortoligonucleotides fragment, so B-DNA
hybridized with G-DNA. DNA-Ag NCs, which failed to
hybridize with G-DNA, displayed very weak fluorescence. As
shown in Fig. 6, Fo is the fluorescence intensity of the sensing
system in the absence of ascorbic acid (vitamin C), F is the
fluorescence intensity of the sensing system in the presence
ascorbic acid (vitamin C). As Fo did not change and F
gradually decreased with the increasing of the ascorbic acid
concentration, so F/Fo gradually decreased with the increasing
of the ascorbic acid concentration. This result is in keeping
with the fact that ascorbic acid is the scavenger of *OH.
Therefore, we have successfully proved that *OH is indeed
produced in the sensing system.

In summary, a label-free and turn-on sensor for H202 and
glucose has been developed, it relies on the cleavage of
ssDNA by *OH and the fluorescence enhancement effect when
guanine-rich (G-rich) DNA sequences are in proximity to
DNA-silver nanoclusters (DNA-Ag NCs). This sensing system
has turned out to be reliable, sensitive, high S/N ratio, and
high selective for H202 and glucose detection. To evaluate the
feasibility of the sensing system for glucose detection in
biological samples, we have also successfully used this sensing
system to detect glucose in urine. Furthermore, we also prove
that *OH is indeed produced in the sensing system by adding
antioxidants. Compared with some known assay methods, our
DNA-Ag NCs based method demonstrates multifaceted
advantages: first of all, the preparation of DNA-Ag NCs is
facile, inexpensive and accessible to numerous labs, any
special steps such as modification, separation, coating, and
immobilization, are successfully avoided, which greatly
decreases the operating difficulty. Second, this fluorescence
probe is based on the fluorescence turn-on mode, which not
only reduces the possibility of a false positive signal, but also
enhances the detection sensitivity. Third, the concentration of
H202 or glucose could be monitored in real-time just by using
a common spectrofluorometer. Therefore, our approach have
turned out to be a successful paradigm in exploring the
fascinating properties of DNA-Ag NCs, we expect that the
novel strategy will open new opportunities for extending the
applications of DNA-Ag NCs in multiple fields.

This work was supported by the National Natural Science
Foundation of China (No. 21275045), NCET-11-0121, and
Hunan Provincial Natural Science Foundation of China (Grant
12J31004).
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25 A label-free and turn-on strategy for H,O, and glucose detection based on the
28 cleavage of ssDNA by *OH and the fluorescence enhancement effect when
30 guanine-rich (G-rich) DNA sequences are in proximity to DNA-silver nanoclusters

33 (DNA-Ag NCs).



