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a b s t r a c t

A novel and simple method was presented for micrococcal nuclease (MNase) detection based on

fluorescence resonance energy transfer (FRET) realized by electrostatic interaction. In this study,

mercaptoacetic acid capped quantum dots (MAA-QDs) and ROX-modified single-stranded DNA (ROX-

ssDNA) were chosen as energy donor and acceptor, respectively. At slightly basic pH, the positively

charged peptide served as a bridge to bring negatively charged QDs and negatively charged ROX-ssDNA

into close contact to energy transfer. When the ROX-ssDNA was cleaved into small fragments by

MNase, the relatively weak electrostatic interaction between the fragmented ssDNA chains and the

QDs/peptide complex should make the ROX away from the QDs/peptide complex, and thus the FRET

efficiency decreased. Consequently, the fluorescence intensity of acceptor decreased and a quantification

of the MNase was enabled. Under the optimal conditions, experimental results showed that the

fluorescence intensity of acceptor was proportional to the logarithm of MNase concentration in a range

of 4.0�10�3–8.0�10�2 U mL�1. The proposed approach offered adequate sensitivity for the detection

of the MNase at 2.9�10�3 U mL�1.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nucleases play vital roles in biological processes, such as DNA
replication, repair and recombination. They are also considered to
be necessary tools in PCR assay, genotyping, molecular cloning
and medicinal chemistry [1–5]. As a result, the detection of
nucleases is important for modern molecular biology and drug
discovery. Traditional methods, including gel electrophoresis
[6–8], radioactive labeling [9] and enzyme-linked immunosorbent
assay (ELISA) [10], have been reported. Most of them are time-
consuming, laborious, and require sophisticated instrumentation
or isotope labeling. To address these limitations, fluorescence
assays based on fluorescence resonance energy transfer (FRET)
technology have been applied and developed because of their
intrinsic high sensitivity and selectivity, among which molecular
beacons and conjugated polymers have often been used in
nuclease detection assays [11–15]. However, these strategies are
compromised to expensive double fluorophore-labeled DNA sub-
strates and complicated synthesis procedure, unlocalized emis-
sion, polydispersity of conjugated polymers [16]. Thus
development of a simple and sensitive method for nuclease
analysis should be of general interest.
ll rights reserved.
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Recently, as a kind of promising fluorescent nanomaterial,
quantum dots (QDs) have received much attention. QDs possess
unique optical and electronic characteristics compared with
organic fluorophores, such as superior photostability, high quan-
tum yields, broad absorption spectra, and narrow emission
spectra [17–19]. Therefore, QDs as excellent energy donors have
been reported for detecting nucleases [20–22]. Gill et al. designed
QDs/dye-DNA duplex structure to monitor the cleavage of the
DNA by DNase I [20]. Huang et al. developed an exonuclease
detection method using QDs/ssDNA-fluorescent dye conjugates as
biosensor [21]. Suzuki et al. presented FRET-based QDs bioprobe
to detect the actions of deoxyribonuclease and DNA polymerase
[22]. However, these approaches need double-labeled DNA probes
and covalent immobilization of the probe DNA to the QDs surface,
which often add to the cost and complexity.

Constructing QDs/DNA FRET system through electrostatic
interaction is emerging as an alternative to covalent binding. This
strategy is simple and requires no covalent immobilization of the
probe DNA. Besides, the nature of electrostatic interaction can
ensure the probe DNA coming into close proximity of QDs to
obtain a high FRET efficiency [23]. Peng et al. first designed a
simple sensing platform for DNA hybridization based on electro-
static interaction, taking advantage of the cationic polymer
mediated QDs-FRET system [24]. Subsequently, Jiang et al. estab-
lished a cascaded FRET system, in which the fluorescent conjugated
polymer acted not only as a bridge but also as a light-harvesting



Fig. 1. Schematic description of the assay for MNase detection.
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antenna [25]. Recently, He et al. reported a QDs-based FRET probe
for nuclease detection by means of the electrostatic principle [26].
But, this method still involved a modification process to get
positively charged QDs via two-step conjugation reaction, and
the process was complicated and time-intensive.

Herein, we developed a novel and simple method for micro-
coccal nuclease (MNase) detection based on QDs-FRET system
through peptide acting as an electrostatic linker. The MNase is an
endo-exonuclease which could preferentially digest single-stranded
DNA at AT-rich regions at slightly basic pH [27]. As shown in Fig. 1,
the positively charged peptides electrostatically self-assembled
on the surface of the negatively charged QDs to form a positively
charged QDs/peptide complex. Then the complex could attract
negatively charged ROX-ssDNA for energy transfer. In the pre-
sence of MNase, the ROX-ssDNA was cut into fragments, the FRET
efficiency decreased due to the weak interaction between QDs
and the small DNA fragments, thus providing a sensing platform
for MNase. This approach was simple in design, and labor-
intensive QDs covalent modification was avoided. The quantifica-
tion of the MNase was successfully accomplished with a detection
limit of 2.9�10�3 U mL�1.
2. Experimental

2.1. Reagents

The mercaptoacetic acid capped CdSe/ZnS quantum dots
(MAA-QDs) was commercially purchased from Wuhan Jiayuan
Quantum Dots Co., Ltd. (Wuhan, China). The peptide (sequence
Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg) was synthesized from
the GenScript Biotechnology Corporation (Nanjing, China) and
used without further purification. All of oligonucleotides were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China), and
their base sequences in detail were as follows: 5-mer, 50-ROX-TAT
AT-30, 10-mer, 50-ROX-TAT ATG GAT G-30, 20-mer, 50-ROX-TAT
ATG GAT GAT GTG GTA TT-30. Micrococcal nuclease, Exonuclease
III (Exo III) and S1 nuclease were obtained from TaKaRa (Dalian,
China). Thrombin was purchased from Dingguo Biological Tech-
nology Corporation (Beijing, China). Pepsin was obtained from
Solarbio Science and Technology Co., Ltd. (Beijing, China). Other
reagents and chemicals were analytical grade and used as
received. Tris–HCl buffer (pH¼9.0) containing 2.0�10�2 mol L�1

Tris–HCl, 5.0�10�3 mol L�1 NaCl and 2.5�10�3 mol L�1 CaCl2
was used throughout the experiment. All solutions were prepared
using ultrapure water (18.2 MO cm) by standard methods.

2.2. Apparatus

All the fluorescence measurements were performed on an
F-4500 spectrofluorimeter (Hitachi, Tokyo, Japan).

The pH was acquired on a Lei Ci PHS-3C pH-meter (Shanghai,
China).

2.3. Methods

2.3.1. Peptide-bridged energy transfer between QDs and ROX-ssDNA

2.0 mL 4.0�10�6 mol L�1 ROX-ssDNA solution was mixed
with 1.0 mL 5.0�10�6 mol L�1 QDs and 2.0 mL 1.0�10�4 mol L�1

peptide in 95 mL Tris–HCl buffer (pH¼9.0). And then, the mixture
was kept for 5 min and moved to a fluorescence cuvette for
fluorescence measurement.

2.3.2. FRET-based nuclease assay

95 mL Tris–HCl buffer (pH¼9.0) contained different amounts of
MNase and ROX-ssDNA (8.0�10�8 mol L�1, final concentration).
The above solution was incubated at 37 1C for MNase-catalyzed
reaction. After a specific incubation time, the cleaved ROX-ssDNA
solution was cooled to room temperature, then, 1.0 mL 5.0�
10�6 mol L�1 QDs solution and 2.0 mL 1.0�10�4 mol L�1 peptide
solution were added to react with the cleaved ROX-ssDNA product.
The mixture was kept for 5 min and followed by fluorescence
measurement.

All samples were illuminated at an excitation wavelength of
400 nm, and the fluorescence emission was recorded from 500 to
650 nm. The excitation and emission slit widths were 10 nm.
3. Results and discussion

3.1. Peptide-bridged energy transfer between QDs and ROX-ssDNA

MAA-QDs were negatively charged at slightly basic environ-
ment. A 20-mer ROX-labeled ssDNA containing AT-rich regions
was used as the probe ssDNA to recognize and detect MNase. The
peptide consisting of ten arginine units was designed as an
electrostatic linker. The isoelectric point of arginine was around
10.76 [28], which suggested that the peptide had positive charges
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in the Tris–HCl buffer (pH¼9.0). Acting as a medium, the peptide
could bring the QDs and ROX-ssDNA together through electro-
static binding to form the QDs/peptide/ROX-ssDNA complex. In
this complex the QD served as a FRET donor to transfer energy to
ROX acceptor. Fig. S1 in Supporting Information showed their
normalized absorption and emission spectra. The emission spec-
trum of the QDs had a good spectral overlap with the absorption
spectrum of ROX, which indicated that FRET between them could
take place. The broad absorption band of QD allowed sample
excitation at 400 nm without direct excitation of ROX. In addition,
there was minimal spectral cross-talk between the QDs and ROX
emissions, satisfying the requirement for effective separation of
fluorescence emission of donor and acceptor. The absorption and
emission spectra of QDs after the binding of the peptide were also
studied. As shown in Fig. S1, both the absorption and emission
spectra of QDs and QDs/peptide complex showed negligible
changes in the peak emission wavelength and bandwidth, which
indicated that the grafting of peptide did not affect the optical
properties of QDs.

To verify the occurrence of FRET between the QDs and ROX in
the QDs/peptide/ROX-ssDNA complex, the fluorescence spectra of
different systems were studied (Fig. 2). Curve a and b were the
fluorescence spectra of ROX-ssDNA and QDs/peptide, respec-
tively. It was obvious that QDs were powerfully excited while
the interference from acceptor direct emission was effectively
reduced upon excitation at 400 nm. Curve c corresponds to the
fluorescence spectrum of QDs/ROX-ssDNA. Because of slight
hydrogen-bonding interactions between carboxylic acid ligands
and DNA nucleobases [29], negligible energy was transferred
from negatively charged QDs to ROX-ssDNA. However, in the
presence of the peptide, the fluorescence intensity of QDs was
significantly weakened with the obvious enhancement of the ROX
fluorescence intensity (curve d). By comparison with curve c, it
was found that an effective FRET occurred with the addition of
peptide, suggesting that the electrostatic interaction played a key
role to ensure the energy transfer between the QD donor and the
ROX acceptor. A control experiment was performed to study
whether ssDNA without the ROX label could affect the QDs
fluorescence. Under the same conditions as used above, the
QDs/peptide complex was incubated with the ssDNA without
the ROX label, the quenching of the QDs fluorescence was less
than 5% (curve e).
Fig. 2. Fluorescence emission spectra of FRET systems. (a) ROX-ssDNA, (b) QDs/

peptide, (c) QDs/ROX-ssDNA, (d) QDs/peptide/ROX-ssDNA, (e) QDs/peptide/ssDNA.

Condition: QDs: 5.0�10�8 mol L�1, peptide: 2.0�10�6 mol L�1, ROX-ssDNA

and ssDNA: 8.0�10�8 mol L�1.
3.2. Effect of peptide concentration

The peptide was employed as an ‘‘electrostatic linker’’ to provide
a positively charged surface, allowing negatively charged ROX-
ssDNA to interact with the resulting complex. In order to obtain
high FRET efficiency, the effect of peptide concentration was
investigated. The fluorescence response was studied using the
fluorescence intensity of ROX at 600 nm as standard. As illustrated
in Fig. 3, the initial additions of peptide caused an immediate rise in
the fluorescence signal of ROX, reached a plateau when the peptide
concentration was up to 2.0�10�6 mol L�1. A possible reason
was that, the surface positive charge density of the QDs/peptide
complex gradually rose as the peptide concentration increased,
therefore more ROX-ssDNA molecules would bind to the complex
and the transferred energy was enhanced. When the peptide
concentration reached 2.0�10�6 mol L�1, the surface positive
charge of the QDs/peptide complex approached saturation. In this
case, the amount of the ROX-ssDNA absorbed to the surface of the
QDs/peptide complex did not change, so the signal kept relatively
stable. The effect of the peptide concentration on the fluorescence
intensity of ROX could further prove that the peptide served as
the electrostatic medium for FRET between negative QDs and
negative ROX-ssDNA. Finally, 2.0�10�6 mol L�1 was chosen as
the optimal peptide concentration.

3.3. Effect of ROX-ssDNA

Firstly, 5-mer, 10-mer, 20-mer ROX-ssDNA chains at the same
concentration were selected to study the influence of oligonu-
cleotide length on the FRET efficiency. As shown in Fig. 4A, the
fluorescence intensity of ROX gradually increased with increasing
length of ssDNA from 5 to 20 mer. The result showed that the
change of the fluorescence signal of ROX was due to the variety of
the chain length of the ssDNA. The result was understandable by
considering the fact that the enhancement of electrostatic inter-
action between the QDs/peptide complex and the longer ssDNA
because long DNA had higher charge density than that of short
DNA, resulting in an increase in FRET efficiency. It is well known
that the ssDNA can be cleaved into fragments by nuclease.
Therefore, it was possible to employ the FRET system to perform
the nuclease cleavage assay. In this work, 20-mer ROX-ssDNA was
selected as the substrate of the MNase digestion reaction.

Furthermore, to obtain the best fluorescence signal, the con-
centration of ROX-ssDNA (20-mer) was tested. As seen in Fig. 4B,
Fig. 3. Effect of peptide concentration on the fluorescence intensity of ROX.

Condition: QDs: 5.0�10�8 mol L�1, ROX-ssDNA: 8.0�10�8 mol L�1.



Fig. 4. (A) Effect of the ROX-ssDNA length on the fluorescence intensity of ROX.

Condition: QDs: 5.0�10�8 mol L�1, peptide: 2.0�10�6 mol L�1, ROX-ssDNA: 8.0�

10�8 mol L�1. (B) Effect of ROX-ssDNA (20-mer) concentration on the fluorescence

intensity of ROX. Condition: QDs: 5.0�10�8 mol L�1, peptide: 2.0�10�6 mol L�1.
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the fluorescence intensity of ROX enhanced according to the
increase of the ROX-ssDNA concentration. Because the surface
of the QDs/peptide complex was saturated with the ROX-ssDNA
molecules, then the signal reached a steady state at the concentration
up to 8.0�10�8 mol L�1. Therefore, the ROX-ssDNA concentration
was selected at 8.0�10�8 mol L�1 throughout the study.

3.4. Effect of pH

To confirm the charge-based QDs/peptide/ROX-DNA complex
formation, Tris–HCl buffer samples with different pH values were
conducted to investigate the effect of pH in the complex forma-
tion. As given in Fig. S2 in Supporting Information, the maximum
fluorescence intensity of ROX was observed for pH between
8.0 and 9.0, with less intensity for lower or higher pH conditions.
The possible reason was that, the formation of less protonated
carboxylic acid groups on the surface of QDs at lower pH and the
less charged peptide in the high pH region reduced the electro-
static interaction between the QDs and peptide. Therefore, max-
imum energy transfer was achieved when both the QDs and the
peptide were charged, which more ROX-ssDNA molecules were
absorbed to the positively charged surface of the QDs/peptide
complex. The result suggested that the FRET system was
susceptible to the influence of pH, confirming the realization of
QDs/peptide/ROX-DNA complex was based upon the electrostatic
interaction. Besides, the pH of media was chosen as 9.0.

3.5. Effect of Ionic strength

Not only the pH but also the ionic strength would interfere
with the electrostatic interaction, so the effect of ionic strength on
the complex formation was also evaluated by increasing the NaCl
concentration of Tris–HCl buffer (pH¼9.0). As shown in Fig. S3 in
Supporting Information, when the NaCl concentration was lower
than 4.0�10�2 mol L�1, the electrostatic potential between the
QDs and peptide was enough to bring the two together, thus
providing a positively charged surface to attract ROX-ssDNA.
When the NaCl concentration was up to 4.0�10�2 mol L�1, the
increase of the NaCl concentration resulted in a drop in the energy
transfer between QDs and ROX. On the basis of the Debye-Hückel
theory, the addition of NaCl screened the surface charge of QDs,
which weakened the electrostatic interaction between the QDs
and peptide of opposite charge, so the surface charge density of
QDs/peptide complex decreased. Then the number of ROX-ssDNA
absorbed to the surface of QDs/peptide complex declined and the
FRET between QDs and ROX got weak. 5.0�10�3 mol L�1 NaCl
was employed in the study.

3.6. Stability test of QDs/peptide/ROX-ssDNA system

The stability of the QDs/peptide/ROX-ssDNA system was
tested under the optimal conditions. The tendency to change of
fluorescence intensity of ROX was measured at different time and
the result was presented in Fig. S4 in Supporting Information. As
it can be seen, the fluorescence intensity of ROX enhanced rapidly
and tended to a maximum value at 2 min, indicating a fast rate of
electrostatic reaction, and then changed little within 2–10 min.
After 10 min, the fluorescence signal decreased slightly by
extending the reaction time. In this method, the QDs/peptide/
ROX-ssDNA complex was kept for 5 min followed by fluorescence
measurement.

3.7. FRET-based MNase assay

3.7.1. Detection of MNase

Under optimized conditions, the QDs/peptide/ROX-DNA com-
plex was applied to detect the MNase. At a fixed concentration of
MNase (8.0�10�2 U mL�1), the changes in fluorescence spectra
of the complex as a function of MNase digestion time was
monitored. As shown in Fig. 5, with MNase digestion, the emis-
sion intensity at 600 nm from ROX gradually decreased and the
emission from QDs at 548 nm showed a gradual increase over the
incubating time from 0 to 30 min. This indicated that the strength
of electrostatic interaction between QDs/peptide and ROX-ssDNA
reduced over digestion time due to the small ssDNA fragmenta-
tion, which increased the distance between QDs/peptide and ROX,
resulting in inefficient FRET between them.

Fig. 6 revealed the time curves of the intensity of ROX at
600 nm with various MNase concentrations from 4.0�10�3 to
8.0�10�2 U mL�1. Obviously, the intensity of ROX decreased at
each MNase concentration by prolonging the cleavage reaction
time, which was followed by a plateau. In addition, increasing the
concentration of MNase gave rise to a faster enzymatic reaction
rate and a higher level of fluorescence decrease of ROX. In other
words, if the concentration of the ROX-ssDNA substrate in the
cleavage reaction solution was fixed, the cleavage reaction rate
was dependent on the concentration of the MNase. After the ROX-
ssDNA was digested for 50 min at 37 1C, the fluorescence intensity
of ROX at 600 nm was recorded to detect MNase. As shown in



Fig. 5. Fluorescence emission spectra of QDs/peptide/ROX-ssDNA complex as

a function of MNase digestion. Condition: QDs: 5.0�10�8 mol L�1, peptide:

2.0�10�6 mol L�1, ROX-ssDNA: 8.0�10�8 mol L�1, and MNase: 8.0�10�2 U mL�1.

Fig. 6. The time-dependent ROX fluorescence intensity as a function of diges-

tion time with varying MNase concentration. Inset: The linear relationship

between ROX fluorescence intensity and the logarithm of MNase concentration.

Condition: QDs: 5.0�10�8 mol L�1, peptide: 2.0�10�6 mol L�1, and ROX-

ssDNA: 8.0�10�8 mol L�1.

Fig. 7. The selectivity of this FRET system toward MNase over other common

enzymes. Condition: QDs: 5.0�10�8 mol L�1, peptide: 2.0�10�6 mol L�1, ROX-

ssDNA: 8.0�10�8 mol L�1, MNase: 8.0�10�2 U mL�1, Exo III¼S1 nuclease:

2.0 U mL�1, and thrombin¼pepsin: 2.5�10�7 mol L�1.
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Fig. 6 (inset), a linear relationship was observed between the
fluorescence intensity of ROX at 600 nm and the logarithm of
MNase concentration in a dynamic range from 4.0�10�3 to
8.0�10�2 U mL�1. The linear regression equation was determined
to be Y¼�468.5–566.2 log [CMNase] with the correlation coefficient
of 0.9940. The detection limit of MNase was 2.9�10�3 U mL�1

(3 times the standard deviation above the blank), which had a
comparable detection limit compared with the methods men-
tioned above [21,26].
3.7.2. The selectivity of MNase assay

To determine the selectivity of this assay for MNase, a series of
experiments were carried out using MNase and other common
proteins including Exonuclease III (Exo III), S1 nuclease, thrombin
and pepsin. As demonstrated in Fig. 7, In contrast to the blank,
only the MNase exhibited a remarkable decrease in fluorescence
intensity at 600 nm. Under the same conditions, the other
enzymes failed to induce significant fluorescence decrease. There-
fore, it can be considered that the decrease of fluorescence
intensity arose from the ROX-ssDNA cleavage by its specific
MNase, demonstrating the high selectivity of this system for MNase.
4. Conclusions

In summary, we have demonstrated a novel and simple MNase
detection strategy based on the FRET. The ROX-ssDNA was
connected to the MAA-QDs for energy transfer via an electrostatic
interaction in the presence of a peptide linker. The presence of the
MNase led to the degradation of the DNA sequence, the different
electrostatic interaction strength of ssDNA and fragments with the
QDs/peptide complex caused different changes of FRET efficiency,
thus allowing for the MNase detection. This assay utilized the
electrostatic interaction to realize the FRET. Compared with pre-
vious reports, this method was simplified, easy to operate, and
offered comparable sensitivity as previously reported FRET analysis
for MNase detection. In addition, neither covalent modification to
the QDs nor doubly labeled DNA strand was required, leading to the
development of a low cost and less laborious method. Furthermore,
this method could be extended to detect other nucleases which are
active at slightly basic pH by changing the substrate DNA.
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