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We used CdSe/ZnS quantum dots—ssDNA—fluorescent dye con-
jugates as bioprobes to detect micrococcal nuclease with high
specificity and sensitivity, and further utilized the bioprobe to
monitor the micrococcal nuclease activity in the culture medium
of Staphylococcus aureus by fluorescence microscopy.

Luminescent semiconductor quantum dots (QDs) have at-
tracted widespread attention in diverse research areas in the
past two decades.! Compared to traditional organic dyes and
fluorescent proteins, QDs have some advantages such as high
emission quantum yield, narrow and symmetric emission and
so on, which make them excellent donors in fluorescence
resonance energy transfer (FRET) processes.” Luminescent
QD-FRET bioprobes have been used to investigate the inter-
actions between enzymes and substrates,® for example, nucle-
ase and nucleic acid.* FRET between CdSe/ZnS QDs and dyes
have been used to probe the activity of DNase and DNA
polymerase.** These results have indicated that QD-FRET
probes could be effective nuclease sensors. Here we show that
such probes can even be used for quantitative determination of
nuclease providing a well-defined limit of detection. We
further applied these probes in a real sample to show its
application under realistic diagnostic assay conditions.

The micrococcal nuclease (MNase) is a nonspecific endo—
exonuclease that digests single- and double-stranded DNA
and RNA, but it preferentially digests single-stranded DNA
(ssDNA). The cleavage of DNA or RNA occurs preferentially
at AT or AU-rich regions to yield mononucleotides and
oligonucleotides with terminal 3’-phosphates.” MNase is a
thermostable nuclease, and its activity is strictly dependent
on Ca?", which should be present in the nuclease digestion
reaction buffer.® It has been reported that MNase is the
extracellular nuclease of Staphylococcus aureus (S. aureus),’
which is a spheric gram-positive bacterium and causes both
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community acquired and hospital acquired infections.® The
existence of MNase can be the standard to identify S. aureus
and the content of MNase can be used to evaluate the
pathogenicity of S. aureus.” Conventional methods, for exam-
ple, culture techniques and polymerase chain reaction (PCR)
analyses,'® have been applied to differentiate S. aureus from
other staphylococci by MNase testing. However, these meth-
ods were time consuming (2—4 h or 8 h) and lack the sensitivity
and specificity needed for rapid diagnosis. Here we introduce a
simple and rapid method for the quantitative detection of
MNase with high sensitivity and specificity using QD-FRET
bioprobe for the first time, and further monitor MNase
activity with this bioprobe in the culture medium of S. aureus
by fluorescence microscopy.

Scheme 1 depicts the principle of MNase detection using the
QD-FRET bioprobe. The bioprobe was composed of two
sections: the streptavidin-conjugated QDs (SA-QDs) and the
modified ssDNA. The 3’-end of the ssDNA (5-TAT ATG
GAT GAT GTG GTA TT-3’) was modified with biotin while
the 5’-end was modified with 6-carboxy-X-rhodamine (ROX),
which acted as an acceptor. FRET between QDs and ROX
resulted in a color change of the system from green to orange-
red. After the ssDNA was cleaved by MNase into small
fragments, the color changed back to green.

The reaction between streptavidin and biotin was finished
within 10 min in the nuclease digestion buffer, which contains
20 mM Tris-HCI, pH 8.0, 5 mM NaCl and 2.5 mM CaCl,. The
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Scheme 1  The principle of MNase detection using our QDs—ssDNA—
fluorescent dye conjugate bioprobes.
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Fig. 1 The fluorescence spectra of 65 nM SA-QDs at different
concentrations of modified ssDNA.

fluorescence intensity of QDs at 547 nm (Fy) decreased drama-
tically, meanwhile, that of ROX at 603 nm (F,) increased
significantly when excitated at 388 nm (Fig. 1). FRET efficiency
between QDs and ROX is significantly improved due to the
flexibility of ssDNA, which puts the ROX spatially closer to the
QDs.'!“ Alteration of the SA-QDs : modified ssDNA ratio
from 1:0.3 to 1 : 2.46, the quenching efficiency increased from
16% to 54%. Higher quenching efficiency did not occur with
the increase of modified ssDNA concentration because of the
saturated interaction between SA-QDs and the modified
ssDNA.''"Y In order to enhance the sensitivity of MNase
determination, the molar ratio of SA-QDs : modified ssDNA
of 1 : 2.46 was chosen to develop the QD-FRET bioprobe.
The QD-FRET bioprobe was foremost applied to detect
MNase in aqueous solution. Initial experiments demonstrated
that the reaction of bioprobe with MNase was expeditious and
completed in about 10 min at 37 °C (see ESIT). After the system
was incubated for 15 min at 37 °C, F4 and F, were recorded to
measure MNase. Fig. 2 shows the fluorescence spectra of the
QD-FRET bioprobe in 0~3.6 units mL~' MNase. A linear
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Fig. 2 The fluorescence spectra of bioprobe in different concentra-
tions of MNase: (a) 0, (b) 0.2, (c) 0.4, (d) 0.8, (e) 1.6, (f) 2.0, (g) 2.8, (h)
3.2 units mL~". The insert shows the linear relationship between the
normalized ratio Fy4/F, and MNase concentration. Fy and F, were the
emission peaks of the QDs at 547 nm, and the ROX at 603 nm,
respectively. Fy/F, values were normalized to (F4/F,)o, which is the
ratio Fy/F, prior to adding MNase to the bioprobe solution.
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Fig. 3 The fluorescence decay traces of the SA-QDs (a), the bioprobe
(b) and the bioprobe reacted with 2.0 units mL~" MNase (c). All
measurements were made at 2 = 550 nm.

response was observed in this range (insert in Fig. 2). The
relative fluorescence intensity ratio (Fy/F,) was normalized to
(F4/F3,), which was the value of the bioprobe in the absence of
MNase. Based on the 3 times standard deviation of § measure-
ments of bioprobe solution containing 0.8 units mL~' MNase,
the limit of detection for MNase was up to 0.06 units mL~".
Furthermore, the fluorescence decay curves were measured
to characterize the photophysical properties of the biopro-
be-MNase system.*!> As shown in Fig. 3, SA-QDs exhibited
a lifetime of 8.38 ns. When the interaction occured between
SA-QDs and modified ssDNA, SA-QDs lifetime was shortened
to 4.54 ns. The results confirmed the occurrence of FRET
between QDs and ROX. After the treatment of the bioprobe
with 2.0 units mL~' MNase, SA-QDs recovered its original
lifetime partially, 5.36 ns. This partial recovery of SA-QDs life-
time was based on the incomplete digestion of ssDNA by MNase.
In order to investigate the specific detection of MNase with
our bioprobe, another phosphodiesterase nuclease (S1 nucle-
ase)' was chosen as the contrast to cleave ssDNA under the
same condition. The S1 nuclease is ssDNA-specific nuclease,
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Fig. 4 The fluorescence spectra of the bioprobe in different concen-
trations of SI nuclease: (a) 0, (b) 8, (¢) 16, (d) 24, (e) 32, (f) 40 units
mL~". The insert shows the relationship between the normalized ratio
F4/F, and S1 nuclease concentration. Fyq and F, were the emission
peaks of the QDs at 547 nm, and the ROX at 603 nm, respectively.
Fy4/F, values were normalized to (Fy/F,)o, which is the ratio Fy/F, prior
to adding Slnuclease to the bioprobe solution.
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Fig. 5 The digital fluorescence microscopy images of the SA-QDs (a)
and the bioprobe (b) for the monitoring of MNase activity in the
culture medium of S. aureus inoculated and shaked at 37 °C for 0 (c), 2
(d), 6 (e) and 10 h (f).

which exhibits endo- and exolytic hydrolytic activity for the
phosphodiester bonds of ssDNA or RNA and produces
mono- or oligonucleotide fragments. The excision of ssDNA
by S1 nuclease have occurred in AT rich regions, which is the
same with MNase cleavage site.!>* The fluorescence spectra of
the bioprobe in different concentrations of S1 nuclease were
shown in Fig. 4. Fq and F, were not affected obviously with S1
nuclease, and the normalized Fy/F, ratio was also not changed
with the change of S1 nuclease concentration (insert in Fig. 4).
These results validated the high specificity of bioprobe for
MNase testing.

The bioprobe was first applied to monitor MNase activity in
the culture medium of S. aureus by fluorescence microscopy.
The emission color of SA-QDs (Fig. 5a) was green while that
of the bioprobe (Fig. 5b) was orange-red in the culture
medium. When the activation time of S. aureus was prolonged,
the emission color of bioprobe changed back to green gradu-
ally (Fig. 5c—f), which indicated the increase of MNase con-
centration in the culture medium. The emission color of
Fig. 5¢ was almost the same with that of Fig. 5f, because
MNase concentration did not change markedly in the culture
medium of S. aureus activated for 6 h and 10 h. It has been
reported that the synthesis and secretion of MNase began in
the early growth period of S. aureus and finished at the end of
the logarithmic growth phase (about 8 h), and then the
concentration of MNase kept invariant.'* The experimental
phenomena were consistent with the results reported. These
experimental results showed the feasibility of our bioprobe for
the identification of S. aureus and evaluation of S. aureus
pathogenicity by MNase testing in the culture medium.

In summary, a simple and rapid method to detect MNase
with high sensitivity and specificity based on the new
QD-FRET bioprobe has been developed. We have further
utilized the bioprobe to monitor MNase activity in the culture
medium of S. aureus and evaluate the pathogenicity of
S. aureus. This method could be extended to other applications
such as measuring the activity of other specific nuclease,
nuclease inhibitors and activators in organism body.

This work was supported by the National Science Founda-
tion of China (20575046, 90717111, 20873096), the Science

Fund for Creative Research Groups of NSFC (20621502) and
Hubei province (2005ABC002), the Innovative Research
Team in University (IRT0543), the Specialized Research
Fund for the Doctoral Program of Higher Education
(20050486026), the National Key Scientific Program—
Nanoscience and Nanotechnology (2006CB933103) and 973
Program (2007CB714507). Z. He expresses sincere thanks to
the Alexander von Humboldt Foundation for supporting his
guest research stay at the University of Bielefeld.

Notes and references

1 (a) M. Bruchez, Jr, M. Moronne, P. Gin, S. Weiss and A. P.
Alivisatos, Science, 1998, 281, 2013; (b) M. J. Ruedas-Rama, X. J.
Wang and E. A. H. Hall, Chem. Commun., 2007, 1544; (c¢) A.
Touceda-Varela, E. 1. Stevenson, J. A. Galve-Gasion, D. T. F.
Dryden and J. C. Mareque-Rivas, Chem. Commun., 2008, 1998; (d)
J. A. Liu, H. B. Li, W. Wang, H. B. Xu, X. L. Yang, J. G. Liang
and Z. K. He, Small, 2006, 2, 999; (¢) J. Kim, H. Park, J. Kim, J.
Ryu, D. Y. Kwon, R. Grailhe and R. Song, Chem. Commun., 2008,
1910; (f) G. H. Yu, J. G. Liang, Z. K. He and M. X. Sun, Chem.
Biol., 2006, 13, 723; (g) M. Green, P. Rahman and D.
Smyth-Boyle, Chem. Commun., 2007, 574.

2 (a) L. Dyadyusha, H. Yin, S. Jaiswal, T. Brown, J. J. Baumberg, F.
P. Booy and T. Melvin, Chem. Commun., 2005, 3201; (b) C. Y.
Zhang and L. W. Johnson, Anal. Chem., 2007, 79, 7775; (¢) D. J.
Zhou, J. D. Piper, C. Abell, D. Klenerman, D. J. Kang and L. M.
Ying, Chem. Commun., 2005, 4807.

3 (a) 1. L. Medintz, A. R. Clapp, F. M. Brunel, T. Tiefenbrunn, H. T.
Uyeda, E. L. Chang, J. R. Deschamps, P. E. Dawson and H.
Mattoussi, Nat. Mater., 2006, 5, 581; (b) C. J. Xu, B. G. Xing and
J. H. Rao, Biochem. Biophys. Res. Commun., 2006, 344, 931; (¢) L.
F. Shi, N. Rosenzweig and Z. Rosenzweig, Anal. Chem., 2007, 79,
208.

4 (a) R. Gill, I. Willner, I. Shweky and U. Banin, J. Phys. Chem. B,
2005, 109, 23715; (b) M. Suzuki, Y. Husimi, H. Komatsu, K.
Suzuki and K. T. Douglas, J. Am. Chem. Soc., 2008, 130, 5720; (c)
D. Onoshima, N. Kaji, M. Tokeshi and Y. Baba, 4nal. Sci., 2008,
24, 181.

5 (a) T. M. Martensen and E. R. Stadtman, Proc. Natl. Acad. Sci. U.
S. A., 1982, 79, 6458; (b) W. Horz and W. Altenburger, Nucleic
Acids Res., 1981, 9, 2643.

6 (a) M. Alexander, L. A. Heppel and J. Hurwitz, J. Biol. Chem.,
1961, 236, 3014; (b) P. Cuatrecasas, S. Fuchs and C. B. Anfinsen,
J. Biol. Chem., 1967, 242, 1541.

7 (a) J. N. Heins, J. R. Suriano, H. Taniuchi and C. B. Anfinsen,
J. Biol. Chem., 1967, 242, 1016; (b) A. Arnone, C. J. Bier, F. A.
Cotton, E. E. Hazen, Jr, D. C. Richardson and J. S. Richardson,
Proc. Natl. Acad. Sci. U. S. A., 1969, 64, 420.

8 V. Escamilla-Gomez, S. Campuzano, M. Pedrero and J. M.
Pingarron, Anal. Bioanal. Chem., 2008, 391, 837.

9 (a) P. R. S. Lagacé-Wiens, M. J. Alfa, K. Manickam and J. A.
Karlowsky, J. Clin. Microbiol., 2007, 45, 3478; (b) R. V. F.
Lachica, Appl. Environ. Microbiol., 1976, 32, 633.

10 (a) H. Faruki and P. Murray, J. Clin. Microbiol., 1986, 24, 482; (b)
I. G. Wilson, J. E. Cooper and A. Gilmour, Appl. Environ.
Microbiol., 1991, 57, 1793.

11 (a) C. Y. Zhang and L. W. Johnson, Anal. Chem., 2006, 78, 5532;
(b) C. Y. Zhang and L. W. Johnson, Angew. Chem., Int. Ed., 2007,
46, 3482.

12 X. F. Yu, L. D. Chen, Y. L. Deng, K. Y. Li, Q. Q. Wang, Y. Li, S.
Xiao, L. Zhou, X. Luo, J. Liu and D. W. Pang, J. Fluoresc., 2007,
17, 243.

13 (a) H. Hofstetter, A. Schambock, J. Van Den Berg and C.
Weissmann, Biochim. Biophys. Acta, 1976, 454, 587; (b) Y. L.
Tang, F. D. Feng, F. He, S. Wang, Y. L. Li and D. B. Zhu, J. Am.
Chem. Soc., 2006, 128, 14972.

14 (a) A. Otero, M. C. Garcia, M. L. Garcia and B. Moreno, Int. J.
Food Microbiol., 1988, 6, 107; (b) A. Otero, M. L. Garcia, M. C.
Garcia, B. Moreno and M. S. Bergdoll, Appl. Environ. Microbiol.,
1990, 56, 555.

5992 | Chem. Commun., 2008, 5990-5992

This journal is © The Royal Society of Chemistry 2008



