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One major challenge in analytical chemistry is multiplex sensing of a number of analytes with each analyte displaying a different signal. To meet such a challenge, quantum dots that emit at 525 and 585 nm are used to encode aptamer-linked nanostructures sensitive to adenosine and cocaine, respectively. In addition to quantum dots, the nanostructures also contain gold nanoparticles that serve as quenchers. Addition of target analytes disassembles the nanostructures and results in increased emission from quantum dots. Simultaneous colorimetric and fluorescent detection and quantification of both molecules in one pot is demonstrated. Design of highly sensitive and selective sensors has long been a focus of research because sensors can provide useful information for a number of applications such as biomedical diagnostics, environmental monitoring, and industrial process and quality control.1,2 Significant progress has been made in making sensors for single analyte detection. In more advanced applications, simultaneous detection of multiple analytes is needed, which is usually accomplished by constructing sensor arrays with each component in the array sensitive to a specific analyte or to several analytes (e.g., electronic nose).3-5 An equally desirable, but perhaps more challenging, sensor platform involves multiple sensors in a single solution that yield different signals in response to the presence of different analytes. All of the detections will then be carried out under identical conditions at the same time, and even the interactions between target analytes can be monitored conveniently.6 This is indeed how nature detects and responds to its chemical environment. In a cell, for example, many genes are turned on and off to control the expression of numerous proteins with high temporal and spatial resolution. All of these reactions happen in the same solution under identical external conditions, * Author to whom correspondence should be addressed. E-mail: [email protected]. Phone: 217-333-2619. Fax: 217-333-2685. (1) Czarnik, A. W. Chem. Biol. 1995, 2, 423-428. (2) Ligler, F. S.; Rowe Taitt, C. A. Optical Biosensors: Present and Future; Elsevier Science B.V: Amsterdam, 2002. (3) Seetharaman, S.; Zivarts, M.; Sudarsan, N.; Breaker, R. R. Nat. Biotechnol. 2001, 19, 336-341. (4) Hesselberth, J. R.; Robertson, M. P.; Knudsen, S. M.; Ellington, A. D. Anal. Biochem. 2003, 312, 106-112. (5) Rakow, N. A.; Suslick, K. S. Nature 2000, 406, 710-713. (6) Wilson, R.; Cossins, A. R.; Spiller, D. G. Angew. Chem., Int. Ed. 2006, 45, 6104-6117.
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and the control of gene expression is usually through chemical or biological stimuli. Therefore, the whole cell can be considered as a complex sensing system that can respond to many stimuli simultaneously. Inspired by the biological sensory system mentioned above, we wish to construct a multicomponent sensing system that can give different signals in the presence of different molecules. A sensor contains at least two components: a target recognition element and a signal transduction element. Finding appropriate candidates for the multiplex sensing system is even more challenging compared to the design of single analyte sensors. For target recognition, different recognition elements should work under the same condition (pH, ionic strength, and temperature, etc). In nature, proteins are responsible for most of the recognition events, and recently nucleic acids (e.g., riboswitches)7 have also been shown to recognize metabolites and control gene expression. We are interested in using aptamers (single-stranded DNA or RNA molecules with a ligand-binding ability) as recognition elements for sensor design. Since its first discovery in the early 1990s,8,9 many aptamers have been evolved in vitro to bind essentially any class of molecule, ranging from small organic molecules, peptides, and proteins to intact viral particles and even cells.10 Compared to protein-based binding molecules (i.e., antibodies), aptamers and especially DNA aptamers are more cost-effective to produce and more stable. It is also easier to modify aptamers for signal transduction. Importantly, aptamers can also be made or selected to work under similar buffer conditions.4 Therefore, we chose DNA aptamers for target recognition.11 In addition to choosing sensing molecules, multiplex detection requires a more complex signal transduction method, because multiple different signals need to be generated, with each signal encoding for a specific analyte. We prefer to design optical sensors,2,12-14 such as those based on color or fluorescence change, because of the relatively simple detection procedures and the minimal usage of analytical instruments. For organic fluoro(7) Winkler, W. C.; Breaker, R. R. Ann. Rev. Microbiol. 2005, 59, 487-517. (8) Tuerk, C.; Gold, L. Science 1990, 249, 505-510. (9) Ellington, A. D.; Szostak, J. W. Nature 1990, 346, 818-822. (10) Wilson, D. S.; Szostak, J. W. Annu. Rev. Biochem. 1999, 68, 611-647. (11) Navani, N. K.; Li, Y. Curr. Opin. Chem. Biol. 2006, 10, 272-281. (12) Nutiu, R.; Li, Y. J. Am. Chem. Soc. 2003, 125, 4771-4778. (13) Yang, C. J.; Jockusch, S.; Vicens, M.; Turro, N. J.; Tan, W. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 17278-17283. (14) Liu, J.; Lu, Y. Angew. Chem., Int. Ed. 2006, 45, 90-94. 10.1021/ac070055k CCC: $37.00
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phores, it is generally difficult to simultaneously excite two molecules with distinct emission wavelengths, because of their small Stokes shifts and broad emission bands. Despite this limitation, successful demonstration of multiplex detection using organic fluorophores such as FAM, TET, RHD, and TMR have been reported.15 Nanocrystalline semiconductors (quantum dots or QDs) are ideal encoding materials.16-18 Under the same excitation light, essentially any emission wavelength covering the whole visible region can be obtained with high quantum yield, depending on the QD composition and size.16 The concept of using QDs to encode different analytes for sensing applications have been proposed for many years, while experimental demonstrations were mostly limited to nucleic acid detection.16,19 QD-based fluoroimmunoassays for multiple non-nucleic acid analytes in one pot are also known. For example, four antibodies for different toxins were conjugated to four QDs with different emission wavelengths, and the four toxins were detected in a single assay.20 However, it took multiple steps and several hours to complete the assay. In addition, QDs with different cation compositions were attached to different target proteins, which were bound on a gold surface by immobilized aptamers.21 In the presence of free target proteins, the QD-labeled proteins were displaced into solution. After acid dissolution of the QDs, the cation composition of the solution was analyzed by electrochemical stripping measurements. Being highly sensitive, it also took multiple steps to complete the assay. We aim to design a system that can give fast signal response by a simple mixing of sensors with analytes. Taking advantage of recent advances in both biotechnology and nanotechnology, we report herein the simultaneous detection of adenosine and cocaine in a single solution with QD-encoded aptamer sensors. EXPERIMENTAL SECTION Materials. All DNA samples were purchased from Integrated DNA Technologies, Inc. (Coralville, IA). The aptamer DNA molecules were purified by denaturing polyacrylamide gel electrophoresis. Thiol-modified and biotinylated DNA were purified by standard desalting. Streptavidin-coated QDs were purchased from Invitrogen (Carlsbad, CA). Adenosine, cytidine, uridine, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and cocaine hydrochloride were purchased from Aldrich (St. Louis, MO). AuNPs (13 nm diameter) were prepared by literature procedures,22 and the extinction of the nanoparticle at 522 nm peak was about 2.4. Functionalization of Nanoparticles. Most procedures are described in detail in a recent publication.23 Thiol-modified DNA molecules (1 mM) were activated with 2 equiv of TCEP at pH 5.5 (15) Vet, J. A. M.; Majithia, A. R.; Marras, S. A. E.; Tyagi, S.; Dube, S.; Poiesz, B. J.; Kramer, F. R. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 6394-6399. (16) Han, M.; Gao, X.; Su, J. Z.; Nie, S. Nat. Biotechnol. 2001, 19, 631-635. (17) Alivisatos, A. P.; Gu, W.; Larabell, C. Annu. Rev. Biomed. Eng. 2005, 7, 55-76. (18) Medintz, I. L.; Uyeda, H. T.; Goldman, E. R.; Mattoussi, H. Nat. Mater. 2005, 4, 435-446. (19) Gerion, D.; Chen, F.; Kannan, B.; Fu, A.; Parak, W. J.; Chen, D. J.; Majumdar, A.; Alivisatos, A. P. Anal. Chem. 2003, 75, 4766-4772. (20) Goldman, E. R.; Clapp, A. R.; Anderson, G. P.; Uyeda, H. T.; Mauro, J. M.; Medintz, I. L.; Mattoussi, H. Anal. Chem. 2004, 76, 684-688. (21) Hansen, J. A.; Wang, J.; Kawde, A.-N.; Xiang, Y.; Gothelf, K. V.; Collins, G. J. Am. Chem. Soc. 2006, 128, 2228-2229. (22) Storhoff, J. J.; Elghanian, R.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R. L. J. Am. Chem. Soc. 1998, 120, 1959-1964. (23) Liu, J.; Lu, Y. Nature Protocols 2006, 1, 246-252.



for 1 h at room temperature. After mixing TCEP activated thiolmodified DNA and AuNPs at room temperature for 16 h or longer, the solution was brought to 100 mM NaCl and 5 mM Tris acetate, pH 8.2. The solution was allowed to sit at room temperature for another day. DNA-functionalized AuNPs were purified by centrifugation at 13 200 rpm for 15 min followed by careful removal of the supernatant. Buffer (100 mM NaCl, 25 mM Tris acetate pH 8.2) was added to redisperse the nanoparticles. The centrifugation process was repeated to completely remove free DNA. Streptavidin-coated QDs (1 µM) were mixed with 5 equiv of biotinylated DNA at 4 °C for at least 30 min, and the mixture was directly used without further treatments. Preparation of Aptamer-Linked Nanoparticles. To prepare adenosine aptamer-linked nanoparticles (see Figure 1A), 1 mL of particle 1 (12 nM) and 1 mL of particle 2 (12 nM) were purified by centrifugation as described above. The two kinds of nanoparticles were mixed in a buffer (300 mM NaCl, 25 mM Tris acetate, pH 8.2) with a final volume of 1.4 mL. A 10 µL amount of biotinylated DNA-functionalized QDs (1 µM, emission peak at 525 nm) and a final concentration of 100 nM of the adenosine aptamer DNA were added. The mixture was incubated at 4 °C overnight to form aggregates, which were harvested by centrifugation and removal of supernatant. Finally, the nanoparticles were suspended in 1 mL of 200 mM NaCl, 25 mM Tris acetate, pH 8.2. The supernatant was almost colorless, suggesting that all gold nanoparticles were aggregated. Comparing the luminescence intensity of the supernatant with that of the aggregates (after disassembly) suggested that only 40% of the QDs were aggregated (data not shown). As a result, the molar ratio of particles 1:2:Q1 was estimated to be 3:3:1. To prepare cocaine aptamer-linked nanostructures, the procedures were the same except that 5 µL of 1 µM QDs (emission peak at 585 nm) was added and therefore the ratio of 1:3:Q2 was around 6:6:1. Detection with Individual Sensors Based on Emission. The luminescence of QDs was monitored on a fluorometer (FluoroMax-P, Jobin Yvon Inc.). The excitation wavelength was set at 450 nm and emission at 525 and 585 nm was monitored for the adenosine and cocaine sensors, respectively. In a 0.5 × 0.5 cm quartz cuvette, 225 µL of 100 mM NaCl, 25 mM Tris acetate, pH 8.2 buffer, 175 µL of 200 mM NaCl, 25 mM Tris acetate buffer and 50 µL of the above nanoparticle aggregates so that final NaCl concentration was 150 mM and the final volume was 450 µL. The cuvette was vortexed before measurement to ensure a homogeneous suspension. After monitoring emission for 50 s, the cuvette was quickly taken out and a small volume of concentrated adenosine or cocaine solution was added. The cuvette was vortexed again and placed back into the fluorometer to continue the emission monitoring. Detection with Individual Sensors Based on Color. In a 96-well plate (flat bottom), 80 µL of 100 mM NaCl solution was first added and then varying concentrations of adenosine or cocaine were added to each well. The reaction was initiated by addition of 80 µL of adenosine or cocaine sensor aggregates (dispersed in 200 mM NaCl). The plate was scanned at 5 min after addition of mixing. Detection with Mixed Sensors. The adenosine and cocaine sensors were mixed at a 2:1 ratio so that the emission intensities at the 525 and 585 peaks were roughly the same. The buffer Analytical Chemistry, Vol. 79, No. 11, June 1, 2007
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Figure 1. QD-encoded aptamer-linked nanostructures for multiplex detection. (A) Gold nanoparticles 1, 2, and quantum dot Q1 were assembled by an adenosine aptamer DNA, resulting in quenched QD emission. Addition of adenosine disassembled the aggregates with increased QD emission observed. DNA sequences and nanoparticle linkages and modifications for the adenosine sensor (B) and for the cocaine sensor (C). Q1 and Q2 were coated with streptavidin (denoted as pink crosses) for biotinylated DNA conjugation. Q1 emits at 525 nm and Q2 emits at 585 nm. (D) Schematic of the overall structure of the QDs used in this work (adapted from Invitrogen). In addition to the luminescent QD core, there is a semiconductor shell, a polymer coating, and a streptavidin layer. These layers increased the distance between the core and the gold nanoparticle quenchers, resulting in reduced quenching efficiency.



condition was the same as in the individual sensors (150 mM NaCl, 25 mM Tris acetate, pH 8.2). The mixed sensors were added with varying analytes or combination of analytes. After 1 min the emission spectra were collected with excitation at 450 nm. Stability and Performance of Aptamer-Linked Nanostructures in Serum. Human blood serum (10%) was prepared by diluting 50 µL of serum (Sigma) into 450 µL of buffer (300 mM NaCl, 25 mM Tris acetate, pH 8.2). Aggregates made from AuNPs 1 and 2 in Figure 1 were dispersed in the serum. Adenosine (2 mM) was added into one of the tubes, and a photo was taken 20 s after adenosine addition. The absorption spectra of the nanoparticles were also recorded on a UV-vis spectrometer (HewlettParkard 8453) by using freshly prepared 10% serum as the blank. RESULTS AND DISCUSSION We first constructed and tested each sensor separately. The adenosine sensor was designed as shown in Figure 1A. The sensor contained two kinds of DNA-functionalized gold nanoparticles (AuNPs 1 and 2), a DNA-functionalized QD (Q1), and a linker DNA containing the adenosine aptamer (in green).24 AuNP 2 and Q1 were attached with the same DNA sequence but with different (24) Huizenga, D. E.; Szostak, J. W. Biochemistry 1995, 34, 656-665.
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conjugation chemistry (thiol DNA for AuNP 2 and biotinylated DNA for streptavidin-coated Q1). Therefore, AuNP 1 can associate with 2 or Q1 through the same aptamer linker to self-assemble. Although in theory AuNP 1 and Q1 alone can assemble, we found that in practice it was difficult to grow large aggregates with only these two particles. Therefore, AuNP 2 was introduced mainly to serve a structural role to facilitate formation of large nanoparticle assemblies. After aggregation, the emission of the QD was quenched because of energy transfer to the nearby AuNPs.25-29 The molar ratio of particles 1:2:Q1 was estimated to be 3:3:1 in this system (see Experimental Section). Addition of adenosine can switch the aptamer into its complex structure (Figure 1B).12,30,31 As a result, the number of base pairs to bind particle 2 or Q1 (25) Mitchell, G. P.; Mirkin, C. A.; Letsinger, R. L. J. Am. Chem. Soc. 1999, 121, 8122-8123. (26) Gueroui, Z.; Libchaber, A. Phys. Rev. Lett. 2004, 93, 166108/ 1-166108/4. (27) Wargnier, R.; Baranov, A. V.; Maslov, V. G.; Stsiapura, V.; Artemyev, M.; Pluot, M.; Sukhanova, A.; Nabiev, I. Nano Lett. 2004, 4, 451-457. (28) Oh, E.; Hong, M.-Y.; Lee, D.; Nam, S.-H.; Yoon, H. C.; Kim, H.-S. J. Am. Chem. Soc. 2005, 127, 3270-3271. (29) Dyadyusha, L.; Yin, H.; Jaiswal, S.; Brown, T.; Baumberg, J. J.; Booy, F. P.; Melvin, T. Chem. Commun. 2005, 3201-3203. (30) Nutiu, R.; Li, Y. Chem. Eur. J. 2004, 10, 1868-1876. (31) Hartig, J. S.; Najafi-Shoushtari, S. H.; Gruene, I.; Yan, A.; Ellington, A. D.; Famulok, M. Nat. Biotechnol. 2002, 20, 717-722.



Figure 2. Emission spectra of the adenosine sensor (A) and the cocaine sensor (D) in the presence or absence of target analytes. The excitation wavelength was set at 450 nm. Kinetics of fluorescence increase at 525 nm with varying adenosine concentration (B) or at 585 nm with varying cocaine concentration (E). Analytes were added at the 50 s time point. Quantification of adenosine (C) or cocaine (F) by comparing emission at 1 min after addition of adenosine or cocaine. Insets show the responses at regions of low analyte concentration.



Figure 3. Color of the adenosine sensor (A) and the cocaine sensor (B) in the presence of varying analyte concentrations. The images were acquired with a scanner at 5 min after mixing the sensors with analytes.



decreased from 12 to 5, leading to their dissociation and disassembly of the nanostructure. During the disassembly process, both the absorption and emission of the sensor changed. The spectra of the QD emission before and after addition of 1 mM adenosine are presented in Figure 2A. An increase in the 525 nm peak can be observed after addition of adenosine, which was attributed to the increased distance between QDs and AuNPs (quencher). The kinetics of emission in the presence of varying concentrations of adenosine was also monitored (Figure 2B). Adenosine was added the time point of 50 s, and immediate emission enhancement was observed. Higher adenosine concentration induced faster emission enhancement, and the emission intensity at 1 min after addition of adenosine was used for quantification (Figure 2C). The detection limit was determined to be 50 µM. At the same time, the color of AuNPs changed from purple to red because of the distance increase between AuNPs (Figure 3A). Higher concentration of adenosine induced a more intense red color. Therefore, this unique sensor system was capable of generating two kinds of optical signals for different applications. For quantitative analysis, the luminescence-based detection can be used, while colorimetric detection can be used for qualitative or semiquantitative detection. Similarly, cocaine responsive sensors were also prepared with a cocaine aptamer.32,33 The overall design is similar to the (32) Stojanovic, M. N.; Landry, D. W. J. Am. Chem. Soc. 2002, 124, 9678-9679.



adenosine sensor, and the DNA linkages are shown in Figure 1C. To distinguish cocaine from adenosine, QDs with emission at 585 nm were used (Q2). Addition of cocaine induced an increase in the 585 nm peak (Figure 2D), and higher cocaine concentration also gave a higher level of luminescence (Figure 2E). A detection limit of 120 µM was calculated by comparing emission intensity at 1 min after addition of cocaine (Figure 2F). A purple to red color transition was also observed with increasing cocaine concentration (Figure 3B). Since the detection of adenosine and cocaine was carried out under the same external conditions (i.e., temperature, buffer pH, and ionic strength), it is possible to mix the two sensors and achieve detection of both molecules in one pot. To compensate for the differences in extinction coefficients and quantum yields of the two QDs, the adenosine and cocaine sensors were mixed at a 2:1 ratio so that the two emission peaks have roughly the same initial intensity. As shown in Figure 4A, two emission peaks at 525 and 585 nm can be observed (red curve), corresponding to the adenosine and cocaine sensor, respectively. Addition of cytidine (Figure 4A, blue curve) or cytidine and uridine (green curve) did not change the emission intensity of either peak. Guanosine was not tested because of its poor solubility at room temperature. Addition of 1 mM adenosine alone increased the 525 nm peak but not the 585 peak (Figure 4B), while addition of 1 mM cocaine alone increased the 585 nm peak but not the 525 nm peak (Figure 4C). Addition of both analytes resulted in enhancement in both peaks (Figure 4D). This result proved the high selectivity of both systems and the feasibility of using aptamer-linked nanostructures for simultaneous detection of multiple analytes in one pot. We previously reported aptamer-linked AuNPs as colorimetric sensors.14,23 By using different DNA linkages, the sensors can tell whether both adenosine and cocaine were present or either (33) Stojanovic, M. N.; de Prada, P.; Landry, D. W. J. Am. Chem. Soc. 2000, 122, 11547-11548.
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Figure 4. Steady-state emission spectra of mixed sensors. (A) Mixed sensor alone, or with 1 mM cytidine, or with 1 mM cytidine and 1 mM uridine. (B) Mixed sensor with 1 mM adenosine added. (C) Mixed sensor with 1 mM cocaine added. (D) Mixed sensor with 1 mM adenosine and 1 mM cocaine added.



Figure 5. Testing the aptamer-linked nanostructure in human blood serum. (A) Color image of 10% human blood serum (left), the adenosine aptamer-linked gold nanoparticles in 10% human serum without (middle) or with 2 mM adenosine (right). Extinction of the nanoparticle aggregates in 10% serum in the presence or absence of 2 mM adenosine when the aggregates were used fresh (B) or after being soaked in serum for 17 h at room temperature (C).



analyte alone was present.34 The sensors, however, cannot tell the identity of the analytes, because the same color change was generated. In the current system, by encoding the sensor with QDs of different emission wavelengths, the identity of analytes can be distinguished. In this system, both the fluorophore and the quencher were inorganic nanoparticles. Compared to organic dyes, nanoparticles are more stable both chemically and photochemically. AuNPs and QDs were initially in the assembled state. Although it is possible to replace AuNPs by organic quenchers (i.e., Dabycl) to carry out detections without formation of QD and AuNP assemblies,35 there are at least two advantages associated with aggregate formation. First, it allowed an additional detection mode by observing color changes, which can be used for initial screening or for qualitative detection. Nanoparticle aggregates solely made of DNA-linked QDs showed less than 50% emission increase upon disassembly.25 For sensing applications, higher signal increase is desirable for higher sensitivity. In the AuNP/ QD hybrid system, up to 200% emission increase (∼70% quenching efficiency) was achieved because of energy transfer to quenchers instead of to other QDs. Nevertheless, there should still be room to further improve the quenching efficiency. The QDs employed here were from a commercial vendor, and a schematic presentation on the QD surface modification is shown in Figure 1D. The “effective diameter” of a such a QD is 15-20 nm, while the luminescent core should only be several nanometers.17 Therefore, (34) Liu, J.; Lu, Y. Adv. Mater. 2006, 18, 1667-1671. (35) Levy, M.; Cater, S. F.; Ellington, A. D. ChemBioChem 2005, 6, 2163-2166.
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the quenching efficiency was relatively low. Decreasing the shell thickness by using other conjugation chemistry should enhance quenching efficiency and sensitivity even further. Second, the aggregated nanostructure was highly stable due to the multiple linkages among nanoparticles. We tested the stability of adenosine aptamer-linked AuNPs in human blood serum, and the results are shown in Figure 5. Human blood serum (10%) showed a pale yellow color (the left tube in Figure 5A). The assembled AuNPs dispersed in the serum displayed a light purple color. Addition of 2 mM adenosine immediately changed the color to deep red, similar to what happened in buffer. This result suggested that the sensor can still work in the complex serum matrix. The color was also recorded on a UV-vis spectrometer and the results are presented in Figure 5B. Upon addition of adenosine, the 520 nm plasmon peak increased significantly. The long-term stability of the sensor in serum was further tested. Even after incubation in 10% serum for 17 h at room temperature, addition of adenosine still induced a similar color change (Figure 5C). It is known that serum contains many nucleases that can degrade DNA and RNA. As a result, the stability of short nucleic acids in serum is very low. To use aptamers in vivo for antiviral or diagnostic applications, modified nucleotide or linkages, such as phosphorothioate DNA needs to be employed.36 In the current system, unmodified DNA was protected by assembled AuNPs, so that the access of nucleases to DNA was blocked. It was reported that DNA attached (36) Kurreck, J. Eur. J. Biochem. 2003, 270, 1628-1644.



to silica nanoparticles can be stabilized against nuclease cleavage,37 and the same effect has been observed here. Sensing based on the structure-switching properties of aptamers was first proposed and demonstrated by Li and co-workers.12 Since its first report, the method has been applied to construct sensors and devices sensitive to a wide range of analytes, including small molecules (adenosine, ATP, hemin, and cocaine),14,34,38 metal ions (K+),34 proteins (thrombin),12 and oligonucleotides.39 The Kd values of these aptamers range from nanomolar to millimolar. Indeed, the adaptive binding (binding with structure switching) property of aptamers has been well-established from structural biology studies.40 Therefore, more sensors are expected to be constructed based on this principle. In the current study, the use of two QDs to encode two analytes was demonstrated. One of the concerns is that the even though QDs have very sharp emission peaks, it could still be possible to have slight spectra tailing effects. As a result, accurate detection of multiple analytes could be difficult, especially when the target concentrations were very low. There are, however, many chemometrix tools available to deconvolute overlapping spectra. Because of the intrinsic narrower emission peaks of QDs, this problem should be much less pronounced compared to organic fluorophores. For example, in a previous report, four different QDs were employed to detect four toxins in one pot based on immunoassays.20 Although three of the QDs had significant spectra overlapping, quantitative detections were still realized after spectra deconvolution. In addition to the capability of multiplex (37) He, X.-X.; Wang, K.; Tan, W.; Liu, B.; Lin, X.; He, C.; Li, D.; Huang, S.; Li, J. J. Am. Chem. Soc. 2003, 125, 7168-7169. (38) Miduturu, C. V.; Silverman, S. K. Angew. Chem., Int. Ed. 2006, 45, 19181921. (39) Rajendran, M.; Ellington, A. D. Nucleic Acids Res. 2003, 31, 5700-5713. (40) Hermann, T.; Patel, D. J. Science 2000, 287, 820-825.



detection, main advantages of the aptamer-based system described here include fast response time (
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