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he development of aptasensors has
Tattracted substantial research efforts

in the past few years.! ~® Electrical,**
optical,~® microgravimetric'® and field-ef-
fect transistor'' sensors, implementing the
selective recognition properties of apta-
mers toward their substrates, were used to
develop different sensing platforms. By the
labeling of the aptamers with enzymes'*'3
or catalytic metal nanoparticles,'*'> amplified
aptasensors were fabricated. Also, catalytic
nucleic acids were conjugated to aptamer
sequences as amplifying labels.'®~'® Specifi-
cally, the hemin/G-quadruplex horseradish
peroxidase (HRP)-mimicking DNAzyme'®?°
was used as an amplifying label to detect
the formation of aptamer—substrate com-
plexes.2' "2 The HRP-mimicking DNAzyme
catalyzes the H,O,-mediated oxidation of
ABTS*™ to the colored product ABTS™ ~'9%°
or catalyzes the oxidation of luminol by H,O, to
yield chemiluminescence?* These functions of
the DNAzyme were used to develop colori-
metric or chemiluminescence aptasensors.> 2
The unique size-controlled optical properties
of semiconductor quantum dots (QDs) were
extensively used for bioanalysis.*~3? Differ-
ent sized QDs were used as optical labels for
the multiplexed analysis of DNA*® or immu-
no-complexes>*3> Also, fluorescence reso-
nance energy-transfer (FRET) process from
QDs to dye acceptors was used to probe
affinity complexes and enzymatic reactions.®®
Alternatively, QDs were used as energy ac-
ceptors from metal complexes®” (e.g., lantha-
nide complexes) or acceptors of energy
generated by chemiluminescence®*° or
bioluminescence.*® These processes enable
the use of a common energy source to excite
different sized QDs for the development of
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ABSTRACT The incorporation of hemin into the thrombin/G-quadruplex aptamer assembly or

into the ATP/G-quadruplex nanostructure yields active DNAzymes that catalyze the generation of

chemiluminescence. These catalytic processes enable the detection of thrombin and ATP with

detection limits corresponding to 200 pM and 10 «M, respectively. The conjugation of the

antithrombin or anti-ATP aptamers to CdSe/ZnS semiconductor quantum dots (QDs) allowed the

detection of thrombin or ATP through the luminescence of the QDs that is powered by a

chemiluminescence resonance energy-transfer (CRET) process stimulated by the hemin/G-quad-

ruplex/thrombin complex or the hemin/G-quadruplex/ATP nanostructure, in the presence of luminol/

H,0,. The advantages of applying the CRET process for the detection of thrombin or ATP, by the

resulting hemin/G-quadruplex DNAzyme structures, are reflected by low background signals and the

possibility to develop multiplexed aptasensor assays using different sized QDs.

KEYWORDS: chemiluminescence - resonance energy transfer - aptamer - sensor -

quantum dot - thrombin - ATP

multiplexed analysis assays. QDs were also
used as luminescence*' ™3 or photoelec-
trochemical** labels for the detection of
aptamer—substrate complexes. Specifically,
fluorescence resonance energy-transfer pro-
cesses between QDs and dye acceptors were
applied to follow the formation of supramole-
cular complexes between the target analyte
and the aptamer subunits.*> Recently, we re-
ported on the use of the hemin/G-quadruplex
HRP-mimicking DNAzyme, that is conjugated
to semiconductor QDs, as a local, internal light
source for promoting chemiluminescence re-
sonance energy transfer (CRET) to semicon-
ductor QDs. 8 This process was implemented
for the detection of DNA and for the muilti-
plexed analysis of different target DNAs, using
different sized QDs. In fact, many of the
aptamer sequences form G-quadruplexes (of
variable number of G-quartet layers) upon
their binding to the guest substrate (analyte).
Thus, the incorporation of the hemin into
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such G-quadruplexes might lead to chemilumines-
cence labels, provided that the resulting hemin/
G-quadruplexes are catalytically active. If, indeed, such
hemin/G-quadruplexes reveal catalytic functions to-
ward the generation of chemiluminescence, then the
conjugation of these nanostructures to semiconductor
QDs might lead to new CRET-based aptasensors. Here
we report that the incorporation of hemin into the
aptameric G-quadruplex—thrombin complex leads to
a catalytic chemiluminescent DNAzyme structure. Also,
we demonstrate for the first time that the binding of
hemin to the aptameric G-quadruplex ATP complex
results in a catalytically active DNAzyme. The conjuga-
tion of the nanostructures to CdSe/ZnS QDs yields new
CRET-based sensors for thrombin and ATP.

RESULTS AND DISCUSSION

The antithrombin aptamer, (1), is widely used in
different sensing platforms.**~>° It is known to adopt
a stable G-quadruplex structure upon its binding to
thrombin.>' The incorporation of hemin into the re-
sulting G-quadruplex aptamer—thrombin complex
yields an active HRP-mimicking DNAzyme that was
used as a colorimetric sensor for thrombin by the
H,0, oxidation of ABTS?™ to ABTS ~.2° Figure 1A
demonstrates the use of the hemin/G-quadruplex
aptamer—thrombin complex for the generation of
chemiluminescence in the presence of H,O,/luminol.
Figure 1B shows the chemiluminescence spectra gen-
erated by the hemin/G-quadruplex aptamer—throm-
bin complex, in the presence of H,0,/luminol and
different concentrations of thrombin. As the concen-
tration of thrombin is elevated, the chemilumines-
cence is intensified, consistent with the higher
content of the assembled DNAzyme. Control experi-
ments reveal that the addition of a foreign protein,
such as bovine serum albumin (BSA), shows no influ-
ence on the catalytic activity of the hemin—(1) com-
plex. Figure 1C shows the derived calibration curve.
The thrombin could be sensed with a detection limit of
200 pM. It should be noted that upon applying the
colorimetric hemin/G-quadruplex aptamer-catalyzed
oxidation of ABTS®>™ by H,0, to analyze thrombin,
the resulting detection limit corresponded to ca. 20
nM.% Thus, the chemiluminescent assay of thrombin
reveals a ca. 100-fold enhanced sensitivity.

The chemiluminescence generated by the hemin/
G-quadruplex aptamer—thrombin complex, at 1 =
420 nm, is capable of exciting CdSe/ZnS QDs. Thus,
the conjugation of the antithrombin aptamer to the
QDs could yield, in the presence of thrombin, the
chemiluminescent hemin/G-quadruplex aptamer—
thrombin complex. The close proximity between the
chemiluminescence light source and the QD could,
then, lead to CRET to the QDs, a process that activates
the luminescence of the QDs. Accordingly, the glu-
tathione-modified CdSe/ZnS QDs were functionalized
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Figure 1. (A) Analysis of thrombin through the chemilumi-
nescence of luminol generated by the hemin/thrombin
aptamer complex. (B) Chemiluminescence intensities gen-
erated by the hemin—thrombin aptamer complex in the
absence of thrombin, curve (a), and in the presence of
variable concentrations of thrombin: (b) 0.225, (c) 2.25, (d)
11.25, (e) 15.75, and (f) 22.5 nM. (C) The derived calibration
curve corresponding to the increase in the chemilumines-
cence signal at 1 =420 nm. Each data point is the average of
N = 5 individual measurements. The error bars indicate the
standard deviation.

with the antithrombin aptamer, (2), Figure 2A. The
average coverage of the QDs by (2) corresponded to
10 aptamer units per QD (see Experimental Section).
Figure 2B depicts the luminescence spectra of the
system in the presence of hemin and different con-
centrations of thrombin. While, in the absence of
thrombin, a low CRET signal and low chemilumines-
cence are observed (due to diffusional hemin), the
addition of thrombin results in a high chemilumines-
cence and the respective CRET-stimulated luminescence
of the QDs at 4 = 615 nm. As the concentration of
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Figure 2. (A) Analysis of thrombin through the CRET from
luminol, oxidized by the assembled hemin/G-quadruplex
aptamer, to the QDs. (B) Luminescence spectrum corre-
sponding to the chemiluminescence signal of the luminol
and the CRET signal of the QDs in the absence of thrombin,
curve (a), and in the presence of different concentrations of
thrombin: (b) 1.43, (c) 14.3, (d) 28.6, (e) 57, and (f) 86 nM. (C)
The derived calibration curve corresponding to the increase
in the CRET signal at 1 = 615 nm. Each data point is the
average of N = 5 individual measurements. The error bars
indicate the standard deviation.

thrombin is elevated, the CRET signals are intensified,
consistent with the higher content of DNAzyme units
generated upon the increase of the concentration of
thrombin. Figure 2C depicts the resulting calibration
curve using the CRET signal as the readout stimulus.
Thrombin is sensed with a detection limit that corre-
sponds to 1.4 nM. The CRET efficiency, E, was calculated
following eq 1, where I(A) and /(D) correspond to the
integral areas of the acceptor and donor emissions,
respectively, and QY(A) corresponds to the luminescence
quantum yield of the acceptor. Accordingly, knowing the
CRET efficiency, 20%, and the geometrical separation

LIU ET AL.

A Luminol

H20,

CL Intensit

450 500 550 600
Wavelength / nm
2000 ]

T
400

(9]

1500 L

1000

5001 =

CL Intensity / a.u.

0 10 20 30 40 50 60
Concentration / nM

Figure 3. (A) Analysis of thrombin through the CRET from
luminol, oxidized by the assembled hemin/G-quadruplex
aptamer, to the fluorescein dye. (B) Luminescence spectrum
corresponding to the chemiluminescence signal of the
luminol and the CRET signal of the fluorescein in the
absence of thrombin, curve (a), and in the presence of
different concentrations of thrombin: (b) 1.43, (c) 5.7, (d)
14.3, (e) 28.6, and (f) 57 nM. (C) The derived calibration curve
corresponding to the increase in the CRET signal at 1 =
520 nm. Each data point is the average of N = 5 individual
measurements. The error bars indicate the standard
deviation.

between the QDs and the G-quadruplex, we estimated
the Forster radius to be ca. 2.7 nm.

E = [I(A)/QY(A)]/UID) + I(A)/QY(A)] Q)]

The CRET process, using the hemin/G-quadruplex
aptamer—thrombin comple, is not limited to the QDs.
Upon the substitution of the QDs with the acceptor
dye, fluorescein, using the nucleic acid, (3), a similar
CRET process was observed, as demonstrated in Figure
3. The CRET efficiency was calculated using eq 1, to be
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Figure 4. Colorimetric (1) and chemiluminescent (l1) analysis
of ATP by the formation of hemin/ATP-G-quadruplex
structure.

12%, and the Forster radius was estimated to be ca.
1.8 nm.

Other aptamers, besides the thrombin-binding
aptamer, which consist of G-rich DNA sequences,
can adopt a G-quadruplex conformation. Therefore,
they are anticipated to incorporate hemin and form
catalytically active structures that could, then, serve
as biocatalytic amplifying labels upon the formation
of the aptamer—substrate complexes. One of the
G-quadruplex-forming aptamers is the aptamer for
ATP, (4), that generates a G-quadruplex nanostructure
that consists of two stacked G-quartets.>® Treatment of
the resulting ATP-G-quadruplex structure with hemin
results in the hemin/G-quadruplex that acts as a HRP-
mimicking DNAzyme. This results in the catalytic activ-
ity toward the H,0, oxidation of ABTS®>™ to ABTS ~ or
the generation of chemiluminescence in the presence
of H,0,/luminol, as depicted in Figure 4. This process
provides the basis for the analysis of ATP. Figure 5A
shows the time-dependent formation of ABTS ~ in the
presence of different concentrations of ATP. As the
concentration of ATP increases, the rate of ABTS ~
formation is intensified, consistent with the higher
content of the hemin/G-quadruplex-ATP DNAzyme. A
control experiment reveals that in the absence of the
aptamer sequence, only residual activity of the hemin
is observed. Figure 5B presents the derived calibration
curve that shows the absorbance of ABTS™ ~ after a
fixed time interval of activation of the DNAzyme, in the
presence of different concentrations of ATP. The cata-
lytic hemin/G-quadruplex ATP aptamer enabled, also,
the generation of chemiluminescence, in the presence
of H,0, and luminol. Figure 6A shows the chemilumi-
nescence spectra generated by the hemin/G-quadru-
plex ATP aptamer comple, in the presence of H,0,/
luminol and different concentrations of ATP. As the
concentration of ATP is elevated, the chemilumines-
cence is intensified, consistent with the higher content
of the assembled DNAzyme. Figure 6B shows the
derived calibration curve. It should be noted that
for both the colorimetric and chemiluminescent
approaches the sensing of ATP is specific, and the
interaction of (4) in the presence of adenosine
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Figure 5. (A) Time-dependent absorbance changes of
ABTS ™ by 0.5 «M hemin (a) in the absence of ATP and (b) in
the presence of 1000 uM ATP. (c—j) Time-dependent ab-
sorbance changes of ABTS™ ~ by 0.5 xM hemin and 0.25 uM
ATP aptamer upon analyzing different concentrations of
ATP: (c) 0, (d) 10, (e) 50, (f) 100, (g) 200, (h) 500, (i) 800, and (j)
1000 «M. (B) Calibration curve corresponding to the analysis
of different concentrations of ATP. Each data point is the
average of N = 5 individual measurements. The error bars
indicate the standard deviation.

monophosphate (AMP) or adenosine diphosphate
(ADP) yielded low signals. Furthermore, guanosine 5'-
triphosphate (GTP), cytidine 5'-triphosphate (CTP), and
uridine 5'-triphosphate (UTP) demonstrated no affinity
for the aptamer, leading to the background signal of the
system in the absence of any analyte. Also, the influence
of ATP on the catalytic activity of a G-quadruplex DNA-
zyme was examined using a foreign G-quadruplex, (5),
that lacks affinity for ATP. The results show that the
generated chemiluminescence was stable and was not
affected by the added ATP. These results indicate that
ATP, indeed, binds to the aptamer (4), and that it
stimulates its catalytic activity.

Since the hemin/anti-ATP G-quadruplex aptamer
reveals catalytic functions toward the generation of
chemiluminescence, the conjugation of the aptamer to
semiconductor QDs will trigger-on the chemilumines-
cence resonance energy-transfer process and the lu-
minescence of the QDs, thus enabling the use of the
conjugates as luminescent probes for the analysis of
aptamer—substrate complexes. Accordingly, glu-
tathione-modified QDs were functionalized with the
nucleic acid, (6), that includes the aptamer sequence
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Figure 6. (A) Chemiluminescence intensities generated by
the hemin/ATP aptamer in the absence of ATP, curve (a),
and in the presence of variable concentrations of ATP: (b) 1,
(c) 10, (d) 20, (e) 50, (f), 100, (g) 500, (h) 1000, and (i) 2000 M.
(j) Chemiluminescence intensity generated by 0.5 M hemin
in the presence of 100 «M ATP, but in the absence of the
aptamer. (B) The derived calibration curve corresponding to
the increase in the chemiluminescence signal at 1 =415 nm.
Each data point is the average of N = 5 individual mea-
surements. The error bars indicate the standard deviation.

for ATP, tethered to the QDs with an oligo-T spacer,
Figure 7A (average loading of ca. 10 units per QD, see
Experimental Section). Figure 7B shows the lumines-
cence spectra of the system in the presence of H,0,/
luminol and variable concentrations of ATP. In addition
to the chemiluminescence generated by the DNA-
zyme-catalyzed oxidation of luminol by H,0O,, the
characteristic luminescence of the QDs at A = 615 nm
is detected, implying that a CRET process occurs in the
system. As the concentration of ATP increases, the
CRET signal is intensified (Figure 7C), consistent with
the higher content of the chemiluminescence-gener-
ating DNAzyme that results in an enhanced intensity of
the chemiluminescent light source. From the resulting
luminescence spectra and using eq 1, we determined
the CRET efficiency to be 19% and estimated the
Forster distance to be ca. 4.6 nm. Control experiments
confirmed that the CRET process occurs only in the
presence of ATP. No CRET change was observed upon
the linking of a foreign nonaptameric nucleic acid (7) to
the QDs, in the presence of hemin and different
concentrations of ATP (see Figure S1, Supporting
Information). These results imply that the catalytic
hemin/G-quadruplex is formed only in the presence
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Figure 7. (A) Analysis of ATP through the CRET from lumi-
nol, oxidized by the assembled hemin/ATP aptamer, to the
QDs. (B) Luminescence spectrum corresponding to the
chemiluminescence signal of the luminol and the CRET
signal of the QDs in the absence of ATP, curve (a), and in the
presence of different concentrations of ATP: (b) 0.05, (c) 0.1,
(d) 0.15, and (e) 0.2 mM. (C) The derived calibration curve
corresponding to the increase in the CRET signal of the QDs
at A = 612 nm. Each data point is the average of N =5
individual measurements. The error bars indicate the
standard deviation.

of the specific substrate and that the intimate distance
between the catalytic DNAzyme, and the QDs is essen-
tial to stimulate the CRET process. One should note,
however, that since the hemin/G-quadruplex also
quenches the luminescence of the QDs via electron
transfer,*> modifying the QDs with the aptamer with-
out using any spacer, nucleic acid (8), results in de-
creased chemiluminescene and CRET signals when
interacting the (8)-modified QDs with increasing con-
centrations of ATP. It should be noted that the CRET
chemiluminescence values for the thrombin system,
Figure 2C, and ATP system, Figure 7C are within the
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Figure 8. (A) Analysis of ATP through the CRET from lumi-
nol, oxidized by the assembled hemin/ATP aptamer, to the
fluorescein dye. (B) Luminescence spectrum corresponding
to the chemiluminescence signal of the luminol and the
CRET signal of fluorescein in the absence of ATP, curve (a),
and in the presence of different concentrations of ATP: (b)
0.1, (c) 0.2, (d) 0.5, (e) 0.8, (f) 1, and (g) 1.2 mM. (C) The
derived calibration curve corresponding to the increase in
the CRET signal at A = 520 nm. Each data point is the average
of N = 5 individual measurements. The error bars indicate
the standard deviation.

same magnitude but are observed in different ranges
of concentrations of the respective substrates. This is

EXPERIMENTAL SECTION

Materials and Reagents. Hops yellow core shell EviDots, CdSe/
ZnS quantum dots in toluene, were purchased from Evident
Technologies. N-[e-maleimidocaproyloxy]succinimide ester (EMCS)
and bis[sulfosuccinimidyl] suberate (BSs) were purchased from
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consistent with the higher affinity of thrombin to its
aptamer (K4~ 25 nM)*" as compared to ATP to its aptamer
(Kq ~ 6 uM)>? In fact, analyzing the calibration curves in
Figures 2C and 7C according to a Langmuir-type com-
plexation yields Ky ~ 3 nM for thrombin and K4 ~ 13 uM
for ATP to the respective aptamers, consistent with the
literature data.

The CRET process between the hemin/G-quadru-
plex-aptamer-ATP complexes is not limited to the
QDs, and upon the substitution of the QDs with the
fluorescein dye as an acceptor, a similar CRET process
was observed, Figure 8. In the presence of nucleic acid,
(9), and using eq 1, the CRET efficiency is estimated to
be 16%, and the Forster radius is ca. 2.8 nm. Control
experiments show that the generation of the CRET
signal is specific to ATP, and no CRET signal was
observed in the presence of AMP, ADP, CTP, GTP, and
UTP (see Supporting Information, Figure S2).

It should be noted that the CRET process to the dye
molecules, in both thrombin and ATP systems, requires a
higher concentration of the aptamer G-quadruplex, then
the concentration used in the QDs systems, in order to
trigger on the fluorescence of the dye. This difference
originates from the fact that each QD is decorated with
ca. 10 aptamer units, resulting in a more efficient CRET
process. However, each dye is linked to only one apta-
mer, and therefore, higher concentration is needed in
order to achieve a similar CRET efficiency.

CONCLUSIONS

The present study has demonstrated that different
G-quadruplex aptamers can bind hemin and turn into
catalytically active DNAzymes that generate chemilumi-
nescence in the presence of H,O,/luminol. Specifically, we
have demonstrated for the first time, that the ATP
G-quadruplex aptamer can bind hemin to form a complex
that reveals DNAzyme-like catalytic activity. The conjuga-
tion of the aptameric-G-quadruplexes to QDs enabled the
use of the chemiluminescence process as an internal light
source for stimulating the CRET process. The advantages
involved with the application of the CRET process as a
readout signal include: (i) The close proximity between
the chemiluminescent probe and the QDs is essential to
enable the CRET process. This eliminates background
signals, eg,, of diffusional hemin. (i) The possibility to
excite different sized QDs with the chemiluminescence
signal enables the generation of different luminescence
spectra controlled by the different QDs, thus allowing the
construction of multiplexed aptamer-based sensors.

Pierce Biotechnologies. NaCl, KCI, NaNOs, KNOs, trizma hydro-
chloride, trizma base, 4-(2-hydroxyethyl)piperazine-1-ethanesulfo-
nic acid sodium salt (HEPES), 2,2"-azinobis(3-ethylbenzothiazoline)-
6-sulfonate (ABTS?"), luminol, adenosine 5'-triphosphate (ATP),
adenosine 5'-diphosphate sodium salt (ADP), adenosine 5'-mono-
phosphate disodium salt (AMP), guanosine 5'-triphosphate (GTP),
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cytidine 5'-triphosphate (CTP), uridine 5'-triphosphate (UTP), bo-
vine serum albumin (BSA), and thrombin were purchased from
Sigma-Aldrich. Ultrapure water from a NANOpure Diamond
(Barnstead Int, Dubuque, IA) source was used throughout the
experiments.

Oligonucleotides were custom-ordered from Sigma Life
Science (U.K). All oligonucleotides were HPLC-purified and
freeze-dried by the supplier. The oligonucleotides were used
as provided and diluted in pH 7.5, 10 mM of phosphate buffer
solution to give stock solutions of 100 uM.

The sequences of the oligomers are as follows:

(1) 5-GGTTGGTGTGGTTGG-3’

(2) 5'-H,N(CH,)6 TTGGTTGGTGTGGTTGG-3'

(3) 5'-FAM(CH,)sTTTGGTTGGTGTGGTTGG-3’

(4) 5'-ACCTGGGGGAGTATTGCGGAGGAAGGT-3’

(5) 5'-GGGTAGGGCGGGTTGGG-3
(6) 5'-HoN(CHy) o TTTTTTTTTTTTACCTGGGGGAGTATTGCGG

AGGAAGG-3’

(7) 5'-HS(CH,)6AAAATACCTGGGGGAGTATATAGGG-3’
(8) 5'-H,N(CH,)sACCTGGGGGAGTATTGCGGAGGAAGG-3'

(9) 5'-FAM(CH,)s ACCTGGGGGAGTATTGCGGA
GGAAGG-3'

Preparation of GSH-Capped QDs and Nucleic Acid-Modified CdSe/ZnS QDs
and the Calculation of the Loading of the Nudleic Acids on the QDs. The
preparation of the GSH-QDs, the nucleic acid-modified QDs and
the determination of DNA/QDs ratio followed the previously
reported methods.>®

Analysis of ATP and Thrombin by Colorimetric and Chemiluminescence
Methods. The ATP aptamer or the thrombin aptamer were
diluted in Tris buffer (12.5 mM of Tris, 150 mM of NaCl, 25 mM
of KCl, pH 7.2) or HEPES buffer (25 mM of HEPES, 20 mM of KNOs,
200 mM of NaNOs, pH 7.4), respectively, heated to 90 °C for 5
min and slowly cooled down to room temperature. Different
concentrations of ATP or thrombin were added to the annealed
aptamer. The system was allowed to incubate for 2 h at room
temperature. Then, hemin was added and incubated for 1 h at
room temperature to form the respective hemin/G-quadruplex
structures.

The colorimetric assay for analyzing ATP was performed in a
solution containing 0.25 uM of ATP aptamer, 0.5 uM of hemin,
2 mM of ABTS?~, and 5 mM of H,0,. Briefly, 160 uL of Tris buffer
(pH 7.2), 20 uL of DNAzyme solution, 10 uL of ABTS?™ (40 mM),
and 10 ulL of H,O, (100 mM) were added to a cuvette.
Absorbance changes were recorded at a fixed time interval of
5 min. The rate of the peroxidase-mimicking reaction was
monitored at A = 414 nm.

The chemiluminescence assays for analyzing ATP or throm-
bin were performed in a cuvette that included 0.25 uM of ATP
aptamer or thrombin aptamer, 0.5 uM of hemin, 0.5 mM of
luminol, and 30 mM of H,0,. Briefly, 50 uL of DNAzyme solution,
200 uL of Tris buffer or HEPES buffer (pH 9), and 50 uL of 5 mM
luminol solution were added to a cuvette. Then, 200 uL of H,0,
(75 mM) stock solution was quickly added. The light emission
intensity was measured immediately.

Analysis of ATP and Thrombin by the DNAzyme-Modified QDs/Dye Using
CRET as the Readout Signal. The ATP aptamer modified with QDs or
fluorescein was incubated with different concentrations of ATP
or thrombin for 2 h, followed by the addition of hemin for an
additional incubation of 1 h. The CRET assay for analyzing ATP
was performed in a cuvette that included the modified QDs
(50 nM) and hemin (0.25 uM) or the fluorescein-modified aptamer
(2 uM) and hemin (1 xM). Measurements were performed in Tris
buffer (12.5 mM of Tris, 150 mM of NaCl, 25 mM of KCl, pH 9) with
0.5 mM of luminol and 3.75 mM of H,0,.

The CRET assay for analyzing thrombin was performed in a
cuvette that included the modified QDs (50 nM) or the fluor-
escein-modified aptamer (5 M), and 1 uM of hemin, 0.5 mM of
luminol, and 3.75 mM of H,0,. Measurements were performed
in HEPES buffer (25 mM of HEPES, 5 mM of KNOs, 50 mM of
NaNOs, pH 9) after addition of luminol and H,O,. The light
emission intensities were measured immediately.

Determination of the Detection limit. The detection limit corre-
sponds to the lowest detectable concentration that can be

LIU ET AL.

distinguished from the background signal by 10% in N = 5
experiments.

Optical Instrumentation. Absorbance measurements were per-
formed using a Shimadzu UV-2401PC UV—vis spectrophot-
ometer. Light emission experiments were carried out using a
photoncounting spectrometer (Edinburgh Instruments, FLS
920) equipped with a cooled photomultiplier detection system
connected to a computer (F900 v.6.3 software, Edinburgh
Instruments).
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