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a b s t r a c t

In the present study, the authors report a novel sensitive method for the detection of thrombin using
time-resolved fluorescence sensing platform based on two different thrombin aptamers. The thrombin
15-mer aptamer as a capture probe was covalently attached to the surface of glass slide, and the thrombin
29-mer aptamer was fluorescently labeled as a detection probe. A bifunctional europium complex was
eywords:
hrombin detection
ptamer

used as the fluorescent label. The introduction of thrombin triggers the two different thrombin aptamers
and thrombin to form a sandwich structure. The fluorescence intensity is proportional to the throm-
bin concentration. The present sensing system could provide both a wide linear dynamic range and a
low detection limit. The proposed sensing system also presented satisfactory specificity and selectivity.
Results showed that thrombin was retained at the aptamer-modified glass surface while nonspecific pro-

nsing
ar we
ime-resolved fluorescence
u(TTA)3(5-NH2-phen) teins were removed by ri

aptamers as low molecul

. Introduction

In recent years, aptamer-based biochemical detection sys-
em has been widely investigated and made great success [1–3].
ptamers are nucleic acid ligands that have been designed through
n in vitro selection process called SELEX (Systematic Evolution of
igands by Exponential Enrichment) [4,5]. Human thrombin is used
o help control bleeding during surgery [6]. It is necessary to detect
hrombin in blood not only for patients suffering from diseases
ssociated with coagulation abnormalities, but also for determin-
ng the effectiveness of the therapeutic drugs after surgery or in
hromboembolic disease treatments.

Thrombin has two different binding aptamers 15-
er, 5′-GGTTGGTGTGGTTGG-3′ and 29-mer, 5′-AGTCCGT
GTAGGGCAGGTTGGGGTGACT-3′. The 15-mer aptamer was

he first one selected in vitro, specific for a protein without nucleic
cid-binding properties [7], it can form a G-quartet structure to
nteract with thrombin [8,9]. The 29-mer was selected later with a

d of 0.5 nM for thrombin [10]. The 29-mer aptamer binds to the
eparin binding sites of thrombin while the previously selected
5-mer was known to bind the fibrinogen recognition sites [11].
ince two aptamers were selected for thrombin at separate binding
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unan University, No. 8 Lushan Nanlu, Yuelu District, Changsha, Hunan Province
10082, PR China. Tel.: +86 731 88823820; fax: +86 731 88822829.
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with buffer solution. This approach successfully showed the suitability of
ight receptors on glass slides for sensitive and specific protein detection.

© 2010 Elsevier B.V. All rights reserved.

sites, sandwich assays (two selected aptamers binding thrombin
in two different, not overlapping, sites are used) became feasible.

There is a need for fast, convenient, easy-to-use analytical meth-
ods for protein detection in complex matrixes. The applicability of
such methods is wide from diagnostics to basic research. Compared
to the well developed electrochemical systems for aptamer-based
proteins detection [3,12–16], there is increasing interest in the
investigation of fluorescence sensing systems. Fluorescence-based
detection, such as fluorescence anisotropy [17,18], fluorescence
polarization [19–21], molecular light switch [2,22–24], and quan-
tum dots [25–27] have become a significant area of biochemistry.
A fluorescent dye is usually used as the fluorescent label, such
as fluorescein isothiocyanate [28], rhodamine [29], fluorescamine
[30], texas red [21], etc. However, there is a problem with back-
ground noises caused by autofluorescence from biological samples
and with light scattering from solid substrates. For this pur-
pose, one approach is to use time-resolved fluorescence with
lanthanide complexes as the labels to decrease the background
noises [31,32]. Fluorescent europium chelates, exhibit large stokes
shifts (∼290 nm) with no overlap between the excitation and
emission spectra and very narrow (10 nm bandwidth) emission
spectra at ∼615 nm. In addition, their long fluorescence lifetimes
(600–1000 �s for Eu3+ compared with 5–100 ns for conventional

fluorophores) allow use of microsecond time-resolved fluorescence
measurements, which further reduce the observed background sig-
nals [33]. To the best of the authors’ knowledge, time-resolved
fluorescence-based assay for thrombin detection has not been
reported.
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Herein, the authors introduced a novel aptamer-based time-
esolved fluorescence sandwich assay for thrombin detection. A
uropium complex, Eu(TTA)3(5-NH2-phen) (ETN) with long flu-
rescence lifetime synthesized by our group, was used as the
uorescent label [34,35]. A glass slide is first modified with
ldehyde-group. Then, amino modified 15-mer aptamer probe,
esigned to specifically bind to the heparin binding sites of throm-
in, is combined to the modified glass slide by covalent bond. The
9-mer aptamer probe, which bound to the heparin binding sites
f thrombin, was fluorescently labeled. In the presence of throm-
in, the two different thrombin aptamers and thrombin are more

nclined to form a sandwich structure. The detection of throm-
in was done by monitoring the fluorescence signals of europium
omplex-labeled 29-mer aptamer probe left on the glass slides
urface. The detection method has advantages of easy operation
nd separation, short assay time, lower background signal. It also
howed satisfactory sensitivity and is suitable for the detection of
hrombin in complex samples. It is believed that this sensing system
ould be further applied to other targets of detection.

. Experimental

.1. Materials and reagents

The sequences of thrombin aptamers were: 5′amino modified
5-mer aptamer with polyT(20) tail, 5′-NH2-(T)20 GGTTG GTGTG
TTGG-3′ (aptamer1) and 5′amino modified 29-mer aptamer with
olyT(10)tail, 5′-NH2-(T)10 AGTCC GTGGT AGGGC AGGGC AGGTT
GGGT GACT-3′ (aptamer2) [14]. The aptamers were purchased

rom Shanghai Sangon Biological Engineering Technology & Ser-
ices Co., Ltd. (Shanghai, China) and stored at −20 ◦C in 20 mM Tris
uffer containing 140 mM NaCl and 1 mM MgCl2, pH = 7.4.

Human �-Thrombin (T6884) was purchased from
igma–Aldrich (Shanghai) Trading Co., Ltd. (Shanghai, China),
nd stored at −20 ◦C in PBS buffer containing 50% glycerol.
ovine serum albumin (BSA) was purchased from Sinopharm
hemical Reagent Co., Ltd. (Shanghai, China). Human serum was
urchased from Lanzhou National HyClone Bio-Engineering Co.,
td. (Lanzhou, China). Goat anti-human immunoglobulin G (IgG)
as purchased from Beijing Solarbio Science & Technology Co.,

td. (Beijing, China). 3-Aminopropyltrimethoxysilane (APTES) was
urchased from Acros organics (Geel, Belgium). All the materials
nd reagents were used as supplied without further purification
nd doubly distilled water was used throughout the experiments.

.2. Preparation of buffer solutions

Tris–HCl buffer solutions (20 mM) of different pH were prepared
y mixing an appropriate 0.10 M Tris base solution with 0.10 M
ydrochloric acid. PBS buffer (100 mM) was prepared by mixing
n appropriate content of 200 mM Na2HPO4 and 200 mM NaH2PO4.
he rinse buffer was made up of certain amounts of 20 mM Tris–HCl
pH = 7.5), 100 mM NaCl, and 1 mM MgCl2. The binding buffer was
ncluded appropriate of 20 mM Tris–HCl (pH = 7.4), 140 mM NaCl,
mM MgCl2, 1 mM CaCl2, and 5 mM KCl. The composition of immo-
ilization buffer was 100 mM PBS buffer (pH = 7.3) containing 0.9%
aCl.

.3. Instrumentation

All fluorescence measurements were conducted on a Perkin-

lmer LS-55 spectrofluorimeter (United Kingdom) and controlled
y a personal computer data processing unit. A modified home-
ade poly(tetrafluoroethylene) detection-cell and two arms of the

ifurcated optical fiber were fixed in the detecting chamber of the
pectrofluorimeter to direct the excitation and emission light. The
83 (2010) 185–189

excitation light was directed outside the spectrofluorimeter to the
sensing system fixed in the detection-cell through one arm of the
fiber and the emission light was collected inside the spectroflu-
orimeter through the other. A glass plate (side length 12.5 mm,
thickness 1.5 mm) covered with thrombin–aptamer complex were
fixed on the top of the flow chamber by the mounting screw nut.
The time-resolved fluorescence signals of every glass slides were
detected with both excitation and emission slits set at 8.0 nm. The
delay time, gate time, and excitation/emission wavelength were
set at 0.1 ms, 1.0 ms and 377/609 nm, respectively. All assays were
performed in triplicates and all measurements were performed at
room temperature (25 ◦C) and pressures (101 kPa).

2.4. Preparation of activated glass slides

Glass slides were activated according to the literature [36] with
slight modifications. Glass slides were cleaned in chromic acid
solution for 12 h then rinsed in double distilled water, followed
by an immersion in ammonia water (25%) for another 12 h. The
glass slides were then washed with double distilled water and
dried at room temperature (25 ◦C). Precleaned glass slides were
immersed in a 95% alcohol/water solution containing 2% APTES,
and adjusted to the desired pH of 4.5 with glacial acetic acid for
30 min. Slides were ultrasonically cleaned with absolute ethanol
and double distilled water. Silanized slides were incubated in PBS
buffer containing 2.5% glutaraldehyde for 3 h. Afterward, the slides
were rinsed with rinse buffer and double distilled water and dried
at 37 ◦C.

2.5. Aptamer1 coupling on activated glass slides

The aptamer was heated at 95 ◦C for 1 min and then cooled in
ice for 10 min prior to coupling steps. The thermal treatment made
the aptamer unfold, and the polyT(20) tail maintained the aptamer
far from the surface of the sensing system, allowing the proper con-
formation for molecular recognition. 5′-Amino-modified aptamer1
(30 �l, 1.0 �M in PBS) was dropped onto the activated glass surface
and incubated overnight at 20 ◦C. The droplets were allowed to dry,
and any non-covalently bond aptamer1 was removed by washing in
rinse buffer. After rinsing the glass samples three times with rinse
buffer, remaining non-reacted aldehyde groups were blocked with
2% BSA at 37 ◦C (1 h) and then washed three times with rinse buffer.
Finally, the slides were dried at 37 ◦C. The capture probe aptamer1
was then covalently immobilized on the glass surface.

2.6. Eu(TTA)3(5-NH2-phen) (ETN) coupling with aptamer2

ETN was suspended in PBS buffer containing 2.5% glutaralde-
hyde by ultrasonication and thermal agitation for 3 h, then
centrifuged and washed with PBS buffer. The glutaraldehyde mod-
ified ETN was resuspended in PBS buffer, and 20 �l of 1 × 10−5 M
aptamer2 was added, the mixture was stirred at 20 ◦C overnight.
After centrifuging and washing with rinse buffer to remove the
unbound oligonucleotides, the ETN was coupled with aptamer2,
and then resuspended in 180 �l binding buffer, stored at 4 ◦C.

2.7. Thrombin–aptamer sandwich analysis

Once the aptamer1 was covalently immobilized on the glass sur-
face and the ETN was coupled with aptamer2, the binding step

with thrombin in binding buffer was realized by adding 10 �l of
the thrombin solution at different concentrations. The reaction was
monitored for 2 h at 37 ◦C, the solution was then removed, and the
glass slides surface was washed with PBS buffer to eliminate the
unbounded substances. Finally, all glass slides were dried at room
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Scheme 1. The schematic d

emperature (25 ◦C). The detection was accomplished by monitor-
ng fluorescence signals of the ETN-labeled aptamer2 left on the
lass slides surface. The main steps of the assay using two aptamers
ere shown in Scheme 1.

. Results and discussion

.1. Thrombin detection

Time-resolved fluorescence intensity of different concentra-
ions of thrombin detected from glass surfaces was recorded at

ex = 377 nm, �em = 609 nm. As shown in Fig. 1, the time-resolved
uorescence intensity was increased with the increasing concen-
ration of thrombin. Fluorescence intensity was proportional to
hrombin concentration. In speculating on the results, the proposed
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ig. 1. Time-resolved fluorescence emission spectra for different concentrations of
uman �-thrombin, for time-resolved spectra: �ex = 377 nm, �em = 609 nm, delay
ime, 0.1 ms, gate time, 1.0 ms.
of this detection method.

assay can be used to detect trace thrombin with lower background
signal.

The reproducibility and stability of time-resolved fluorescence
signal of this assay were tested by measuring three thrombin con-
centrations in three independent measurements. The results were
given in Table 1.

3.2. Optimization of the concentration of aptamer1

The optimal concentration of aptamer1 coupling onto the acti-
vated glass slides was investigated. Four different concentrations of
aptamer1, 5.0 �M, 1.0 �M, 0.1 �M and 0.01 �M, were employed to
coupling onto the activated glass slides. The fluorescence intensity
detection was then achieved using a 50 nM thrombin solution. The
results were recorded in Fig. 2, which showed the different time-
resolved fluorescence intensities from the different concentrations
of aptamer1. The concentration of the aptamer1 at 1.0 �M presents
a lower noise and a stable signal than others. It may be the appropri-
ate concentration for coupling with the aldehyde group on the glass

slides. Thus, the concentration of aptamer1 used for all experiments
was 1.0 �M.

Table 1
The reproducibility of thrombin.

Cthrombin Intensity (609 nm) Average SD

0 nM 15.4, 13.8, 10.7 13.3 2.4
10 nM 27.3, 35.6, 20.6 27.8 7.5
20 nM 34.8, 40.1, 30.6 35.1 4.8
30 nM 50.4, 45.5, 53.9 49.9 4.2
50 nM 71.6, 63.9, 74.5 70.0 5.5
60 nM 74.9, 79.0, 73.3 75.7 2.9
70 nM 86.4, 93.6, 80.3 86.7 6.6

100 nM 107.8, 103.0, 112.6 107.8 4.8
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where I was the time-resolved fluorescence intensity and C was
ig. 2. Optimization of the concentration of aptamer1 coupling on glass slides. The
lack bars represent the intensity of blanks as well as gray bars represent the samples
hich added in 50 nM thrombin. Every data point was the mean of three measure-
ents. The error bars are the standard deviation.

.3. Optimal binding time

The optimal binding time for this assay was also investigated. In
he experiments, the authors discussed six different binding time,
.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h. As shown in Fig. 3, in the

nitial stage of binding time less than 2 h, the fluorescence signal
ncreased, and then reached a steady state at a binding time longer
han 2 h. On the basis of this, all the experiments were carried out
or the binding time of 2 h.

.4. Selectivity of the prepared detection system

The selectivity of the prepared detection system was studied
fter establishing the optimum conditions. The experiments were
arried out by recording the time-resolved fluorescence intensity
f different proteins employed in the detection assay. BSA, IgG at a
ame concentration of 100 �M, in a 2000-fold excess with respect

o thrombin, were used as the control proteins. As shown in Fig. 4, a
igh response was observed when 50 nM thrombin and the mixture
f thrombin and other proteins were tested, whereas low signals
ere obtained in the absence of thrombin and presence of 100 �M

f BSA and IgG. The presence of a high concentration of BSA and IgG
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ig. 3. Optimization of the binding time. Every data point was the mean of three
easurements. The error bars are the standard deviation.
Fig. 4. Investigation of the selectivity in this method. (a) blank, (b) 100 �M BSA, (c)
100 �M IgG, (d) 50 nM thrombin, (e) 100 �M BSA + 50 nM thrombin and (f) 100 �M
IgG + 50 nM thrombin). Every data point was the mean of three measurements. The
error bars are the standard deviation.

did not affect the sensing system performance even the concentra-
tion of BSA and IgG was nearly in a 2000-fold excess with respect
to 50 nM thrombin. The results demonstrated the high selectivity
of the sensing system.

3.5. Linear response and detection limit

The linear response of the sensing system was investigated. The
excitation and emission wavelengths were 377 nm and 609 nm,
respectively. As given in Fig. 5, the linear response of the sens-
ing system covered the concentrations of thrombin from 10 nM to
70 nM. The following equation was obtained by fitting the experi-
mental data obtained:

I = 17.7667 + 0.9952C (R = 0.9856)
the thrombin concentration. The calibration equation can serve as
the quantitative basis for the determination of trace thrombin con-
tent in buffer or complex matrixes (such as serum). The detection
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R = 0.9856

Fig. 5. The linear relationship between the time-resolved fluorescence intensity and
thrombin concentration. The concentrations of thrombin were 10 nM, 20 nM, 30 nM,
50 nM, 60 nM, 70 nM. Every data point was the mean of three measurements. The
error bars are the standard deviation.
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ig. 6. Results obtained with serum samples spiked with different concentrations
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ata point was the mean of three measurements. The error bars are the standard
eviation.

imit of 7.7 nM could be estimated by using 3� + y0, where y0 is the
lank fluorescence intensity and � was the standard deviation of
he blank solution with 12 parallel measurements.

However, it has to be noticed that this sensing system is
ust a proof of principle for our proposal. Compared to the elec-
rochemistry systems and other fluorescent chemosensor using
hrombin and thrombin aptamers assays (without fluorescence
abeling and/or detection in homogeneous solutions, etc), the back-
round noises caused by autofluorescence from biological samples,
he scattering light from solid substrates were avoided. In this
aper, it is necessary to make the fluorophore covalently bound
o the original aptamer, but it is a pity that even slight modifica-
ions on aptamers may lead to significant loss of their affinity and
pecificity [37,38]. The proposed assay may be a more sensitive and
apid method if it is applied to some proteins or small molecules
hich have high specificity and selectivity aptamers.

.6. Determination of thrombin in human serum

The following experiments were focused on evaluating the abil-
ty of the sensing system to detect thrombin in complex matrixes.
erum is what remains from whole blood after coagulation. Its
hemical composition is similar to plasma, but it does not contain
oagulation proteins such as thrombin or other factors. Standard
olutions of thrombin were added to human serum to test the
erformance of the sensing system for complex matrixes. Serum,
iluted five times, was tested alone or spiked with thrombin. Com-
arison between the results obtained with serum and buffer was
hown in Fig. 6, and demonstrated that the sensing system was also
orkable in complex matrixes.

. Conclusions

The present study reported a time-resolved fluorescence detec-

ion methodology of protein using an aptamer-based sandwich
ssay. The ETN modified aptamer exhibited extremely long life-
ime and excellent signaling ability of a trace amount of target
rotein. Time-resolved fluorescence signals of different concentra-
ions of thrombin were detected and a linear response for thrombin

[

[
[
[
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was observed in the range from 10 nM to 70 nM with a detection
limit of 7.7 nM. The optimum binding time and the concentration of
aptamer1 used in the experiments were 2.0 h and 1.0 �M, respec-
tively. The selectivity of the sensing system was also illustrated. The
authors believe that the proposed method can provide an alterna-
tive tool for aptamer-based protein detection due to its simplicity,
rapidity, low cost, and good response characteristics.
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