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Abstract We describe here the construction of a sensitive
and selective optical sensor system for the detection of
human «-thrombin. The surface functionalized luminescent
[Ru(dpsphen);]*~ (dpsphen-4,7-diphenyl-1,10-phenanthro-
line disulfonate) ion doped silica nanoparticles (SiNPs) with
a size ~70 nm have been prepared. The DABCYL (2-(4-
dimethylaminophenyl)diazenyl-benzoic acid) quencher la-
beled thrombin binding aptamer is conjugated to the surface
of SiNPs using BS® (bis(sulfosuccinimidyl) suberate) as a
cross-linker, resulting in the conformational change of
aptamer to form G-quadruplex structure upon the addition
of thrombin. The binding event is translated into a change in
the luminescence intensity of Ru(Il) complex via FRET
mechanism, due to the close proximity of DABCYL
quencher with SiNPs. The selective detection of thrombin
using the SiNPs-aptamer system up to 4 nM is confirmed by
comparing its sensitivity towards other proteins. This work
demonstrates the application of simple aptamer-SiNPs con-
jugate as a highly sensitive system for the detection of
thrombin and also it is highly sensitive towards thrombin
in the presence of other proteins and complex medium such
as BSA.
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Introduction

Aptamers, artificial single-stranded DNA or RNA oligonu-
cleotides, are obtained through in vitro selection method
called systematic evolution of ligands by exponential en-
richment (SELEX) from the random RNA or DNA libraries
[1, 2]. The aptamers bind specifically with a wide range of
chemical or biological entities like small molecules, metal
ions, peptides, nucleotides, proteins, and whole cell [3—10].
Since their first discovery in the 1990s, aptamers have
attracted intense research efforts and in recent years started
to find potential applications as biosensor, in drug delivery
and in therapeutics [11-15]. A variety of aptamer based
biosensors have been developed in the last few years pio-
neering electrochemical, fluorescence, chemiluminescence,
surface plasmon resonance, AFM and microgravimetric
techniques [16-21]. The luminescence technique is the sim-
ple and most sensitive method and finds wide range of
applications [22].

The rapidly evolving nanotechnology has been used to
design a variety of novel approaches based on nanoparticles
for biological applications [23, 24]. Recent reports highlight
the development of dye doped silica nanoparticles (SiNPs)
based biosensor as one of the most efficient methods for
tumor diagnosis, imaging and drug delivery [25, 26]. Lumi-
nescent SiNPs possess some key advantages over the con-
ventional organic dyes such as high optical intensity,
nontoxicity, more stability against photobleaching, easy
modification and biocompatibility with biological systems
[27, 28]. Moreover, the surface of SiNPs provides a robust
stable shell and facilitates functionalization, either through
physical adsorption or covalent attachment [29, 30]. The
modification of SiNPs surface with carboxylic acid, cyanu-
ric chloride, aldehyde, and NHS (N-hydroxysuccinimide)
esters favors the grafting of bioreceptors for the detection

@ Springer


http://dx.doi.org/10.1007/s10895-012-1127-0

138

J Fluoresc (2013) 23:137-146

of target analytes [31-33]. Meanwhile, the high density of
silica (1.96 g/cm®) facilitates easy separation of NPs
(Nanoparticles) from the mixture of various molecules via
centrifugation, which could retain the target binding ability
to promote trace detection of target in a mixture and in
biological samples. Chen et al. [10] reported that the
aptamer conjugated luminescent SiNPs can be used for the
simultaneous diagnosis of multiple cancer cells.

Tan et al. have demonstrated the use of dye doped SiNPs
for optical tagging with various biomedically important
targets such as nucleic acid, cancer cells, bacterial cells
and individual biomolecules [34—37]. The [Ru(bpy);]*"
ion (bpy-2,2’-bipyridine) doped SiNPs-aptamer conjugate
was used to amplify the signal intensity of the probe com-
pared to individual Ru-bpy labeled aptamer and to minimize
the photobleaching effect [38]. Recently, Liu et al. reported
the label-free naked-eye detection of lysozyme using
aptamer-functionalized SiNPs as the recognition element
to capture the target and an anionic conjugated polymer as
luminescent probe via electrostatic interaction [39].

Thrombin is a serine protease that regulates the process
fibrinogen to fibrin and platelet activation to help stop
bleeding [40]. The concentration of thrombin plays multiple
pivotal role in thrombosis, hemostasis, blood coagulation,
heart disease, central nervous system injury and Alzheimer’s
disease [41-43]. Thrombin is a major target for anticoagu-
lation and cardiovascular disease therapy. When the concen-
tration of thrombin is low (50 pM to 100 nM) it is
responsible for neuroprotection hostility to ischemia, anti-
inflammatory, oxidative stress, hypoglycemia, hypoxia and
unexpectedly finds a barrier protective activity. If the con-
centration of thrombin is high, it will cause the degeneration
and cell death in brain, spinal cord glial cell and the abnor-
mal development of hippocampal will affect the memory
leading to Alzheimer’s disease [44, 45]. The design of
thrombin sensor with extreme sensitivity and excellent se-
lectivity is important for medical diagnostics.

Here we select thrombin as a model protein and its 15-
mer thrombin binding aptamer as the receptor [46, 47]. We
report a new strategy for the detection of thrombin using the
luminescent SiNPs-aptamer conjugate system as the biosen-
sor. The sensor system is constructed through [Ru
(dpsphen);]*~ (dpsphen-4,7-diphenyl-phenanthroline disul-
fonate) ion doped SiNPs labeled with aptamer at the one end
and the DABCYL quencher in the other terminal.

Materials and Methods
Reagents

RuCl5.nH,»0, disodium(4,7-diphenyl-1,10-phenanthroline
disulfonate).3H,O (dpsphen), Triton X-100, tetraethyl
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orthosilicate (TEOS), aminopropyltriethoxysilane (APTES),
(bis(sulfosuccinimidyl) suberate (BS?), thrombin, BSA (bo-
vine serum albumin), lysozyme, myoglobin, cytrochrome C
and PDGF (platelet derived growth factor) were purchased
from Sigma Aldrich and used as such without further purifi-
cation. Sodium chloride, potassium chloride, disodium phos-
phate, sodium phosphate, ammonia solution and all the
solvents purchased from Merck were used as such. The [Ru
(dpsphen);]*~ complex was prepared using the previous liter-
ature method [48]. The amino functionalized oligonuceotide,
NH;-(CH,)s-GGTTGGTGTGGTTGG-(CH,)s-DABCYL,
was purchased from Ocimum Biosolutions Ltd. (Hyderabad,
India). All the samples prepared using 1X PBS buffer pH 7.4
(8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO, 0.24 g KH,PO, in
800 mL of Milli Q water) were used.

Instruments

The prepared surface modified luminescent SiNPs were
characterized by HR-TEM, SEM and EDX measurements.
The aptamer concentration was verified spectrophotometri-
cally monitoring the absorbance at 260 nm, on Analtikjena
Specord S100 diode-array spectrophotometer. The emission
intensity was measured in the absence and presence of
proteins with 100 pl of modified aptamer. The emission
spectra were recorded using JASCO FP6300 Spectrofluo-
rimeter in ambient temperature (298 K) and the 1 cm path
length cuvette. All the fluorescence quenching measure-
ments were carried under aerated condition. The AFM im-
age was obtained on a PicoPlus AFM instrument (Molecular
Imaging Inc., Arizona, USA) operating in the non-contact
mode. AFM images were taken under dry condition. The
NCL cantilever was used to scan the sample at a frequency
of 177 KHz, and with a scanning speed 2.4 lines/s. The
scanning electron microscopy (SEM) and energy dispersive
X-Ray (EDX) micrographs were obtained by using a
Hitachi S-3400 N model (Acc.Voltage 0.3 to 20 kV)
and 2500 magnitude. The TEM image was taken from
Sapera H7650 at 100 kV. Circular dichroism (CD)
measurements were performed on a JASCO J810 spec-
tropolarimeter at RT over the wavelength 200300 nm.
Parameters were set as follows: path length, 50 mm;
resolution, 0.5 nm; scan speed, 50 nmmin_!; band
width, 1 nm; response 1 s. The CD measurements were
made by keeping the concentration of aptamer (50x
107'M) as constant while varying the concentration of
thrombin (20x10~° and 50x10~°M).

Preparation of Surface-Modified [Ru(dpsphen);]* -doped
SiNPs

The amine functionalized [Rudpsphens]*~ ion doped SiNPs
were synthesized according to previously published
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procedure [49]. Briefly, the water-in-oil microemulsion was
prepared from the solutions of 1.77 mL of Triton X-100,
7.5 mL of cyclohexane, 1.8 mL of n-hexanol, 400 uL of
water, and 50 pL of 0.05 M [Rudpsphens]*~ complex. This
solution was stirred for 1 h, and then 200 uL of TEOS added
as a precursor for silica nanoparticle formation, followed by
the addition of 100 uL of NH4OH to initiate the polymeri-
zation process. The reaction was allowed to continue for
24 h at room temperature to form [Rudpsphen;]*~ ion doped
SiNPs with free hydroxyl groups. The amine terminated
SiNPs were prepared from additional coating with addition
of 100 uL of APTES followed by 50 uL of TEOS in the
water-in-oil microemulsion containing hydroxy-SiNPs (OH-
SiNPs) through the synchronous hydrolysis [49]. After-
wards the dye doped SiNPs were obtained by centrifugation
and washed with ethanol, water and acetonitrile. Then the
SiNPs were suspended in PBS buffer with ultrasonication
for further experiments.

Covalent Immobilization of Aptamer onto the SiNPs
Surface

Following the previously reported procedure [50], the
aptamer conjugated with [Rudpsphens]*” ion doped SiNPs
were prepared. A 50 puL of amine functionalized [Ru
(dpsphen);]*~ ion doped silica nanoparticles in PBS buffer
at pH 7.4 was added to 30 uL of BS® (1 mg/mL). After
30 min incubation the solution was centrifuged for 3 mins
(RCF of 1000 g) and then the supernatant was removed. A
sample of 40 uL of the amine terminated DABCYL labeled
aptamer (0.4 nM) was added to the SiNPs-BS* complex and
shaken for 2 h. Finally we fabricated the sensor system [Ru
(dpsphen);]*~ ion doped SiNPs-aptamer conjugate by cen-
trifugation and redispersed in PBS buffer using ultrasonica-
tion for other experiments, and the synthetic details are
shown in Figure S1 in supporting information.

Results and Discussion
Principle of the Design of Luminescent Biosensor

The schematic illustration of thrombin detection based on
the aptamer conjugated [Ru(dpsphen)s]*~ ion doped SiNPs
is shown in Fig. 1. This sensor platform contains DABCYL
quencher at 3’ of the DNA aptamer and the other end was
immobilized with Ru-SiNPs via BS® coupling reagent. The
formation of G-quadruplex is responsible for the close prox-
imity of Ru-SiNPs and quencher resulting in the lumines-
cence quenching in the presence of thrombin through
fluorescence resonance energy transfer (FRET) [51]. The
absorption and emission spectra of luminescent SiNPs are
shown in Fig. S2.

Characterization of Ru(II) Complex Doped SiNPs

The [Ru(bpy);]*" and [Ru(phen);]*" ions doped SiNPs are
well known and used as biosensor [38, 49, 52, 53]. Now, we
have tried the derivatives of phen such as [Ru(dpsphen);]*”
ion doped SiNPs prepared by modified Stober method and
characterized by SEM, EDX (Figs. S3-S5, in supporting
information) and TEM analysis. The advantage with the
complex having dpsphen ligand is low toxicity than the
bpy containing complex. The [Ru(dpsphen);]*~ shows good
water solubility because the ligand has both hydrophilic and
hydrophobic moieties, hence it is used extensively in bio-
logical system [54]. After the SiNPs (~50 nm) were centri-
fuged the supernatant was taken for spectral measurements.
The supernatant shows very weak absorption and emission
intensity, indicating that almost all the dye molecules are
incorporated into the SiNPs. Figure 2 shows the character-
istic images of the surface modified luminescent SiNPs
obtained after dispersion of sample on TEM grid and evap-
oration of solvent. From the SiNPs size and the density of
silica (1.96 g/cm?), it can be calculated that 1.0 mg of the
synthesized SiNPs contained 1x10'® NPs. The SiNPs sur-
face was modified with APTES to generate amino groups on
the NPs surface for reaction with 30 pL of BS® in PBS
buffer pH 7.4. This reaction yielded BS® conjugated SiNPs
for aptamer immobilization. Finally 40 pL of amine func-
tionalized aptamer was treated with SiNPs-BS® conjugate
and obtained the SiNPs-aptamer system as the sensor plat-
form for thrombin. The total number of immobilized
aptamer (~120) molecules was calculated from the absor-
bance difference between the aptamer solution before and
after incubation of the solution with SiNPs [39, 55].

Thrombin Assay

Upon addition of thrombin to SiNPs-aptamer conjugates the
formation of intramolecular G-quadruplex [56] brings the
quencher in the close proximity to the surface of SiNPs and
this leads to a decrease in the luminescence intensity of Ru
(II) complex, i.e., luminescence quenching (Fig. 3). This
rearrangement favors the FRET from the luminescent [Ru
(dpsphen);]*” ion doped SiNPs to nonluminescent
DABCYL. In the absence of target molecule the aptamer
prefers to form unfolded coil conformer. Thus the emission
intensity of Ru(Il) ion doped SiNPs are high in the absence
of thrombin because the luminophore ([Ru(dpsphen);]*
ion) and quencher (DABCYL) are far away from each
other. The decrease in the luminescence intensity in the
presence of different concentrations of thrombin is as-
sociated with the amount of thrombin bound to the
surface of aptamer conjugated SiNPs and Fig. 4 shows
the emission intensity change with the addition of
thrombin.
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The Stern-Volmer plot demonstrates the extent of lumi-
nescence quenching in the presence of thrombin and the
equation shown in Eq (1) is used to get the Stern-Volmer
[57] quenching constant.

I/1y =1+ Ksy[Q] (1)

Ky = k,7° (2)

where Iy and I are the luminescence intensity in the absence
and presence of thrombin, [Q], the molar concentration of
the thrombin, k,, the quenching rate constant, T°, the lumi-
nescence lifetime in the absence of quencher (4.3 ps) and T,
the luminescence lifetime in the presence of quencher
(1.9 us) respectively. The quenching constant is typically

obtained from the slope of a linear fit to a plot of /,// versus
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- 3-aminopropyltriethoxysilane

[thrombin]. However, deviations from the linear relationship
are traditionally observed in certain situations outlined here:
(i) when the quenching efficiency is very high, as observed
in super quenching of conjugated polyelectrolytes by gold
nanoparticles [58], (ii) if two fluorophore populations are
present and one class is not available to the quencher [59],
or (iii) if the fluorophore is being quenched both by colli-
sions (dynamic quenching) and by complex formation with
the same quencher (static quenching) [58, 60]. The nonlin-
ear Stern-Volmer plot (Fig. S6, in supporting information)
and high quenching constant value, kg, 3.2 10" dm’mol™
s ! indicate that there is a combined contribution of dynamic
quenching and static quenching in the luminescence inten-
sity of Ru(Il) complex doped SiNPs-aptamer conjugate in
the presence of thrombin. In this case, the Stern-Volmer plot
exhibits an upward curvature, concave toward the y-axis at
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Fig. 2 TEM image of [Ru(dpsphen);]*” ion doped SiNPs-aptamer
conjugates

high [Q], and [o/I is related to [Q] by the following form of
the Stern-Volmer equation [58].

Io/I =1+ (Kp + Ks)[0] + KpKs[O) (3)

10/1 =1 "‘Kapp[Q] (4)

where Kp and Kg are the dynamic and static quenching
constants, respectively. If there is a deviation from linearity,
at high [Q] being appreciable, it is certain that both ground-
state complex formation and excited-state interactions
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Fig. 3 Luminescence spectra of [Ru(dpsphen);]*~ ion doped SiNPs-
aptamer conjugates in the PBS buffer solution in the presence of
different concentration of thrombin. Each spectrum was recorded with
an excitation wavelength of 460 nm. The concentration of aptamer and
thrombin are 100x 10™">M and 0-95.5x10~°M respectively
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Fig. 4 Luminescence signal change of [Ru(dpsphen);]*” ion doped
SiNPs-aptamer conjugate as a function of the concentration of throm-
bin in the PBS buffer solution. The concentration of thrombin is 0—
95.5x10 °M. Inset: calibration plot of thrombin sensor (R=0.983)

contribute to the quenching, which accounts for the upward
curvature observed at high [Q] when both static and dynamic
quenching occur for the same fluorophore. The apparent
quenching constant (K,pp) is calculated at each quencher
concentration. A plot of K, versus [(J] yields a straight line
with an intercept of Kp+Kg and a slope of KsKp. The static
and dynamic quenching constants can be obtained from the
solutions of the quadratic equation. Figure S6 (in supporting
information) shows the Stern-Volmer plots of /,// versus
thrombin concentration, having substantial upward curvature,
deviating from linearity. The upward curvature on quenching
of luminescence intensity of Ru(Il) complex doped SiNPs-
aptamer conjugate in the presence of thrombin confirms a
contribution of static quenching to the dynamic quenching
of the fluorophore by thrombin. The upward-curving Stern-
Volmer plots could be analyzed in terms of both static and
dynamic quenching constants as shown in Eq. 3. The calcu-
lated dynamic (Kp) and static (Ks) static quenching constants
are 2.1x10’M " and 1.1 x10°M ' respectively.

The change of emission intensity can be ascribed to the
amount of thrombin bound to the sensing interface and the
detection limit (4 nM) was calculated from the calibration
plot. The calibration plot obtained from the straight line of
the dynamic range and the detection limit was determined
by 3o/slope (o - standard deviation of the blank measure-
ments) [61]. The obtained detection limit was found to be
lower (Table 1) than the reported aptamer assays [62—64].

Mechanism of Luminescence Quenching

We propose that the energy transfer is the major process
responsible for luminescence quenching. According to
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Table 1 Comparism of the thrombin sensor with other sensors

Methods Linear range (M) LOD(M) Reference
Luminescence 2.6-20x107° 4.0%x107° This work
Fluorescence 10-70x10°  7.7x10°° [62]
Fluorescence 10-40x107° 10x10°° [63]

Fluorescence - 63x107° [64]

Forster non-radiative energy transfer theory the rate of
energy transfer depends on the extent of overlap of
emission spectrum of the donor with the absorption
spectrum of the acceptor and the distance between the
donor and the acceptor. In addition, the energy transfer
will be favorable under the following condition: i) the
donor can produce florescent light that has sufficiently
long lifetime; ii) the emission spectrum of the donor
and the absorption spectrum of the acceptor have suffi-
cient overlap; iii) the distance between the donor and
the acceptor is less than 8 nm [65].

According to Forster’s theory [65], quenching or FRET
efficiency, E is given by,

RS + R®

where, Ry is the Forster radius, the distance at which transfer
efficiency is 67 %, and R is the distance between the centers
of the fluorophore and acceptor. Forster radius is given by

Eq. (6).
Ry = (8.8 x 10%JK*Qyn*)1/6A (6)

J =Y FQ=a /Y Fa) (7)

Here, K> is the orientation factor for a dipole—dipole
interaction, J is the spectral overlap integral in M ' cm?,
0y is the quantum yield of donor in the absence of acceptor,
and n is the refractive index of the medium between the
donor and acceptor. Fig. S7 in supporting information
shows the overlap of the absorption spectrum of DABCYL
with emission spectrum of the [Ru(dpsphen);]*~ ion doped
SiNPs. From the overlapping spectrum, J can be estimated
by integrating the spectra from 560 nm to 710 nm. From this
calculation, the estimated overlap integral value is 1.46x
10 " cm®*mol/L and the Ry is 4.5 nm. For this calculation
we have used K>=2/3 for random orientation, and n=1.33.

Interaction between thrombin and aptamer-SiNPs conju-
gate is associated with the existence of specific binding site on
thrombin. Thrombin, on the surface, has two secondary bind-
ing sites. These binding sites are important for the specific
interaction of thrombin with several macromolecular sub-
strates and receptors. Of the two binding sites, one is anion-
binding exosite that contributes to the formation of a tight
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specific complex with various substrates. The second binding
site, the putative heparin recognition site, may contribute to
the significant increase of thrombin inactivation by anti-
thrombin in the presence of heparin [66, 67]. The thrombin
binding aptamer has the capability to form G-quadruplex
structure to recognize the fibrinogen binding exosite of throm-
bin via T-loop [68]. To validate the conformational change of
aptamer in the presence of thrombin, we recorded the CD
spectra of thrombin binding aptamer in the presence and
absence of thrombin. The formation of G-quadruplex is easily
characterized through the CD spectrum of positive band
around 295 nm and the negative band around 270 nm respec-
tively. The CD spectrum of thrombin binding aptamer at room
temperature exhibited a negative band centered around
268 nm, and positive band around 248 nm and 290 nm in
the absence of thrombin and the spectrum is shown as curve
(a) in Fig. 5a. Upon the addition of thrombin to the SiNPs-
aptamer conjugate a dramatic change was observed in the CD
spectrum. The dramatic change of CD intensities around
268 nm and 290 nm with the addition of thrombin indicated
the formation of G-quadruplex. Figure 5b shows the charac-
teristic CD spectra of thrombin (curve a) in the absence of
aptamer and in the presence of aptamer-SiNPs conjugate
(curve b). Addition of aptamer leads to substantial positive
shift at 215 nm and 280 nm. This result is in accordance with
the previous reports [69], which show similar changes in the
CD spectrum of aptamer. These results suggest that the G-
quadruplex structure of thrombin binding aptamer is induced
by specific interaction between aptamer and thrombin leading
to substantial shift in the CD spectrum.

The surface structure and morphology of the biosensor
fabrication progress is examined by AFM as shown in
Fig. 6. The formation of thrombin-SiNPs-aptamer complex
with the addition of thrombin to SiNPs-aptamer is con-
firmed using AFM technique. The AFM image of aptamer
labeled SiNPs without target protein, the surface morphology,
is shown in Fig. 6a. Figure 6b shows the clustered surface
morphology due to the binding of thrombin to the surface of
aptamer labeled SiNPs to form SiNPs-aptamer-protein com-
plex structures. From the AFM images we learn clearly that
upon the addition of the target molecule the aptamer under-
goes rearrangement to form the G-quadruplex [70].

Selectivity of the Sensor System

In order to examine the selectivity of this sensor system
towards thrombin, luminescence intensity measurements
were carried out using various biomolucules. Thrombin is
an extracellular protein that regulates many biological func-
tions. We tested the ability of aptamers as sensor towards
some common extracellular proteins, such as BSA, lyso-
zyme, myoglobin, cytrochrome C and PDGF through the
measurement of the change in emission intensity of Ru(Il)
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Fig. 5 a CD spectra of aptamer conjugated SiNPs in the absence
(curve a) and presence (curve b—d) of 10, 20, 50x10~°M thrombin
respectively; b CD spectra of 0.1 uM thrombin (curve a) and in the
presence of 100 pL of 100x 10™'>M aptamer (curve b)

ion doped SiNPs-aptamer system (Fig. 7). The change in
emission intensity was much higher with thrombin due to
the significant interaction with aptamer. On the other hand
under the similar experimental conditions there is little
change in the emission intensity of luminophore doped
SiNPs in the presence of other proteins. The sensitivity of
the aptamer is maintained under the complex environment
such as BSA and in the presence of mixture of biomolecules
(Fig. S8, in supporting information). The detection limit of
this sensor towards thrombin is upto 4 nM. Thus a very
simple and sensitive luminescent sensor is developed for
thrombin using aptamer as the receptor and Ru(II) complex
doped SiNPs as the luminophore.

Label Free Detection of Thrombin

We investigated the effect of adding amine functionalized
[Ru(dpsphen)]*™ ion doped SiNPs to DABCYL labeled
aptamer at room temperature (Fig. S9, in supporting infor-
mation). Mixing the two solutions, amine functionalized
SiNPs with the negatively charged aptamer, results in the
formation of positively charged large SiNPs surrounded by
smaller negatively charged aptamer [23, 71]. Luminescence
quenching is observed and this is attributed to strong bind-
ing due to the electrostatic interaction between the positively
charged SiNPs and the negatively charged aptamer (Fig. 8).
We propose that the quenching is via energy transfer due to
the close proximity of the quencher to the SiNPs surface. To
investigate the efficiency of this label free system as a sensor
for thrombin the emission measurements were carried out in
the presence of various concentrations of thrombin. Inter-
estingly, the addition of thrombin leads to the restoration of
the emission intensity of luminescent SiNPs. Successive
addition of thrombin results in successive enhancement in
the emission intensity of luminescent SiNPs as shown in
Fig. S10 in supporting information. From this observation
we propose that the strong binding of aptamer with throm-
bin causes some of the aptamer molecules relieved from the
SiNPs surface and a decrease in the number of aptamers on
the surface of the SiNPs. Fig. S11 in supporting information
shows the specificity of the aptamer towards thrombin com-
pared with other proteins like BSA, lysozyme, myoglobin,
cytrochrome C and PDGF. The binding constant (K=1.6x
10’M ") was calculated using modified Benesi-Hildebrand
equation shown in, Eq. (8)

lo/lo =1 = (b/a—b)(1/K[Q] + 1) (8)

Iy and I are the luminescence intensity of Ru(Il) complex in
the absence and presence of target protein, [Q] is the concen-
tration of protein, K is the binding constant. In this equation b/
a—b can be found out by plotting Io/Ip—I versus the inverse
concentration of protein, [Protein] ' and b/a—b, is the intercept
of the Benesi-Hildebrand plot. The obtained binding constant
is one order higher than the Kg value calculated from the stern-
Volmer equation. The quenching sphere radius was calculated
from the Perrin model [72] Eq. (9),

In(lo/I) = V[Q] = (4/37RN) (0] )

Where N-Avogadro’s number, V-volume of quenching
sphere and Ry is the radius of the quenching sphere. Using
Eq. (9) the quenching radius of the doped SiNPs-aptamer
system has been estimated to be 135 nm. It is interesting to
note that when the aptamer is covalently attached to the
surface of SiNPs the quenching of emission intensity of lumi-
nophore doped SiNPs occurs in the presence of thrombin. On
the other hand when the luminescence measurements are
carried out under the label free condition it leads to the
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Fig. 6 AFM image of aptamer
conjugated SiNPs in the
absence of thrombin (a) and in
the presence of thrombin (b)

luminescence enhancement. As far as we are concerned this is
a novel biosensor system for the selective detection of throm-
bin under biological conditions using aptamers as receptors
under labeled as well as label free conditions.

Conclusions

We have developed a new sensor system carrying lumines-
cent [Ru(dpsphen)3]4_ ion doped SiNPs in the one end of
the aptamer and the quencher DABCYL on the other end.
The aptamer maintains the binding properties of the original
sequence and preserves high affinity and selectivity, ensur-
ing that the corresponding detection system possesses at-
tractive features, low detection limit and high selectivity.
The substantial change of the emission intensity observed in
the presence of thrombin due to the conformational change

0l
Thrombin  Myoglobin BSA

o= g

CytochromeC Lysozyme PDGF

Fig. 7 Selectivity plotted in a histogram form using dye doped SiNPs-
aptamer conjugated system towards thrombin. The concentration of
proteins: thrombin 2.6x10"°M, myoglobin 2x10 M, BSA 2x1078
M, cytochrome 2x 10*M, lysozyme 2x 10 M, PDGF 2x10"°M

@ Springer

of the aptamer i.e., from the unfolded coil conformer to
folded structure of G-quadruplex is due to the energy trans-
fer process. The exquisite sensitivity of luminescence detec-
tion is achieved using the hydrophilic [Ru(dpshen);]*" ion
doped SiNPs and an aptamer in the complex environment
and the detection of thrombin is at ~4 nM level. It is
interesting to note that label free system rather than quench-
ing is also an effective sensor system but substantial lumi-
nescence enhancement is observed in the presence of
thrombin in the label free system. This has advantages over
other strategies it is reusable by simple centrifugation. Our
results indicate that the aptamer-SiNPs conjugated system is
very sensitive and highly specific as sensor for thrombin, in
a mixture of proteins.

Intensity, au

v T d T d T v T —
550 600 650 700 750 800
Wavelength, nm
Fig. 8 Luminescence spectra of [Ru(dpsphen)3]47 ion doped SiNPs

before (a) and after addition of DNA aptamer (b), in the presence of
thrombin (c¢) respectively
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