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a b s t r a c t

Alkoxy bridged binuclear rhenium(I) complexes are used as a probe for the selective and sensitive
detection of aggregation of β-amyloid fibrils that are consorted with Alzheimer's disease (AD). The
strong binding of the complexes is affirmed by the fluorescence enhancement and calculated binding
constant value in the order of 105 M�1 is obtained from the Scatchard plots. The binding of β-amyloid
can be attributed to π�π stacking interaction of naphthalene moiety present in rhenium(I) complexes,
and it is supported by docking studies. The selectivity is quite high towards other proteins and the
formation of fibrils can be observed in the range of 30–40 nm through the AFM and TEM techniques.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer's disease (AD) [1–4] is a calamitous neurodegenera-
tive disorder caused by aggregation of amyloid-β (Aβ) peptides
and the aggregation leads to the formation of the senile plaques
(amyloid plaques), neurofibrillary ‘tangles,’ in the brain. In USA, 39
million people are affected by AD and this figure will soar greater
than twofold to 89 million by 2050; AD is a growing threat to
developing countries [5]. β-Amyloid aggregates are highly orga-
nized protein filaments, rich in β-sheet secondary structure,
generated by the amyloid-β precursor protein (APP), which is
cleaved by γ-secretase to create amyloid-β, and two forms of
presenilin [6,7]. Though the etiology is controversial and immu-
notherapy trials are continuing, no drug has been invented so far
to delay or stop the β-amyloid accumulation hitherto. However,
the hypothesis of amyloid cascade has been reported recently by
several groups [8,9]. After using the positron emission tomography
(PET) to identify amyloid plaques in the brain, the research on
early detection of amyloid aggregate formation using different
techniques is spurred to the diagnosis of the disease [10].

Congo Red (CR) [10–14]and thioflavin T (ThT) [15–17], two
classical dyes displaying intriguing photophysical properties, have
been used extensively for the detection and sensing of amyloid
fibrils. Recently a number of studies have been reported on the
application of dyes other than CR and ThT that have been used
as sensitive probes for detection of amyloid fibrils [18–21]. Apart
from the organic dyes, metal complexes have also been used as
sensors for the amyloid aggregates [22–25]. Marti [26] and
Rangachari [27] have used ruthenium(II) complex as a sensor
and inhibitor of the activity of β-amyloid aggregation. Apart from
ruthenium, copper(II) complex [28] and radio-labeled metal com-
plexes such as rhenium and technetium have potential application
towards the radiodiagnostic imaging of β-amyloid plaques [29,30].
Recent developments on stilbene-based probes show that they are
potential candidates for the binding and diagnosis of Aβ plaques
[31–33]. In the present study, we have synthesized and character-
ized two alkoxy bridged binuclear rhenium(I) complexes contain-
ing long alkyl chains with photoisomerizable 4-(1-naphthylvinyl)
pyridine ligand (1,4-NVP). It is noteworthy that the ligand 1,4-NVP
has stilbene-like structure and properties. These metal complexes
carrying trans isomer of 1,4-NVP ligand have remarkable photo-
switching properties under irradiation of UV light with the
ability to serve as a probe for biomolecules as well as for optical
imaging [34]. Further, the aggregation of long alkyl chains leads
to aggregation induced emission enhancement (AIEE) properties

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/talanta

Talanta

http://dx.doi.org/10.1016/j.talanta.2014.06.070
0039-9140/& 2014 Elsevier B.V. All rights reserved.

n Corresponding authors. Tel.: þ886 2 27898518; fax: þ886 2 27831237.
nn Corresponding author. Tel.: þ91 452 2458246; fax: þ91 452 2459139.
E-mail addresses: ptsekaran@yahoo.com (P. Thanasekaran),

kllu@gate.sinica.edu.tw (K.-L. Lu), rajagopalseenivasan@yahoo.com (S. Rajagopal).

Talanta 130 (2014) 274–279



[35]. To the best of our knowledge, this is the first report on
rhenium(I) binuclear complex carrying stilbene-like ligand finding
application as a sensor for formation of amyloid fibrils. The
structure of these complexes is shown in Chart 1.

2. Experimental

2.1. Methods and materials

The bimetallic rhenium(I) complexes 1 and 2 were synthesized
by a one pot self-assembly method from Re2(CO)10 and 4-(1-
naphthylvinyl)pyridine in 1-butanol or 1-decanol and character-
ized by various spectral techniques [34]. Amyloid-β protein was
purchased from CALBIOCHEM. Emission intensity measurements
were carried out and the emission spectra were recorded using a
JASCO FP-6300 spectrofluorimeter. Excitation and emission slits
with a band-pass of 5 nm were used for all measurements. HPLC
grade DMSO and MilliQ water was used for each measurement. All
measurements were carried out under room temperature. Trans-
mission electron microscopy (TEM) analysis was performed on
a Tecnoi-10-Philips instrument at 80 kV accelerating voltage.
The AFM image was obtained on a PicoPlus AFM instrument
(Molecular Imaging Inc., Arizona, USA) operating in the noncontact
mode. AFM images were taken under dry condition. The NCL
cantilever was used to scan the sample at a frequency of 177 kHz
and a scanning speed 2.4 lines/s. A solution (1 mM) of Re
(I) complexes 1 and 2 (98% H2O–2% DMSO (v/v)) was incubated
with amyloid monomer (0–12 mM) and agitated for an hour to

carry out the fluorescence measurements with amyloid fibrils and
then the fluorescence change was measured by excitation of the
probe at 350 nm.

2.2. Calculation of binding constant

The data on the luminescence intensity change of Re(I) com-
plex in the presence of amyloid-β are subjected to analysis using
the Scatchard plots [36,37] (Eq. 1) to determine the binding
constant of the probe with the protein:

ν=½Re�free ¼ nKa�ν Ka ð1Þ
Here, ν¼[Re]bound/[amyloid], n is the binding stoichiometry,
[amyloid] is the concentration of the amyloid and [Re]bound is the
concentration of the bound form of the complex. [Re]bound was
calculated using the equation

½Re�bound ¼ ½Re�total �½Re�free ð2Þ

½Re�free ¼ ½Re�totalf½ðI=I0Þ�P�=ð1–PÞg ð3Þ
Here [Re]total and [Re]free are the total and free concentration of the
Re(I) complex, I and I0 are emission intensity of the complex in the
presence and absence of amyloid, respectively, and P is max(I/I0),
which can be obtained as 1/(y-intercept) from the linear plot of I0/I
vs [amyloid]�1.

2.3. Docking studies of amyloid protein with Re(I) complexes

The pdb (protein data bank) files of protein molecules were
downloaded from protein data bank (http://www.rcsb.org/pdb/
home/home.do). β-Amyloid (PDB ID: 1Z0Q) was chosen as the
initial structure. The final model chosen was minimized using
DISCOVER module of InsightII with 1000 rounds of steepest
descent and 1000 rounds of conjugate minimization. The cavity
of the protein model has been picked by using Computed Atlas of
Surface Topography of Proteins (CASTp). The docking towards the
luminophores such as tryptophan and tyrosine has been done
using GOLD [38]. For viewing the docked solutions and to generate
pictures, UCSF Chimera candidate version 1.5.3 is used [39].

3. Results and discussion

3.1. Luminescence titrations

Luminescence titration experiments have been carried out in
order to demonstrate the binding of complexes 1 and 2 withChart 1. The structure of two alkoxy bridged binuclear Re(I) complexes 1 and 2.

Fig. 1. The luminescence titration spectra of complexes 1 and 2 with various concentrations of amyloid fibrils. The concentrations of complex and amyloid-β are 1�10�6 M
and 0–12 mM respectively.

V. Sathish et al. / Talanta 130 (2014) 274–279 275



amyloid fibrils and the titration spectra are shown in Fig. 1. In the
presence of amyloid-β fibrils, the luminescence intensity gradually
increases due to the strong binding of Re(I) complex with the
hydrophobic packet of amyloid-β fibrils. In addition the lumines-
cence maximum is blue-shifted from 440 to 413 nm along with
luminescence enhancement, suggesting that the probe is sur-
rounded by more nonpolar environment of amyloid-β fibrils.
These results clearly point out the interaction of Re(I) complexes
with amyloid-β fibrils and this observation is similar to the light
switching behavior of ruthenium complexes with DNA [40–42].
The increase in intensity of probe can be due to the progressive
binding of the probe with amyloid protein and this makes
nonradiative channels present in aqueous medium less operative
inside the amyloid fibrils. The naphthalene moiety in these Re
(I) complexes may strongly interact with amyloid protein through
π�π stacking interaction [43,44]. It is expected that the parallel
orientation of βsheet structures generates small channels and
hydrophobic pockets that extend along the length of the filament
to which aromatic molecules can intercalate and bind through the
π�π interaction. But these compounds contain a stilbene-like
component, which is a highly conjugated rigid aromatic ring
system, having a potential to display the highest affinity toward
Aβ fibrils. Hence, it is proposed that these Re(I) complexes carrying
1,4-NVP ligand enter a hydrophobic pocket and bind with the
protein through π�π stacking interactions [45]. The detection
limit of the sensing β-amyloid is found to be 2.0 mM and the
fluorescence increases by �eight orders of magnitude in the
presence of fibrils, which find good agreement with those of
other probes [26,28]. The Re(I) complex shows poor lumin-
escence intensity in the absence of amyloid-β protein. After an
hour, protein aggregation starts with the formation of small fibril
aggregates which act as seeds for the further assembly of amyloid-
β monomers into aggregated fibrillar structures. This aggregation
and fibril elongation phase is relatively fast followed by a leveling
off of the fluorescence once most of the monomers have been
assembled into fibrils.

3.2. Determination of binding constant

Scatchard plots for the binding of complexes 1 and 2 with
amyloid-β fibrils are presented in Fig. 2. A straight line with a
positive slope indicates that the proportion of rhenium complex
that binds with amyloid increases with increasing concentration of
amyloid-β [46]. The binding constants are 2.2�105 M�1 and
2.0�105 M�1, respectively, for complexes 1 and 2.

Sulatskaya et al. [47,48] reported that two binding modes were
found for the interaction of ThT with amyloid fibrils. The non-
linearity of Scatchard plots obtained for the binding of ThT to
amyloid fibrils suggests that more than one binding mode is
available with significantly different binding constants. In our
case, the linear plot obtained from Scatchard plot points to only
one binding mode and this is in agreement with the previous
reports [47,48].

3.3. Selectivity

We added 1 mM of each sample of some common extracellular
proteins such as lysozyme, BSA, PDGF, thrombin, myoglobin,
hemoglobin and cytochrome C to the probe solution to confirm
the selectivity of amyloid binding probe towards amyloid. Signifi-
cant luminescence intensity change is observed in the presence of
amyloid compared to other proteins, revealing that the probe is
selective towards amyloid protein and it may be due to more
hydrophobic than other proteins and the results are shown in
Fig. 3.

3.4. Detection of amyloid fibrils

Atomic force microscopy (AFM) is employed to analyze the
formation of β-amyloid fibrils and it is also used to determine the
morphological parameters such as height and length of the fibrils
[49]. After the incubation period, the samples of amyloid-β are
deposited on freshly cleaved mica surfaces and the images are
collected at different micrometer areas of amyloid fibrils using the
tapping mode AFM technique [50,51]. For preparation of fibrils, we
adapt the previously reported procedures [52,53]. The Aβ peptide
is dissolved in a minimum amount of 2 mM NaOH and the pH is
adjusted to 10.5 using 100 mM NaOH. The peptide solution is
sonicated for 2 min, and then filtered. The filtered solution is
adjusted to 400 mL using sodium phosphate buffer. The samples
were incubated at 37 1C and the fibril formation of Aβ with
complex 2 was monitored.

The AFM images show the formation of amyloid fibrils with a
size of 30–40 nm from the aliquots of amyloid samples with
complex 2 after 3 h (Fig. 4). These results indicate that the
luminescence enhancement of Re(I) binuclear complex 2 is due
to amyloid fibril formation and thus 2 can serve as a sensor for the
formation of amyloid fibrils without inhibition. Furthermore, the
formation of these amyloid fibrils can be confirmed by the
transmission electron microscopy (TEM). For TEM, 10 mL solution
of 2 was taken directly from monitored Aβ samples (complex 2

Fig. 2. Scatchard plots for complexes 1 and 2 in the presence of Aβ.
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with fibrillar Aβ). It is confirmed that the formation of fibrils
apparently results from self-aggregation of the Aβmonomers with
a size of 40 nm (Fig. 5). Recently Waldauer et al. [54] reported that
when the azobenzene is in trans form the fibril formation has well
organized structure, whereas in cis conformer the morphologies
are distorted. The sample was intermittently illuminated by UV-

light, which switched the photolinker into the cis state; the fibrils
were induced to dissociate and then allowed to associate when the
illumination was removed. The samples of trans isomer taken after
reaggregation contain fibrils identical to those observed following
the initial aggregation step, which means that the fibrils are stable
in the trans isomer. In the presence of Re(I) complexes, the trans

Fig. 3. The selectivity of complexes 1 and 2 based Aβ towards other proteins.

Fig. 4. The AFM images of amyloid fibrils with different magnifications.

Fig. 5. TEM images with different magnifications of amyloid fibrils in the presence of complex 2 after 30 min.
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isomer of the 1,4-NVP ligand binds to the amyloid protein and the
formation of amyloid fibrils is observed rather than the inhibiting/
deaggregating fibrils.

To gain more knowledge on binding efficiency and to know
about the mode of binding, docking studies were attempted. Since
the study involves luminescence technique and monitoring the
luminescence change experimentally, we identify the fluorophore
inside the cavity. Since the protein comprises tryptophan, tyrosine
and phenyl alanine amino acid units, we have chosen the PHE 19
and PHE 4 in β-amyloid protein which is available inside the cavity
to identify the nature of binding and the docked structures are
shown in Fig. 6. [55,56]. The 1,4-NVP ligand of the Re(I) complexes
is considered as a model for docking with the amyloid protein and
fits inside the hydrophobic cavity of protein. It is evident that the
distance between naphthyl moiety of the 1,4-NVP ligand and the
interacting sites of the proteins PHE 19 and PHE 4 is 2.98–4.43 Å
and 2.96–4.01 Å, respectively. These results exhibit that the pre-
sence of π-electron cloud in naphthalene moiety in 1,4-NVP ligand
can interact with the benzene ring in phenylalanine viz. PHE 19
and PHE 4 through π�π stacking interactions. Obviously, it is clear
that the nearby fluorophore of the protein and the ligand of
the complex are very close together along with π�π stacking
interactions.

4. Conclusion

The Re(I) binuclear complexes can be used as a probe for the
detection of amyloid fibril formation due to their very strong
fluorescence enhancement upon interacting with amyloid fibrils.
The strong fluorescence enhancement observed upon binding of
the amyloid fibrils arises from combination of hydrophobic and
π�π stacking interactions. This system shows selective sensing
and stronger binding activity toward the aggregated form of the
protein. Using the Re(I) binuclear complex the binding activity
toward Aβ aggregates and formation of the amyloid fibrils are
confirmed by fluorescence spectral techniques and further by AFM
and TEM techniques. The docking studies showed a strong binding
of naphthalene moiety in the 1,4-NVP ligand of Re(I) complexes
with the fluorophore of amyloid protein by π�π stacking inter-
actions. In addition, it is expected that application of the present
result can be extended to the diagnostics of aggregates of amyloid
by imaging and inhibition by aptamer-based rhenium metal
complex and the work is under progress.
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