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a b s t r a c t

Aggregation of amyloid-β (Aβ) peptide has been known to be pathologically associated with Alzheimer
and dementia diseases. Amyloid-β fibrils serve as an important target for the drugs development and
diagnosis of neurodegenerative diseases. Herein, we report a new [Ru(dmbpy)(dcbpy)dppz)] complex
(dmbpy; 4,40-dimethyl-2,20-bipyridine, dcbpy; 4,40-dicorboxy-2,20-bipyridine, dppz; dipyridophenazine)
intercalated aptamer based recognition of amyloid-β. Interestingly, aforementioned Ru(II) complex
shows weak luminescence intensity in the aqueous medium but it shows strong luminescence intensity
in the presence of RNA aptamer. Upon addition of amyloid-β monomers, the luminescence intensity of
Ru(II) complex is reduced due to the strong interaction of aptamer with amyloid-β monomer/small
oligomers. Furthermore, present study implies that our system has ability to inhibit the formation of
amyloid-β fibrils, which is confirmed from the AFM morphological structures in the absence and
presence of aptamer. This work may contribute the rapid diagnosis and inhibition of amyloid-β
aggregation in the clinical applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Amyloid-β, an extracellular protein fragment, is self-assembled to
form aggregates (amyloid fibrils), which is implicated in many
neurodegenerative disorders such as Alzheimer's disease, Parkinson's
disease and type II diabetes [1,2]. Alzheimer's disease is a common
amyloidosis disease, characterized by severe cognitive dysfunction
and memory impairment leads to complete loss of independent
living and self-carrying capacity [3,4]. In addition, amyloid-β fibrils
are potential reservoir for low molecular weight oligomers and form
amyloid plaque, which is the primary neurotoxic agent and respon-
sible for neuronal cell death [5]. However, the recent investigations
clearly indicate that soluble amyloid oligomers are the most cytotoxic
aggregates, as compared with amyloid fibrils [6,7]. Further, amyloid
oligomers form channel-like structures, which consequently bind to
cell membranes [8] leading to the destruction of synaptic functions
[6,9] and disruption of the ionic gradient in cells [10]. Generally the
oligomers are soluble in aqueous medium and become insoluble if
they are attached to the cell membrane or other macromolecules
owing to the formation of amyloid plaque [11,12].

Nowadays, according to theWorld Alzheimer Report more than 35
million people are suffering in worldwide with dementia and it is
expected to double in 2030 [13]. Until now, there is no effective
treatment to delay or slow down the progression of Alzheimer's
disease. Therefore highly efficient sensor and inhibitor for amyloid
fibrils are urgent in healthcare. Numerous organic molecules have
been identified as inhibitors and sensor for amyloid-β fibrils [14–19].
Switching of amyloid-β peptide to fibrils is mostly exploited through
thioflavin T and Congo Red through luminescence readout for many
years due to its specific binding with amyloid-β fibrils [20,21]. Of late,
the epigallocatechin-3-gallate (EGCG), a potential antioxidant poly-
phenol present in green tea, has been reported to modulate the
misfolding of prion proteins [22]. Recently, fluorescence self-
quenching of HiLyte Fluor 555 labeled amyloid-β peptides has been
demonstrated to monitor the self-assembly process of amyloid aggr-
egation in real-time analysis [23]. Apart from the organic lumino-
phores, some metal complexes are also bind with amyloid-β and
inhibit the fibril formation. Lim et al. [24] reported that the amyloid-β
fibrils have been recognized by luminescence enhancement using bis
(thiosemicarbazonato)copper(II) complex. In addition, Jozsa et al. [25]
have demonstrated the utility of Cu(II), Ni(II) and Zu(II) complexes for
the recognition of amyloid fibrils through spectroscopic measure-
ments. Moreover, the light switch dipyridophenazine ruthenium(II)
complex [Ru(bpy)2(dppz)]2þ has been used as sensor for amyloid
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aggregation [26]. Latterly our group reported the Re(I) complex as
sensor for amyloid fibrils through the luminescence method [27].
However, the identification of amyloid small oligomers remains
challenging owing to the formation of different morphological struc-
tures [28].

Single-domain antibody and B10 antibody have been developed
for the detection of amyloid oligomer selectively and inhibit the
amyloid fibril formation [29,30]. In this manuscript, we elucidate
the application of the RNA aptamer–Ru(II) complex system for
specific recognition of amyloid monomer and inhibit the oligomer/
fibril formation. Aptamers are DNA or RNA molecules that can
specifically bind to a wide range of targets from small molecules to
whole cells [31] that can be selected through an in vitro selection
method known as systematic evolution of ligands by exponential
enrichment (SELEX). Aptamers are more opportune than antibodies,
owing to the ease of modification, viable labeling with useful small
probe molecules (dye, drug and biotin), renaturing and designing
structural changes. The binding efficacy and specificity of aptamers
are comparable to those of antibodies [32]. Recently, Takashi et al.
[33] have reported that the aptamer selectively binds with mono-
mer and soluble oligomers of amyloid-β; however, it requires long
preparation time, high cost, skilled technicians and complex
mechanism. Our recent research interest is on the protein binding

properties and design of biosensors using luminescent metal
complexes [34–39]. This prompted us to develop sensor for
amyloid-β aggregation. To eradicate these issues, we demonstrate
a simple and selective detection of amyloid-β monomers and
inhibit the formation of amyloid fibrils through the aptamer–
[Ru(dmbpy)(dcbpy)dppz)] complex system without any modifica-
tion/labeling. The aptamer–Ru(II) complex system has the capability
to bind with amyloid-βmonomer and small oligomers as compared
to other proteins. To the best of our knowledge, this is the first
report on simple label free [Ru(dmbpy)(dcbpy)dppz)]–aptamer
system as sensor and inhibitor for amyloid-β.

2. Experimental

2.1. Chemicals and materials

Thrombin, BSA (bovine serum albumin), lysozyme, myoglobin,
cytochrome C and PDGF (platelet derived growth factor) were pur-
chased from Sigma-Aldrich and amyloid-β was obtained from Cal Bio
Chem, USA. Sodium chloride, potassium chloride, disodium phosphate,
sodium phosphate, ammonia solution and all the solvents purch-
ased from Merck were used as such. The [Ru(dmbpy)(dcbpy)dppz)]
(Chart 1) complex was synthesized using the previous literature
[40–42] and characterized by 1H NMR and mass spectral techniques,
the data are shown in Supporting information (Fig. S1, S2). The amy-
loid binding aptamer [33], 50-GGGAUGUUCU AGGCGUUGAUGAUAGC-
GUAUGCAACUCUCCUGGGACCCCCGCCGGAUGGCCACAU CCAGAGUGG-
CAUAUUGAUCCGA-30, was purchased from Ocimum Biosolutions Ltd.
(Hyderabad, India). All the samples were prepared using 10 mM PBS
buffer pH 7.4 (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4 in
800mL of Milli-Q water).

3. Methods

The concentration of aptamer was verified spectrophotometri-
cally by monitoring the absorbance at 260 nm, on an Analtikjena
Specord S100 diode-array spectrophotometer. The luminescenceChart 1. Structure of Ru(II) complex used.

Scheme 1. Schematic representation of the amyloid-β peptide fibril formation and inhibition of aggregation using aptamer–Ru(II) complex.
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spectra were recorded using a JASCO FP6300 Spectrofluorimeter in
ambient temperature (298 K) and the 1 cm path length cuvette. All
the fluorescence quenching measurements were carried out under
aerated condition. The atomic force microscopy (AFM) image was
obtained by A100 SGS AFM instrument operating in the non-
contact mode working at 100 kV. Circular dichroism (CD) mea-
surements were performed on a JASCO J810 spectropolarimeter at
RT over the wavelength 200–400 nm. Parameters were set as: path
length, 50 mm; resolution, 0.5 nm; scan speed, 50 nmmin�1;
band width, 1 nm; response 1 s.

Atomic force microscopy (AFM): Freshly cleaved mica sheet was
washed two to three times with 600 mL Milli-Q water. A sample of
20 μL of diluted amyloid sample adsorbed on the mica sheet for
20 min was washed with deionized water (3�30 μL), and dried
overnight. The mica sheet is glued to a microscope slide; AFM images
were recorded under non-contact mode. Similar experiments were
performed for amyloid-β in the presence of aptamer and the details
of sample preparation are given below.

Sample preparation and amyloid aggregates: The Ru(II) complex
was prepared in 5% acetonitrile/PBS buffer and all the proteins
were prepared in 10 mM PBS buffer. The amyloid-β monomers
were incubated for 1, 4, and 48 h at room temperature with the
aptamer–Ru(II) complex system, then the luminescence experi-
ments and AFM measurements were performed. Amyloid-β fibrils
were obtained after 4 h agitation of amyloid-β monomer solution
and the above experiments were performed.

4. Results and discussion

In accordance with the previous reports, the [Ru(bpy)2dppz]2þ

complex is used as a promising fluorogenic moiety for DNA sequence
analysis [26]. Ru(II) complexes containing dppz ligand are well known
DNA light switching probes. Recently, Cook et al. [26] demonstrated
[Ru(bpy)2dppz]2þ complex as sensor for amyloid aggregation via
luminescence property. This light switch probe shows strong inter-
action with the fibril framework and a poor interaction to amyloid
monomers. Therefore we aimed to introduce steric/electron with-
drawing group into the Ru(II) complex in order to absorb low energy
radiation and increase the dissociation constant with aptamer to
enhance the sensitivity of the sensor strategy. The steric factor may
decrease the binding efficacy with aptamer or easily dissociate upon
the addition of targets.

Accordingly, we have attempted to recognize and inhibit the
amyloid-β peptide through the simple combination of RNA apta-
mer with light switching [Ru(dmbpy)(dcbpy)dppz)] complex by
luminescence signal. The structure of the [Ru(dmbpy)(dcbpy)
dppz)] complex and the schematic representation of amyloid
sensor are shown in Scheme 1. The luminescence intensity is very
low for free [Ru(dmbpy)(dcbpy)dppz)] complex in the aqueous
buffer medium owing to the triplet MLCT (metal-to-ligand charge
transfer) excited state is effectively quenched by hydrogen binding
between water and the phenazine nitrogen moiety of the ligand.
But, the significant luminescence enhancement is observed along
with 10 nm blue-shift when it is bound with RNA aptamer due to
the protection of probe from the solvent environment [43]. On
the other hand, upon the addition of amyloid-β the luminesce-
nce intensity is decreased due to the stronger binding of aptamer

Fig. 1. Luminescence spectra of Ru(II) complex in the absence and presence
of amyloid. The concentration of Ru(II) complex, aptamer and amyloid-β are
1�10�7, 1�10�10 and 80�10�6 M respectively.

Fig. 2. Luminescence titration spectra of Ru(II) complex (A) towards amyloid protein. (a) Aptamer alone, (b) complex alone. (B) Calibration plot amyloid sensor. The
concentration of Ru(II) complex, aptamer and amyloid-β are 1�10�7 M, 1�10�10 M and 0–80 mM respectively.
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with amyloid proteins that leads to the dissociation of aptamer–
[Ru(dmbpy)(dcbpy)dppz)] complex.

4.1. Luminescence studies

A simple luminescence assay is performed to determine the
interaction of RNA aptamer with amyloid-β peptide by utilizing Ru
(II) complex. A sample of 100 mL (100 pM) of RNA aptamer is
incubated with a series of amyloid-β peptide sample (0–80 mM) for
1 h followed by excitation of the probe at 460 nm and the
luminescence intensity change is recorded. The luminescence
spectra of the aptamer–[Ru(dmbpy)(dcbpy)dppz)] complex system
in the presence and absence of amyloid-β are shown in Fig. 1.

Luminescence intensity is decreased upon the addition of
amyloid-β into the aptamer–Ru(II) complex system due to the strong
binding of amyloid-βmonomer and soluble oligomers with aptamers
[33]. Now the [Ru(dmbpy)(dcbpy)dppz)] complex is displaced from
the aptamer double helix structure and the accessibility of solvent
water molecule is increased leading to the quenching of lumines-
cence intensity. The interaction between amyloid monomer and
[Ru(dmbpy)(dcbpy)dppz)] complex is also examined by adding the

Ru(II) complex with amyloid monomer. It shows the negligible
change in the luminescence intensity of Ru(II) complex in the
presence of amyloid monomer which indicates the weak interaction
between probe and amyloid monomer [26]. On the hand, the light
switching dppz complex binds with fibrils and increases the lumi-
nescence intensity [26]. Initially amyloid-β solution contains major
amount of monomers and minor amount of small oligomers. The
amyloid aggregation starts after a few minutes; the small fibril
aggregates act as seeding for the further assembly of Aβ fibrillar
structures. Therefore, the above discussion indicates the absence of
amyloid fibrils in the monomer solution. Fig. 2a shows the lumines-
cence titration spectra of successive addition of amyloid protein into
the aptamer–Ru(II) complex solution. Upon increasing the concen-
tration of amyloid-β protein, the luminescence intensity is gradually
decreased due to the strong binding of aptamer with amyloid
protein. The detection limit (50 nM) is calculated from the linear
range of the luminescence titration curve shown in Fig. 2b. This
sensor strategy shows better sensitivity than the previous report [32]
and the binding constant value is 4.1�106 M�1 (Fig. S3).

4.2. AFM analysis

We have also analyzed the formation and inhibition of amyloid-β
aggregation by atomic force microscopy (AFM). AFM is a powerful
technique to determine the morphological parameters of amyloid
fibrils [45]. AFM facilitates the comparison of amyloid structure in a
size-dependent manner in the absence and presence of aptamer.
After the incubation period the samples of amyloid-β are taken on
freshly cleaved mica surfaces and scanned at different mm areas of
amyloid fibrils using the AFM technique. The formation of amyloid
fibrils is confirmed before the incubation of aptamer through
structural morphology of AFM image shown in Fig. 3A. The AFM
images show fibrils of identical morphology with varying length of
amyloid fibrils. All the images are taken from the aliquots of amyloid
samples after 4 h incubation. From these images we can clearly
observe the length and the height of the individual fibrils. These
results confirmed the transformation of α-helical to β-sheet struc-
ture of amyloid fibrils with various width sizes 20, 23 and 27 nm and
various lengths �500 nm–1 mm (Fig. S4). Many groups have
reported the similar type of results with various size of amyloid
fibrils [46].

Fig. 3. AFM image of amyloid in the absence and presence of aptamer after 4 h
incubation.

Fig. 4. Luminescence decrease of 1�10�7 M Ru(II) complex upon the additions
of various proteins and the concentration of proteins are 80�10�6 M. Fluorescence
intensities were recorded at 613 nm with an excitation wavelength of 460 nm.
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Further the amyloid-β peptide is incubated with aptamer for
4 and 48 h and then the samples are taken for AFM analysis. It
clearly indicates that the aggregation is inhibited in the presence of
aptamer as shown in Fig. 3B. A significant number of amyloid fibrils
and small oligomers are observed in the incubation of amyloid-β
peptide alone. In contrast, considerable reduction in the size of
amyloid fibrils is observed after incubation of aptamer with
amyloid-β (�10 nm). These results indicate that the RNA aptamers
can inhibit the amyloid-β fibril formation. Consequently, the apta-
mer can bind not only to the monomeric form of amyloid-β peptide
but also to the small oligomers, which controls the further elonga-
tion/aggregation. This suggests that nearly complete inhibition of
amyloid-β aggregation is exhibited in the presence of aptamer
(Fig. 3B). The observed results are matched well with previous
reports on inhibition of amyloid aggregation in the presence of
aptamer [47]. However, the amyloid oligomers of average size of 10–
20 nm were observed after 48 h incubation of amyloid-β with
aptamer (Fig. S5). The matured amyloid fibrils are rarely observed
in the AFM image in the presence of aptamer. The AFM analysis
clearly shows the effective reduction of amyloid fibrils in the
presence of RNA aptamer.

4.3. Interference and selectivity

To confirm the selectivity of amyloid-β sensor strategy towards
amyloid monomer, we added 80 mM of each sample of some common
extracellular proteins such as lysozyme, BSA, PDGF, thrombin, myo-
globin, hemoglobin and cytochrome C into the aptamer-probe solu-
tion. There is no considerable luminescence intensity change in the
presence of other proteins, which indicates that these proteins do not
interfere with the detection of amyloid-β. An enormous luminescence
intensity change is observed only in the presence of amyloid-β
monomer compared to fibrils and other extracellular proteins. These
results suggest that this aptamer–Ru(II) complex system selectively
binds with the amyloid monomer (Fig. 4).

4.4. CD spectral study

To determine whether the amyloid-β influences the conforma-
tion of aptamer, we have measured CD spectra of aptamer in the
absence and presence of amyloid-β. The CD spectrum of RNA
aptamer in the absence of amyloid-β is shown in Fig. S6, which
indicates the positive band at 217 nm and 270 nm and the
negative peak at 240 nm respectively. In the presence of
amyloid-β the conformational change of aptamer is shown in
Fig. S6 resulting in the disappearance of positive peak at 217 nm.
This result clearly demonstrates that the aptamer binds with
amyloid-β protein and undergoes conformational change. The
above results are in good agreement with previous report [48].

5. Conclusions

In this investigation, we have employed the new aptamer–Ru(II)
complex system toward amyloid-β sensor. This system shows the
stronger inhibitory activity toward aggregation of the amyloid-β
peptide, because of its specificity and strong association with
amyloid-β monomer. The formation and inhibition of amyloid
aggregates are clearly investigated through the AFM analysis. From
the AFM images, we believe that the morphology of amyloid
aggregation is controlled in the presence of aptamer. This strategy
serves as simple, selective sensor and inhibitor for amyloid-β
aggregates.

Acknowledgment

This work was supported by Department of Science and
Technology, New Delhi, India (DST Sanction letter No. SR/S5/BC-
30/ 2006).

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2014.11.020.

References

[1] M. Stefani, C. Dobson, J. Mol. Med. 81 (2003) 678–699.
[2] J.D. Sipe, A.S. Cohen, J. Struct. Biol. 130 (2000) 88–98.
[3] D.J. Selkoe, Neuron 6 (1991) 487–498.
[4] H.F. Kung, S.R. Choi, W. Qu, W. Zhang, D. Skovronsky, J. Med. Chem. 53 (2009)

933–941.
[5] W.L. Klein, W.B. Stine Jr., D.B. Teplow, Neurobiol. Aging 25 (2004) 569–580.
[6] S. Lesné, L. Kotilinek, K.H. Ashe, Neuroscience 151 (2008) 745–749.
[7] H. Jang, L. Connelly, F. Teran Arce, S. Ramachandran, B.L. Kagan, R. Lal,

R. Nussinov, J. Chem. Theory Comput. 9 (2012) 822–833.
[8] M.J. Volles, S.-J. Lee, J.-C. Rochet, M.D. Shtilerman, T.T. Ding, J.C. Kessler,

P.T. Lansbury, Biochemistry 40 (2001) 7812–7819.
[9] S. Lesn, M.T. Koh, L. Kotilinek, R. Kayed, C.G. Glabe, A. Yang, M. Gallagher,

K.H. Ashe, Nature 440 (2006) 352–357.
[10] B.L. Kelly, A. Ferreira, J. Biol. Chem. 281 (2006) 28079–28089.
[11] C.M. Dobson, Nature 426 (2003) 884–890.
[12] D.J. Selkoe, Nature 426 (2003) 900–904.
[13] M. Prince, M. Prina, M. Guerchet, Journey of Caring: An Analysis of Long-Term

Care for Dementia (World Alzheimer Report 2013), Alzheimer's Disease
International (ADI), London (2013) .

[14] P.W. Elsinghorst, W. Hartig, S. Goldhammer, J. Grosche, M. Gutschow, Org.
Biomol. Chem. 7 (2009) 3940–3946.

[15] O.A. McCrate, X. Zhou, L. Cegelski, Chem. Commun. 49 (2013) 4193–4195.
[16] E. Jozsa, K. Osz, C. Kallay, P. de Bona, C.A. Damante, G. Pappalardo, E. Rizzarelli,

I. Sovago, Dalton Trans. 39 (2010) 7046–7053.
[17] J.M. Mason, N. Kokkoni, K. Stott, A.J. Doig, Curr. Opin. Struct. Biol. 13 (2003)

526–532.
[18] W. Yang, Y. Wong, O.T.W. Ng, L.-P. Bai, D.W.J. Kwong, Y. Ke, Z.-H. Jiang, H.-W. Li,

K.K.L. Yung, M.S. Wong, Angew. Chem. Int. Ed. 51 (2012) 1804–1810.
[19] H. Levine, Amyloid 14 (2007) 185–197.
[20] A. Hawe, M. Sutter, W. Jiskoot, Pharm. Res. 25 (2008) 1487–1499.
[21] B.Y.-W. Man, H.-M. Chan, C.-H. Leung, D.S.-H. Chan, L.-P. Bai, Z.-H. Jiang,

H.-W. Li, D.-L. Ma, Chem. Sci. 2 (2011) 917–921.
[22] F.L. Palhano, J. Lee, N.P. Grimster, J.W. Kelly, J. Am. Chem. Soc. 135 (2013)

7503–7510.
[23] S.D. Quinn, P.A. Dalgarno, R.T. Cameron, G.J. Hedley, C. Hacker, J.M. Lucocq,

G.S. Baillie, I.D.W. Samuel, J.C. Penedo, Mol. BioSyst. 10 (2014) 34–44.
[24] S. Lim, B.M. Paterson, M.T. Fodero-Tavoletti, G.J. O'Keefe, R. Cappai, K.J. Barnham,

V.L. Villemagne, P.S. Donnelly, Chem. Commun. 46 (2010) 5437–5439.
[25] E. Jozsa, K. Osz, C. Kallay, P. de Bona, C.A. Damante, G. Pappalardo, E. Rizzarelli,

I. Sovago, Dalton Trans. 39 (2010) 7046–7053.
[26] N.P. Cook, V. Torres, D. Jain, A.A. Martí, J. Am. Chem. Soc. 133 (2011)

11121–11123.
[27] V. Sathish, E. Babu, A. Ramdass, Z.-Z. Lu, M. Velayudham, P. Thanasekaran,

K.-L. Lu, S. Rajagopal, Talanta 130 (2014) 274–279. http://dx.doi.org/10.1016/j.
talanta.2014.06.070.

[28] E.G. Matveeva, A. Rudolph, J.R. Moll, R.B. Thompson, ACS Chem. Neurosci.
3 (2012) 982–987.

[29] A.R.A. Ladiwala, M. Bhattacharya, J.M. Perchiacca, P. Cao, D.P. Raleigh,
A. Abedini, A.M. Schmidt, J. Varkey, R. Langen, P.M. Tessier, Proc. Natl. Acad.
Sci. USA 109 (2012) 19965–19970.

[30] C. Haupt, I. Morgado, S.T. Kumar, C. Parthier, M. Bereza, P. Hortschansky,
M.T. Stubbs, U. Horn, M. Fändrich, J. Mol. Biol. 405 (2011) 341–348.

[31] M. Famulok, G. Mayer, Acc. Chem. Res. 44 (2011) 1349–1358.
[32] A.B. Iliuk, L. Hu, W.A. Tao, Anal. Chem. 83 (2011) 4440–4452.
[33] T. Takahashi, K. Tada, H. Mihara, Mol. BioSyst. 5 (2009) 986–991.
[34] E. Babu, P. Mareeswaran, S. Rajagopal, J. Fluoresc. 23 (2013) 137–146.
[35] J. Bhuvaneswari, A.K. Fathima, S. Rajagopal, J. Photochem. Photobiol. A Chem.

227 (2012) 38–44.
[36] E. Babu, S. Singaravadivel, P. Manojkumar, S. Krishnasamy, G. Gnana kumar,

S. Rajagopal, Anal. Bioanal. Chem. 405 (2013) 6891–6895.
[37] J. Bhuvanswari, P.M. Mareeswaran, A. Anandbabu, S. Rajagopal, RSC Adv. 4

(2014) 34659–34668.
[38] V. Sathish, E. Babu, A. Ramdass, Z.-Z. Lu, T.-T. Chang, M. Velayudham,

P. Thanasekaran, K.-L. Lu, W.-S. Li, S. Rajagopal, RSC Adv. 3 (2013) 18557–18566.
[39] V. Gomathi Sankareswari, D. Vinod, A. Mahalakshmi, M. Alamelu,

G. Kumaresan, R. Ramaraj, S. Rajagopal, Dalton Trans. 43 (2014) 3260–3272.
[40] I.P. Evans, A. Spencer, G. Wilkinson, J. Chem. Soc. Dalton Trans. (1973) 204–209.

E. Babu et al. / Talanta 134 (2015) 348–353352



[41] S.M. Zakeeruddin, M.K. Nazeeruddin, R. Humphry-Baker, M. Grätzel,
V. Shklover, Inorg. Chem. 37 (1998) 5251–5259.

[42] R.M. Hartshorn, J.K. Barton, J. Am. Chem. Soc. 114 (1992) 5919–5925.
[43] E. Babu, S. Singaravadivel, P. Manojkumar, S. Krishnasamy, G. Gnana kumar,

S. Rajagopal, Anal. Bioanal. Chem. 405 (2013) 6891–6895.
[45] A. Quist, I. Doudevski, H. Lin, R. Azimova, D. Ng, B. Frangione, B. Kagan, J. Ghiso,

R. Lal, Proc. Natl. Acad. Sci. USA 102 (2005) 10427–10432.

[46] D.H.J. Bunka, B.J. Mantle, I.J. Morten, G.A. Tennent, S.E. Radford, P.G. Stockley,
J. Biol. Chem. 282 (2007) 34500–34509.

[47] M.J. Roberti, M. Morgan, G. Mene ́ndez, L.a.I. Pietrasanta, T.M. Jovin, E.A. Jares-
Erijman, J. Am. Chem. Soc. 131 (2009) 8102–8107.

[48] N. Debeljuh, C.J. Barrow, L. Henderson, N. Byrne, Chem. Commun. 47 (2011)
6371–6373.

E. Babu et al. / Talanta 134 (2015) 348–353 353




