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Metal-responsive interdigitated bilayer for selective

guantification of mercury(ll) traces by surface plasmon resonance

Elizaveta Ermakova,? Oleg Raitman,? Alexander Shokurov,? Maria Kalinina,? Sofiya Selector,? Aslan
Tsivadze,? Vladimir Arslanov,"® Michel Meyer,? Alla Bessmertnykh-Lemeune,™ Roger Guilard®

Reusable surface plasmon resonance chips allowing the quantitative and
selective detection of mercury(ll) ions in water at the 0.01 nM level is
reported. The surface-modified gold sensor consists of a rarefied self-
assembled monolayer of octanethiol toped by a Langmuir-Blodgett
The
interdigitated architecture confers to the bilayer a high packing density,

monolayer of an amphiphilic and highly-specific chelator.

surface coverage, and binding-group accessibility.

Intensive research activities are currently devoted to the

development of sensitive and selective sensors for toxic metal ions
owing to the essential impact of these species on the environment
and human health. Among them, mercury is one of the main targets
considering its rapid bioaccumulation and high neurotoxicity.
Accordingly, the maximal allowed concentration in drinking water is
10 nM.! Although a plethora of colorimetric and fluorescent
chemosensors for Hg?* are currently available,2 efficient, cost-
effective, and rapidly-responding solid-state sensors operating at
sub-micromolar concentration levels are still rare.?

Sensors based on the surface plasmon resonance (SPR) effect
are particularly attractive because of their ultra-high sensitivity with
detection limits in the nanomolar range. The signal transduction
mechanism based on the change of the refractive index is therefore
one of the most effective for investigating the interactions between
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a receptor (ligand) deposited as a film on a metallic surface and an
analyte (substrate) injected into the contact solution.* Besides, SPR
detectors possess many other advantages, such as the absence of
any label, the compatibility with aqueous media, the possibility to
miniaturize the sensing device and to equip it with other analytical
probes (e.g. fiber optics,> electrochemical setup,® or amplifying
effect of gold nanoparticles).” Moreover, it is a quantitative method
despite the extremely small amount of materials (sensitive layer
and analyte) required for the analysis. It is also worth to mention
that SPR devices can be fitted with a microflow cell. In the
continuous flow mode, the concentration of the analyte during the
measurement remains constant, which is of particular interest from
both a practical and theoretical point of view.

The design of selective SPR devices relies on the adequate
functionalization of a gold layer, a task that can be easily achieved
by attaching specific receptors endowed with a high affinity and
selectivity for the targeted analyte. As host-guest recognition
processes are ubiquitous in life-sciences (base-pairing, antibody-
antigen interactions etc.), it is not wondering that SPR sensors have
been applied overwhelmingly for monitoring the interactions
between biological substrates (proteins, enzymes, nucleic acids
etc.).*28 Works on the detection of metal ions in aqueous media are
more seldom and challenging. These SPR sensors often obtained by
covering the gold surface with a layer of polymer incorporating
molecular receptors (ligand or biomolecules) adapted to the
target.13 Likewise, gold-coated electrodes are commonly used in the
most popular electrochemical detection of mercury. 21911 However,
the efficiency of both types of detectors is limited by the slow
diffusion of the analyte into the polymeric matrix and the restricted
accessibility of the recognition sites. Additional issues might be low
film adhesion, high film resistivity, and low chemical stability
especially in case of biomolecules.
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Figure 1. Structure of chemosensors L and L1 based on the 1,8-
diaminoanthraquinone chromophore (A). Schematic representation of the
interdigitated Au/SAM/LB(L) bilayer architecture (B).

In that respect, deposition of self-assembled monolayers (SAM)
is emerging as a promising alternative.13®14 Covalently-bonded
SAMs incorporating molecular receptors or appropriate
biomolecules located close to the interface and in proximity of the
gold layer give rise to stable and selective responses upon analyte
binding. However, the design of such films is challenging and major
improvements are still sought to overcome the limitations intrinsic
to SPR technology. Among them, the most important ones are (i)
the low chemical stability of self-assembled monolayers (SAM) (cf.
oxidation of thiol groups) and (ii) the non-selective interaction with
impurities or analytes diffusing directly to the gold substrate as a
consequence of the incomplete coverage of the surface?s that leads
to the presence of defects (pinholes) in the SAM.14:16 |n addition,
thiolated chelators inevitably contain, unlike alkylthiols, bulky
functional groups which might perturb the alignment of the
molecular chains, a prerequisite for achieving a highly-ordered
coverage of the surface.162.17

Beside SAMs, Langmuir-Blodgett (LB) films can also be used as
SPR sensors. However, multilayer LB films of voluminous or
branched amphiphilic chelators exhibit usually a lower stability as
they are washed away from the gold surface in the course of the
analysis.’® LB monolayers can be used instead, provided that they
remain firmly fixed onto the solid support and that the ligand bears
hydrophilic binding sites pointing away from the surface in direction
to the analyzed solution. However, stable LB monolayers can only
be obtained by the "bottom up" methodology, which supposes that
some functional groups from the chelator are oriented towards the
surface interacting with the gold atoms and are no longer available
for metal binding, thus lowering the uptake efficiency.

Herein, an alternative approach for constructing the sensing
film on the gold surface is described. We demonstrate that the
immobilization of the chemosensor by combining both SAM and LB
techniques?® affords sensitive and selective metal-responsive SPR
chips with enhanced stability and uniform orientation of the binding
units towards the solution. This bilayer methodology is applied for
the direct quantification of Hg?* cations at the trace level (ppt to
ppb). To that aim, an interdigitated bilayer is constructed stepwise
on a gold substrate by self-assembling first octanethiol into a

rarefied monolayer.’® Next, a second monolayer consisting of the
amphiphilic and highly mercury-selective ligand L (Fig. 1A, B),% is
deposited on the top of the SAM by means of the LB technique.
The resulting interpenetrated architecture of the SAM/LB bilayer
film differs from that of lipid membrane bilayers or Y-type
multilayers (LB films and SAM/LB-films). Indeed, in the three latter
cases the films consist of closely-packed hydrocarbon chains, but
hydrophobic interactions between adjacent monolayers cannot
provide the same high level of interlayer adhesion as the second
LB-layer tends to be anchored on the first one by hydrogen bonds
or electrostatic interactions.?! In our approach, the weak van-der-
Waals interactions between the hydrocarbon chains of the
adjacent layers compete with the Au=S bonds. As a consequence,
the alkanethiol molecules move laterally over the surface,3b
producing a beneficial reduction of pinholes in the film.

As a proof of concept, we report hereafter on the elaboration
of a highly-sensitive and selective, but also reusable, mercury(ll)
sensor with a quantification limit close to 107! M in aqueous media
and a linear response spanning up to 5 orders of magnitude. Our
rational design of the SPR chip rests on the use of the amphiphilic
chemosensor L derived from 1,8-diamino-9,10-anthraquinone (Fig.
1A) as the solution-exposed component of the rarefied SAM/LB
bilayer architecture. The choice of the chelator is based on the
following criteria. We have recently shown that polyamino-9,10-
anthraquinones endowed with diethoxyphosphoryl-substituted
carbamoyl fragments allow for cheap, fast, sensitive, and highly
selective colorimetric detection of various metal ions in aqueous
solutions at the ppm levels.2%22 High affinity and selectivity towards
Hg?* was found for chemosensor L and its water-soluble analogue
L1 that lacks the lipophilic alkoxy substituents (Fig. 1A).
Spectrophotometric, pH-metric, and NMR studies evidenced both
the formation of mono- and dinuclear [Hg(L1)] (log K11 = 5.3) and
[Hg2(L1)] complexes (log K21 = 4.0) and the involvement of the
aminoanthraquinoyl moiety in the Hg?* binding scheme.?° High-
resolution ESI-MS measurements in methanol/water mixtures
confirmed the [Hg(L1)] and [Hgx(L1)] stoichiometries deduced from
UV-vis titrations. Structural information on these species was
tentatively gained by H and 3P NMR spectroscopy in D,0.2°
Accordingly, the tertiary amines, one anthraquinone oxygen atom,
the carbamoyl, and phosphoryl groups are most likely involved in
coordination, in such a way that each polyamine branch binds a
single metal ion. However, in the absence of a crystal structure, the
exact binding mode of the amide moieties (Hg—O or Hg-N
coordination) cannot be definitively ascertained. Ligation of the
deprotonated amidic nitrogen atoms, as described for mercury
complexes formed with cyclic amides,2*> would result in stable 5-
membered cycles and seems the most probable coordination mode
in agreement with the pH-metric studies.

Noteworthy, chemosensor L retains its high affinity and
selectivity towards Hg2* once incorporated in a Langmuir monolayer
or LB multilayers.2* Moreover, the strongly light-absorbing
anthraquinone scaffold of L might also contribute to increase the
sensitivity of the SPR system.25

Bilayer films were prepared on freshly cleaned gold-coated glass
slides by formation of an octanethiol SAM followed by the
deposition of a monolayer of L by the vertical top-down LB method
(ESIT). After each deposition step, the films were characterized by
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cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and contact angle (9) measurements.
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Figure 2. Characterization of Au/SAM/L bilayer by EIS. Cyclic

voltammograms (A) and Nyquist plots (B) of the [Fe(CN)s)*/[Fe(CN)s]*
redox couple (1 mM each in 0.5 M KCl) recorded for a bare gold surface
(black), octanethiol Au/SAM (2 min exposure in 1 mM ethanol solution of
octanethiol; red), Au/SAM/LB(L) (blue), and Au/SAM/LB(C) electrodes (3
min exposure of Au/SAM/LB(L) to 10™* M (violet) and 10°® M (green)
aqueous solution of Hg(ClOa)2).

Cyclic voltammograms obtained for the [Fe(CN)g]3-/[Fe(CN)e]*~
redox couple (Fig. 2A, Fig. S2 ESIT) at bare (Au) and modified
electrodes (Au/SAM and Au/SAM/LB(L)) are shown in Fig. 2A. Upon
covering the pure gold surface by a SAM of octanethiol, a significant
decrease of the current together with a concomitant increase of the
anodic and cathodic peak separation point out the existence of an
array of pinhole defects in the microelectrode assembly.2® For the
Au/SAM/LB(L) electrode, only the non-faradic current is observed,
indicating the formation of a compact and robust interdigitated
bilayer (Fig. 2A, Fig. S2, ESIT). After its exposure to an aqueous 10711
M and 106 M Hg(ClO4), solution, an additional decrease of the
current intensity was observed, reflecting an even more regular and
dense coverage of the metallic conductor by the insulating bilayer.
It can be concluded that the lower current is a direct consequence
of the structural changes undergone by the flexible receptor upon
Hg?* binding. Becoming more rigid, the metal-bound ligands give
rise to a denser packing, thus affording a more organized and
protective layer. the
Au/SAM/LB(C) (C = Hg?* complex of L) were insensitive to exposure
times ranging from 2 min to 1 h, revealing the high stability of the
Au/SAM/LB(L) bilayer in water towards leaching.

To gain a deeper insight into the structure of Au/SAM and
Au/SAM/LB(L) systems, they were examined by
electrochemical (EIS) the

Noteworthy, voltammograms  for

also

impedance spectroscopy under

experimental conditions used for the CV studies. The Nyquist
diagrams for bare and modified Au/SAM electrodes are shown in
Fig. 2B and compared to those recorded for an Au/SAM/LB(L) chip
before and after contact with an aqueous 107! M and 10® M
Hg(ClO4); solution. They were analyzed according to the Randles
equivalent circuit approach (Fig. S3, ESIT),?” the fitted parameters
being reported in Table 1. It should be stressed that in case of
naked gold, the frequency window was limited by the too high
electron-transfer rate. As expected, the film thickness exerts a
strong influence: the double-layer capacitance (Cq) decreases
whereas the charge-transfer resistance (R) increases, as evidenced
by the larger left-sided Nyquist half-circles. Concomitantly, the
Warburg impedance (W), the diffusional
impedance to/from a flat electrode, rises as the coating becomes
thicker. The higher R value obtained for the Au/SAM/LB(L) bilayer
supports the idea that interdigitation of both monolayers is
accompanied with a defect-healing process that restricts the
accessibility of the [Fe(CN)e]3/[Fe(CN)e]*~ anions to the surface.
Moreover, exposure of Au/SAM/LB(L) to mercury(ll) produces a
two-fold increase of R, reflecting the robustness and rather high
level of organization of the Au/SAM/LB(C) bilayer, as already
evidenced by CV measurements. Assuming that the electron

which describes

transfer between the redox couple and gold occurs only at pinholes,
the electrode coverage (6) could be estimated (Eq. S1, ESI{). Data
reported in Table 1 evidence a significantly higher coverage level of
the surface upon formation of the bilayer, which almost totally
insulates the gold electrode.

Contact angle measurements clearly pointed out the higher
hydrophobicity of Au/SAM (9 = 71°) and Au/SAM/LB(L) ($ = 74°) in
comparison to bare gold (3= 57°). Interestingly, Hg?* uptake by the
Au/SAM/LB(L) bilayer does not affect the wetting properties of the
film (9= 74.2° and 75°), in accordance with the formation of neutral
complexes at the surface and the reorientation of the binding units
upon complexation, as previously observed at the air/water
interface.24.28

Analytical performances of Au/SAM/LB(L) chips were studied by
using a commercial SPR spectrophotometer equipped with a
microflow cell. In preliminary experiments, the stability of Au/SAM
and Au/SAM/LB(L) was ascertained by observing a constant SPR
signal when deionized water was pumped through the cell for up to
40 min at a constant flow rate of 100 pL/min. A second control
experiment involving an Au and Au/SAM chip ruled out Hg/Au
amalgam formation on the gold surface, as well as unspecific
adsorption of either HgZ* or ClO,~ ions when an aqueous Hg(ClO4),
solution (¢ = 1071-10% M) flowed through the cell (Fig. S4-S5,
ESIT).

Table 1 Parameters obtained for different film systems on a gold electrode
from impedance plots

Electrode Hg?* (M) R (Q) Rt (Q/cm?) Cai (UF/cm?) W (Q)  6(%)
Au 4.58 7.25 21.16 72.75 0
Au/SAM 6.55 131.19 11.02 107.58 94.5
Au/SAM/LB(L) 7.63 578.43 8.63 129.48 98.7
Au/SAM/LB(C) 101 6.78 707.40 8.43 408.80 99.0
Au/SAM/LB(C) 10°° 6.58 1761.10 6.58 799.50 994
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Figure 3. Semi-log calibration curve of the SPR response recorded for the
Au/SAM/LB(L) chip in the presence of Hg?* in deionized water (A). Time-
dependent SPR signal change after the sequential exposure of the
Au/SAM/LB(L) sensor to a 10 M Hg(ClO4) solution in deionized water
(rising curve), pure water (first stage of decline), and 0.01 M HCI (second
stage of the decline) (B). Time-dependent SPR signal changes upon
sequential addition of 8 metal ions and Hg?* (c = 10> M) (C).

A typical SPR sensogram recorded for a Au/SAM/LB(L) chip for
mercury(ll) concentrations in the range 10711-10-% M is reproduced
in Fig. S6 (ESIT). It shows a regular signal growth with increasing
mercury concentration. The sensor is sensitive enough to reliably
determine mercury concentrations as low as 1071t M (2 ppt) in
spiked solutions. The semi-log calibration function displayed in Fig.
3A evidences a linearity range spanning 5 decades.

The Hg?* binding kinetics by the Au/SAM/LB(L) chip was
investigated by analyzing the sensogram data (Fig. S6, ESIT) with the
classical pseudo-first-order Langmuir adsorption kinetic model
(FLM) (Eqg. S2, ESIf) that commonly applies to various types of
analytes.!#f However, the nonlinear semi-log plot displayed in Fig.
S8 (ESIt) definitively rules out this model. This mismatch can be
related to one or several of the following factors: diffusion

limitations, presence of more than one type of binding centers, or
steric hindrance between immobilized receptors.1#<2° In contrast,
the pseudo-first-order Langmuir adsorption kinetic model with
limitations (DLM) (Eq. S4, ESIT) fits properly the
experimental data (Fig. S9, ESIT). To the best of our knowledge, this

diffusion

is the first time that a metal ion adsorption process on a thin film
built in a microflow cell is found to follow the DLM model, although
the adsorption of various alkanedithiols on gold were rationalized
by this rate law t00.2°b However, the reported value of the apparent
rate constant (km) is about one order of magnitude higher (km =0.13
512 gt ¢ = 5 x 106 M)2% than the one found herein (km = 0.018 s~/2
at ¢ = 107 M). Interestingly, the k. values summarized in Table S2
(ESIT), which approximately double when the Hg2?* concentration
from 101 M to 10°% WM,
proportionality with the total metal concentration. This non-linear

increases evidence no direct
dependence of kn, vs. ¢ has already been observed at several
instances, for example in the case of various thiols adsorption.3°

As a matter of facts, the mercury uptake kinetics by the
immobilized ligand L can be adequately described by the model that
takes into account both adsorption and diffusion processes.
Experimentally, the stationary regime is reached after some tens of
minutes (Fig. S6, ESIT). Considering the diffusion coefficient of Hg?*
in aqueous solution (D = 9.1 x 10°® cm? s1), the mass-transfer
should only take a few seconds and should not strongly depend on
the metal-ion concentration.3! Accordingly, the diffusion of Hg?* in
the receptor sublayer with a thickness of about 1 nm cannot
account on its own for the observed time-dependence of the SPR
signal. Hence, the mass transfer is likely limited by the binding
process, although it can also be argued that Hg?* is a very labile
cation which was found to react extremely rapidly with a water-
soluble analog of L that lacks both aliphatic chains.?® However, so-
called "surface effects" related to local changes in viscosity,
permittivity, and desolvation rates at the interface, as well as
molecular rearrangements within the bilayer may significantly
contribute to slowdown the metal-ion uptake kinetics by the film. It
turns out that the mercury sorption process is significantly slower
than the adsorption of alkanethiols under similar experimental
conditions.2%

To evaluate the reusability of the sensor and check for possible
losses in sensitivity, regeneration tests were carried out in two
steps after exposing the Au/SAM/LB(L) bilayer to a 105 M Hg(ClO4)>
aqueous solution for 25 min. The chip was first washed by pumping
for 25 min deionized water while monitoring the SPR signal. Then,
the microflow cell was flushed for 5 min with 1072 M HCI. As shown
in Fig. 3B, about 70% of the bound metal is washed away by the
water flow with a pseudo-first-order dissociation rate constant of
kdis = 8.2 x 107 s71 (Eq. S7, ESIT). This value, which is about eleven
times lower than the one obtained for the dissociation of
Cd?*/metallothionein surface complexes in similar SPR-experiments
(kgis = 1072 s71),29¢ reflects the multidentate character of the
receptor and the structural reorganization undergone by the top
sublayer upon decomplexation. The partial elution of mercury by
water, while complete desorption requires a wash with a dilute acid
stream, suggests the occurrence of both weak and strong binding
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sites within the bilayer. Accordingly, the structural parameters of
immobilized complexes are different from those observed in
solution studies of ligand L1. It means that a significant fraction of
Hg?* cations is only loosely bound, most likely to carbamoyl and/or
phosphoryl oxygen atoms. A second fraction is more tightly
entrapped by the polydentate N,O-receptor, as found in solution.2®
The acid-promoted dissociation of the chelate enables to fully
recover the uptake capacity of the sensor and its sensitivity towards
Hg?*. Furthermore, Fig. 3B highlights the excellent chemical stability
and resistance towards leaching, as the analytical performances
remain unaltered even after five adsorption/desorption cycles.

Finally, interference studies involving eight environmentally
relevant cations, including toxic metals, were carried out (Fig. 3C).
In these cross-selectivity experiments, equimolar amounts of
perchlorate salts (c = 10> M) were injected into the analyzed
solution in the following sequence: Na*, Ca?*, ZnZ*, Ni%*, Pb2*, Cd?*,
Co?*, Cu?*, and Hg?*. Among them, only Cu?* produced a noticeable
SPR signal. However, when Hg?* was spiked at the same
concentration into the cocktail of the 8 other tested cations, a
reliable response could be recorded, demonstrating an excellent
selectivity of the Au/SAM/LB(L) chips.

In conclusion, a novel approach for preparing metal-responsive
SPR chips is proposed, which takes advantage of the chemical
diversity and stability provided by the interdigital arrangement of a
SAM/LB bilayer deposited on a gold surface. This strategy has
several advantages over the classical Au/SAM or Au/LB approaches,
including the less-demanding synthesis of molecular receptors (i.e.
no need of anchoring SH groups) as well as the formation of a
denser, and thus more stable, film. The bilayer technology enabled
to selectively quantify mercury(ll) in aqueous solutions at the sub-
nanomolar level (0.01 nM or 2 ppt) thanks to the outstanding
coordination properties of the amphiphilic chemosensor L. The
performances of this chip withstand the comparison with those of
ICP-MS and are superior to any other optical sensor. Processing of
the time-dependent SPR signals allows one to solve not only a
purely analytical problem, but provides also some insights into the
molecular interactions occurring in planar organized systems. It can
also be emphasized that the efficient fabrication method described
herein for obtaining SPR sensors might be also useful for
elaboration of ion-selective electrodes, as evidenced by our
impedance spectroscopic data.

References

1 C. T. Driscoll, R. P. Mason, H. M. Chan, D. J. Jacob and N. Pirrone,
Environ. Sci. Technol., 2013, 47, 4967.

2 (a) E. M. Nolan and S. J. Lippard, Chem. Rev., 2008, 108, 3443. (b) P.
Mahato, S. Saha, P. Das, H. Agarwalla and A. Das, RSC Advances, 2014,
4, 36140.

3 (a) K. Duarte, C. I. Justino, A. C. Freitas, A. M. Gomes, A. C. Duarte and T.
A. Rocha-Santos, Trends Anal. Chem., 2015, 64, 183. (b) C. Gao and X.-J.
Huang, Trends Anal. Chem., 2013, 51, 1.

4 (a) M. Couture, S. S. Zhao and J.-F. Masson, Phys. Chem. Chem. Phys.,
2013, 15, 11190. (b) S. G. Patching, (BBA)-Biomembranes, 2014, 1838,
43. (c) J. Homola, Surface plasmon resonance sensors, Springer- Verlag,
Berlin, 2006.

5 (a) R. Tabassum and B. D. Gupta, Sensors Actuators B: Chem, 2015, 220,
903. (b) R. Verma and B. D. Gupta, Food Chem., 2015, 166, 568.

6 (a) Y. M. Panta, J. Liu, M. A. Cheney, S. W. Joo and S. Qian, J. Colloid
Interf. Sci., 2009, 333, 485. (b) S. Wang, E. S. Forzani and N. Tao, Anal.
Chem., 2007, 79, 4427.

7

10

11

12

13

14

15

16

17
18

19

20

21

22

23

24

(a) J. Wang and H. S. Zhou, Anal. Chem., 2008, 80, 7174. (b) C.-C. Chang,
S. Lin, S.-C. Wei, C.-Y. Chen and C.-W. Lin, Biosens. Bioelectron., 2011,
30, 235.

(a) N. Kanoh, M. Kyo, K. Inamori, A. Ando, A. Asami, A. Nakao and H.
Osada, Anal. Chem., 2006, 78, 2226. (b) G. Safina, Anal. Chim. Acta,
2012, 712, 9. (c) T. Ghosh, L. Williams and C. H. Mastrangelo, Lab Chip,
2011, 11, 4194,

F.-M. Matysik, Anal. Bioanal. Chem., 2003, 375, 33.

D. Martin-Yerga, M. B. Gonzalez-Garcia and A. Costa-Garcia, Talanta,
2013, 116, 1091.

(a) K. C. Cheng and P. Y. Chen, Electroanal., 2008, 20, 207. (b) J. Lu, X.
He, X. Zeng, Q. Wan and Z. Zhang, Talanta, 2003, 59, 553. (c) J. Zhuang,
L. Fu, D. Tang, M. Xu, G. Chen and H. Yang, Biosens. Bioelectron., 2013,
39, 315. (d) J. O. Pontolio, N. Ferranti, M. L. A. Campos and J. R. Romero,
J. Electroanal. Chem., 2005, 584, 124. (e) D. Han, Y.-R. Kim, J.-W. Oh, T.
H. Kim, R. K. Mahajan, J. S. Kim and H. Kim, Analyst, 2009, 134, 1857. (f)
S. Sahoo, A. K. Satpati and A. V. R. Reddy, Int. J. Environ. An. Ch., 2014,
94, 1050. (g) R.-G. Cao, B. Zhu, J. Li and D. Xu, Electrochem. Commun.,
2009, 11, 1815. (h) Z. Zhu, Y. Su, J. Li, D. Li, J. Zhang, S. Song, Y. Zhao, G.
Li and C. Fan, Anal. Chem., 2009, 81, 7660.

(a) M. A. Augelli, R. A. Abarza Munoz, E. M. Richter, A. Gouveia Junior
and L. Angnes, Electroanal., 2005, 17, 755. (b) Y. W. Fen and W. M. M.
Yunus, Opt. Photonics J., 2011, 1, 116. (c) G. M. Alves, J. M. Magalh3es,
P. Salailin, C. M. Van den Berg and H. M. Soares, Anal. Chim. Acta, 2011,
703, 1.

(a) G. Harsanyi, Mater. Chem. Phys., 1996, 43, 199. (b) F. Mirkhalaf and
D. J. Schiffrin, J. Electroanal. Chem., 2000, 484, 182. (c) S.-M. Lee, S.-W.
Kang, D.-U. Kim, J.-Z. Cui and S.-H. Kim, Dyes Pigments, 2001, 49, 109.
(d) K. Kurihara, K. Nakamura, E. Hirayama and K. Suzuki, Anal. Chim.,
2002, 74, 6323. (e) Y. Hur, K. Ock, K. Kim, S. Jin, Y. Gal, J. Kim, S. Kim and
K. Koh, Anal. Chim. Acta, 2002, 460, 133. (f) H. A. Mcllwee, C. L. Schauer,
V. G. Praig, R. Boukherroub and S. Szunerits, Analyst, 2008, 133, 673. (g)
A. J. Seung, L. Taek-Sung, K. Won Mok, L. Kyeong-Seok, J. Doo Seok, L.
Wook Seong and K. Inho, J. Phys. D: Appl. Phys., 2013, 46, 315104.

(a) L. May May and D. A. Russell, Anal. Chim. Acta, 2003, 500, 119. (b) S.
Chah, J. Yi and R. N. Zare, Sens. Actuators, B, 2004, 99, 216. (c) T. Kang,
S. Hong, J. Moon, S. Oh and J. Yi, Chem. Commun, 2005, 3721. (d) J.
Moon, T. Kang, S. Oh, S. Hong and J. Yi, J. Colloid Interf. Sci., 2006, 298,
543. (e) H. Chen, Y. Lee, M.-C. Oh, J. Lee, S.-C. Ryu, Y.-H. Hwang and K.
Koh, Sens. Actuators, B, 2008, 134, 419. (f) C. Diez-Gil, R. Martinez, I.
Ratera, T. Hirsh, A. Espinosa, A. Tarraga, P. Molina, O. S. Wolfbeis and J.
Veciana, Chem. Commun., 2011, 47, 1842. (g) G. Sanchez, D. Curiel, W.
Tatkiewcz, I. Ratera, A. Tarraga, J. Veciana and P. Molina, Chem. Sci.,
2014, 5, 2328.

J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo and G. M. Whitesides,
Chem. Rev., 2005, 105, 1103.

(a) C. Vericat, M. Vela, G. Benitez, P. Carro and R. Salvarezza, Chem. Soc.
Rev., 2010, 39, 1805. (b) L. Srisombat, A. C. Jamison and T. R. Lee,
Colloids Surf., A, 2011, 390, 1. (c) M. Cohen-Atiya, A. Nelson and D.
Mandler, J. Electroanal. Chem., 2006, 593, 227.

F. Schreiber, Prog. Surf. Sci, 2000, 65, 151.

D. Prabhakaran, M. Yuehong, H. Nanjo and H. Matsunaga, Anal. Chem.,
2007, 79, 4056.

(a) D. S. Turygin, M. Subat, O. A. Raitman, V. V. Arslanov, B. Konig and
M. A. Kalinina, Angew. Chem. Int. Ed., 2006, 45, 5340. (b) D. S. Turygin,
M. Subat, V. V. Arslanov, B. Kénig and M. A. Kalinina, Chem.-Eur. J.,
2010, 16, 10560.

E. Ermakova, J. Michalak, M. Meyer, V. Arslanov, A. Tsivadze, R. Guilard
and A. Bessmertnykh-Lemeune, Org. Lett., 2013, 15, 662.

(a) I. Prudovsky, T. K. S. Kumar, S. Sterling and D. Neivandt, Int. J. Mol.
Sci., 2013, 14, 3734. (b) M. Frasconi, F. Mazzei and T. Ferri, Anal.
Bioanal. Chem., 2010, 398, 1545. (c) G. J. Ashwell and M. Berry, J.
Mater. Chem., 2005, 15, 108.

(a) E. Ranyuk, C. M. Douaihy, A. Bessmertnykh, F. Denat, A. Averin, I.
Beletskaya and R. Guilard, Org. Lett., 2009, 11, 987. (b) E. Ranyuk, A.
Uglov, M. Meyer, B. L. Alla, F. Denat, A. Averin, |. Beletskaya and R.
Guilard, Dalton Trans., 2011, 40, 10491.

D. M. Goodgame, A. M. Khaled, C. A. O'Mahoney and D. J. Williams, J.
Chem. Soc., Chem. Commun., 1990, 851.

V. Arslanov, E. Ermakova, J. Michalak, A. Bessmertnykh-Lemeune, M.
Meyer, O. Raitman, V. Vysotskij, R. Guilard and A. Tsivadze, Colloids
Surf., A, 2015, 483, 193.



Analyst 2016, 141, 1912-1917 — DOI: 10.1039/C5AN02523K

25

26

27

28

29

30

31

(a) K. Ock, G. Jang, Y. Roh, S. Kim, J. Kim and K. Koh, Microchem. J.,
2001, 70, 301. (b) S. Boussaad, J. Pean and N. Tao, Anal. Chem., 2000,
72, 222.

E. Sabatani, I. Rubinstein, R. Maoz and J. Sagiv, J. Electroanal. Chem.
Interfacial Electrochem., 1987, 219, 365.

V. F. Lvovich, Impedance spectroscopy: applications to electrochemical
and dielectric phenomena, John Wiley & Sons, 2012.

E. Ranyuk, E. V. Ermakova, L. Bovigny, M. Meyer, A. Bessmertnykh-
Lemeune, R. Guilard, Y. Rousselin, A. Y. Tsivadze and V. V. Arslanov, New
J. Chem., 2014, 38, 317.

(a) Y. Zhang, M. Xu, Y. Wang, F. Toledo and F. Zhou, Sens. Actuators, B,
2007, 123, 784. (b) R. Subramanian and V. Lakshminarayanan,
Electrochim. Acta, 2000, 45, 4501. (c) D. J. O'Shannessy and D. J. Winzor,
Anal. Biochem., 1996, 236, 275. (d) C.-M. Wu and L.-Y. Lin, Biosens.
Bioelectron., 2004, 20, 864.

(a) K. A. Peterlinz and R. Georgiadis, Langmuir, 1996, 12, 4731. (b) A.
Ulman, J. F. Kang, Y. Shnidman, S. Liao, R. Jordan, G.-Y. Choi, J. Zaccaro,
A. S. Myerson, M. Rafailovich and J. Sokolov, Rev. Mol. Biotechnol.,
2000, 74, 175.

H. Sato, M. Yui and H. Yoshikawa, J. Nucl. Sci. Technol., 1996, 33, 950.


https://doi.org/10.1039/C5AN02523K

