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Au Nanoparticle-Enhanced Surface Plasmon Resonance Sensing of
Biocatalytic Transformations
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Eugenii Katz, and Itamar Willner*®!

Abstract: N-(3-Aminopropyl)-N'-
methyl-4,4'-bipyridinium is coupled to
tiopronin-capped Au nanoparticles (di-
ameter ca. 2 nm) to yield methyl(ami-
nopropyl)viologen-functionalized  Au
nanoparticles (MPAV>*-Au nanoparti-
cles). In situ electrochemical surface
plasmon resonance (SPR) measure-
ments are used to follow the electro-
chemical deposition of the bipyridini-
um radical cation modified Au nano-
particles on an Au-coated glass surface

the bipyridinium radical cation film.
The MPAV?*-functionalized Au nano-
particles are also employed for the am-
plified SPR detection of NAD* and
NADH cofactors. By SPR monitoring
the partial biocatalyzed dissolution of
the bipyridinium radical cation film in
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the presence of diaphorase (DP)
NAD is detected in the concentration
range of 1x107*M to 2x 107> M. Similar-
ly, the diaphorase-mediated formation
of the bipyridinium radical cation film
on the Au-coated glass surface by the
reduction of the MPAV?>T-functional-
ized Au nanoparticles by NADH is
used for the amplified SPR detection
of NADH in the concentration range
of 1x107*M to 1x 107 m.

and the reoxidation and dissolution of

Introduction

Surface plasmon resonance (SPR) is a versatile method to
probe and characterize chemical changes on thin films of
noble metal surfaces such as Au or Ag. The assembly of
monolayers or thin films on SPR-active surfaces, as well as
chemical reactions occurring on the surfaces, can be moni-
tored by SPR spectroscopy. Accordingly, SPR has become a
general technique for the characterization of the optical and
structural features (e.g., refractive index or thickness) of
thin films on surfaces.!! Alternatively, SPR spectroscopy has
also proven to be a useful analytical tool for the detection
of recognition and binding processes on surfaces, and has
been applied in many sensing systems.’! Protein—protein
binding interactions,®* DNA-nucleic acid hybridization,®
photochemically triggered binding and dissociation of anti-
bodies to and from low molecular weight antigen monolay-
ers, respectively,® or the swelling of imprinted polymers as
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a result of binding of the imprinted substratel” represent
some of the detection systems reported. In most of the sys-
tems that involve SPR as a means of characterization or
sensing, the chemical modification of the metal surface
alters the refractive index and thickness of the surface, re-
sulting in changes in the angle-dependent attenuated total
reflectance.

The use of the SPR method is, however, hindered by the
fact that the changes in the refractive index as a result of
binding processes are often small, and so the systems display
limited sensitivities. Enhanced sensitivities in SPR analyses
have been reported through the association of macromolec-
ular tags such as liposomes,® latex particles,” or proteins!'”!
to the recognition complexes on surfaces, thus increasing the
changes in the refractive index at the sensing interface.

An interesting approach to the enhancement of SPR
sensing processes involves the use of Au nanoparticles as
labels. The possibility of synthesizing metal nanoparticles of
controlled size and surface capping!"'! allows the generation
of low molecular weight- or biomaterial-Au nanoparticle
conjugates. Specifically, the electronic coupling between the
localized surface plasmons of the Au nanoparticles and the
plasmon wave associated with the surface leads to enhanced
shifts of the resonance angles.'> Indeed, significant en-
hancement in the SPR changes has been reported upon the
labeling of antigen—antibody complexes!" or double-strand-

DOI: 10.1002/chem.200305104 Chem. Eur. J. 2003, 9, 6108—6114



6108-6114

ed DNA assemblies!™™ with Au nanoparticles. Here we
report on the use of bipyridinium-functionalized Au nano-
particles as active components for the amplified SPR analy-
sis of biocatalytic processes. We demonstrate that the elec-
trochemical or biocatalyzed deposition of bipyridinium radi-
cal cation-functionalized Au nanoparticles on Au surfaces
enables enhanced SPR analysis of the NADH or NAD* co-
factors in the presence of diaphorase.

Results and Discussion

Surface plasmon resonance spectroscopy has recently been
applied to probe the electrochemical activation of redox-
active films associated with Au surfaces."*'”) The changes in
the refractive indexes of the films in their different redox
states, and possible swelling or shrinking processes associat-
ed with the redox states of the films, were monitored by
SPR spectroscopy. The reversible redox-induced precipita-
tion and dissolution of a film onto and from an Au elec-
trode, respectively, could similarly lead to the SPR transduc-
tion of the electrochemical processes. Electrochemical re-
duction of bipyridinium salts, specifically of bipyridinium
components tethered with long hydrophobic chains, yields
bipyridinium radical cations that adsorb onto electrode sur-
faces!'®l. Accordingly, the in situ electrochemical SPR analy-
sis of the electrochemical reduction of methyl(aminopro-
pyl)viologen (MPAV?*) was examined (Figure 1). The mini-
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Figure 1. SPR spectra in the presence of MPAV?*, 5x107°m, upon the
application of the potentials of: a) —0.40 V and b) —0.85 V. The back-
ground electrolyte solution is composed of phosphate buffer 0.1m,
pH 7.0, under argon.

mum reflectivity angle of the SPR spectrum obtained upon
application of a potential of —0.85V for 5 min to an Au
electrode in the presence of the solution of the bipyridinium
salt is shifted by A6 = 0.25° relative to the SPR spectrum
of the system under an applied potential of —0.40 V. At this
potential, the bipyridinium salt is reduced to the radical
cation, and the product accumulated on the surface alters
the reflectivity angle. The change in the minimum reflectivi-
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ty angle as a result of the precipitation of the bipyridinium
radical cation is, however, relatively small. In our study, we
aim to detect minute changes in the surface-associated bi-
pyridinium radical cation as a result of a coupled biocata-
lyzed transformations (vide infra). The small changes in the
SPR spectrum of the surface that includes the bipyridinium
radical cation film, do not enable the sensitive detection of
the changes in the surface composition as a result of the bio-
catalytic process. We thus decided to employ bipyridinium-
functionalized Au nanoparticles to amplify the changes in
the angle of reflectance on the Au surface (Scheme 1). The
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Scheme 1. Electrochemically controlled adsorption and desorption of the
viologen-functionalized Au nanoparticles onto and from a SPR electrode
interface, respectively.

tiopronin-functionalized Au nanoparticles were prepared by
the method reported by Murray et al.'*! Tiopronin-modified
Au nanoparticles were coupled to N-(3-aminopropyl)-N'-
methyl-4,4’-bipyridinium  (methyl(3-aminopropyl)viologen,
MPAV?+)” 1 Figure 2 shows the cyclic voltammogram of
the methyl(aminopropyl)viologen-functionalized (MPAV?*-
functionalized) Au nanoparticles. Methyl(aminopropyl)viol-
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Figure 2. Cyclic voltammogram of the MPAV?*-functionalized Au nano-
particles (0.3 mgmL™") recorded at the SPR-Au electrode. The back-
ground electrolyte solution is composed of phosphate buffer 0.1M,

pH 7.0, under argon. Potential scan rate: 6 Vs,
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ogen displayed electrochemical behavior typical of the 4,4-
bipyridinium units, with one couple of the redox peaks due
to quasi-reversible one-electron reduction ([viologen]**'*’
E~=-0.68 V, peak-to-peak separation AE = 110 mV at the
potential scan rate 6 Vs™'). (This high scan rate was applied
in order to minimize the interference of traces of oxygen on
the electrochemistry of the bipyridinium radical cation). The
tiopronin-functionalized Au particles exhibit a narrow size
distribution, with a mean diameter of approximately 2 nm
(Figure 3). It should be noted that after coupling of the

——

100 nm

Figure 3. Transmission electron micrograph of the MPAV**-functional-
ized Au nanoparticles.

MPAV?** to the tiopronin-modified Au nanoparticles, aggre-
gates of the particles are observed. These presumably origi-
nate from the electrostatic crosslinking of the negatively
charged particle by the positively charged bipyridinium
units. Electrochemical quartz crystal microbalance experi-
ments enabled us to estimate the coverage of the Au nano-
particles by the MPAV>* units. In these experiments the bi-
pyridinium radical cation-functionalized Au nanoparticles
were deposited on the electrode of an Au quartz crystal
under constant potential electrolysis (—0.85 V) under argon,
and the charge passed through the system was followed in
parallel with the monitoring of the frequency changes of the
quartz crystal. Knowing the charge passed through the
system (5.76x 1072 Coulombs), and from the frequency
change of the quartz crystal, we estimate the total coverage
of the Au electrode surface with the bipyridinium units and
the Au nanoparticles to be 9.4x107 molem ™ and 2.5x
108 molcm 2, respectively. This implies that approximately
38 +£2 units of bipyridinium groups are associated with each
Au nanoparticle. This value is in good agreement with the
loading of similar bipyridinium-functionalized Au nanoparti-
cles reported by Murray et al.””

Figure 4 A shows the SPR spectrum of the Au film in the
presence of the bipyridinium-modified Au nanoparticles in
the solution (curve a) and the SPR spectrum of the interface
after the electrochemical deposition of the bipyridinium rad-
ical cation-modified Au nanoparticles on the Au surface
upon application of a potential of —0.85V to the Au elec-
trode (curveb). Clearly, the electrochemical deposition of
the labeled Au nanoparticles onto the Au electrode results
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Figure 4. The SPR detection of the electrochemically controlled reversi-
ble deposition of the bipyridinium radical cation-modified Au nanoparti-
cles on the gold-coated SPR-active electrode. A) SPR spectra recorded
in the presence of the MPAV?*-functionalized Au nanoparticles
(0.3 mgmL™") upon application of potentials of: a) —0.40 V, b) —0.85V,
and c) again —0.40 V. The spectra were recorded after the application of
the respective potentials for 5 min. B) The time-dependent changes in
the minimum reflectance angles (sensogram) recorded in the presence of
the MPAV**-functionalized Au nanoparticles (0.3 mgmL™") upon appli-
cation of the potentials: a) —0.85V, and b) —0.40 V. The cyclic applica-
tion of the respective potentials was continued repeatedly (a’b’ and a”b").
The background electrolyte solution was composed of phosphate buffer
0.1M, pH 7, under argon.

in a significant shift in the minimum reflectivity angle: A6

= 2.5° Thus, while only small changes in the minimum re-
flectivity angle are observed upon the electrochemical re-
duction of the unlabeled bipyridinium salt and the deposi-
tion of the radical cation, the generation of the bipyridini-
um-Au nanoparticle conjugate enhances the changes in the
minimum reflectance angle. The enhanced shift in the SPR
spectrum observed upon formation of the bipyridinium radi-
cal cation—Au nanoparticle film may be attributed to the
plasmon—plasmon coupling between the nanoparticles and
the Au surface. Partial charging of the Au nanoparticles by
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the transfer of electrons from the bipyridinium radical
cation may enhance this electronic coupling and leads to the
observed shift. Application of a potential corresponding to
—0.4 V on the electrode, resulting in the oxidation of the bi-
pyridinium radical cation, leads to a decrease in the mini-
mum reflectivity angle, although the original minimum re-
flectivity angle of the bare gold surface is not reached (Fig-
ure 4 A, curve c). Similarly to the recent efforts to probe the
redox reactions of thin films associated with Au surfaces by
means of SPR spectrometry,'®”) we examined the electro-
chemical deposition and dissolution of the bipyridinium rad-
ical cation—Au nanoparticle conjugate onto and from the
gold film, respectively, through the cyclic SPR readout (Fig-
ure 4B). It is evident that upon the reduction of the bipyri-
dinium-nanoparticle conjugate (E=-0.85V), a change of
approximately Af = 2.5° in the minimum reflectivity angle
is observed. Upon the application of the potential that oxi-
dizes the bipyridinium radical cation (E=—0.4 V), the mini-
mum reflectivity angle of the interface does not return to
the original value and a residual change of approximately
A = 0.5° is observed. Each deposition/dissolution cycle of
the bipyridinium radical cation/Au nanoparticle conjugate
further increases the residual change in the minimum reflec-
tivity angle by approximately 0.3-0.5°.

Bipyridinium radical cations (V**) reduce NAD™ in the
presence of diaphorase (DP)?! according to Equation 1.
From the thermodynamic redox potentials of the two com-
ponents, the equilibrium constant K., = 2.5x 10" is calculat-
ed for the process.

DP
2V + NAD' + H'=2V?" + NADH (1)

Thus, the bipyridinium-functionalized Au nanoparticles
were used as labels for the amplified detection of the
NAD™ cofactor by the use of SPR spectroscopy as the read-
out method (Scheme 2). The Au-coated glass slide was sub-
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Scheme 2. Biocatalytic equilibrium established at the SPR electrode func-
tionalized with the Au nanoparticle-bipyridinium radical cation film and
in the presence of NAD™ and diaphorase (DP) upon the application of a
reducing potential of —0.85 V on the electrode.

jected to a potential of —0.85V for 100 minutes. (The rela-
tively long time interval for electrolysis is due to the low
bulk concentration of the bipyridinium-functionalized Au
nanoparticles.) Under these conditions, the V*'-Au nanopar-
ticles are deposited on the electrode. The sensogram corre-
sponding to the changes in the minimum reflectivity angles
as a function of time is depicted in Figure SA. It is evident
that the shifts in the minimum reflectivity angle values
reach a saturation value after approximately 80 minutes.
This implies that the charge transport through the film be-
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Figure 5. The amplified SPR detection of the bioelectrocatalytic reduc-
tion of NAD™ by the Au nanoparticle-bipyridinium radical cation inter-
face associated with the electrode in the presence of diaphorase. A) The
time-dependent changes in the minimum reflectance angles (sensogram)
recorded in the presence of the MPAV>*-functionalized Au nanoparticles
(0.3 mgmL™") upon the application of the potential of —0.85 V. The
arrow shows the time when the potential was applied on the electrode.
B) The SPR spectra recorded in the presence of diaphorase (6 mgmL™")
and different concentrations of NAD™: a) Om, b) 2.4x107*m, and c) 8.4 x
10~*m. C) The time-dependent changes in the minimum reflectance
angles (sensogram) recorded in the presence of the MPAV**-functional-
ized Au nanoparticles (0.3 mgmL™") and diaphorase (6 mgmL™") and the
applied potential of —0.85 V upon addition of different concentrations of
NAD*: a)5x107°m, b)6x107°M, ¢) 1.5x107*m, d)2.4x107*m, e)4.5%
107*m, f) 8.4x107*m, and g) 2x 10~ m. Inset: The calibration curve corre-
sponding to the changes in the minimum reflectance angle as a function
of NAD™ concentration. All the measurements were performed in a
background solution consisting of phosphate buffer 0.1m, pH 7.0, under
argon, upon application of the potential of —0.85 V.

comes inefficient as the thickness of the V*-Au nanoparti-
cles layer increases. Simultaneously with the recording of
the sensogram shown in Figure SA, the charge passed
through the system, resulting in the deposition of the bipyri-
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dinium radical cation, was monitored. Knowing the total
coverage of the bipyridinium units linked to the surface, and
that the average loading of each particle is 38+2 units of
MPAV?*, we estimate that approximately 2.5 x 10~* molcm >
Au nanoparticles are associated with the Au-coated glass
support employed in the biocatalytic SPR experiments. The
loading of the Au electrode with the reduced MPAV**-func-
tionalized Au nanoparticles, calculated from the electro-
chemical quartz crystal microbalance experiments, corre-
sponds to the mean thickness of the layer: approximately
140 nm. The analysis of NAD™ is performed under condi-
tions in which the V*-Au nanoparticle film reaches the sat-
uration loading, and NADY is added to the system, in the
presence of DP as biocatalyst, in which the potential of
—0.85 V is applied on the electrode and the V**-Au nano-
particles are present in the elec-
trolyte  solution.  Figure 5B
shows the SPR spectra of the
Au surface after the electro-
chemical deposition of the V*- g
Au nanoparticle film (curve a),
and as a result of the addition S 9
of NAD™ (2.4x107*M; curve b,
8.4x107*m; curve c) in the pres-
ence of DP. Control experi-
ments indicate that no changes
in the SPR spectra of the sur-
face-associated bipyridinium
radical cation film are observed
upon the addition of only NAD* or DP. Clearly, the addi-
tion of NAD* and DP shifts the minimum reflectivity angle
to lower values, implying that the addition of NAD* result-
ed in the partial dissolution of the film. This is consistent
with the sequence of biocatalyzed and electrochemical reac-
tions depicted in Scheme 2. Addition of NAD™ in the pres-
ence of DP results in the reduction of the NAD™* cofactor
to NADH and the partial dissolution of the film associated
with the surface. The existence of the V>*-Au nanoparticles
in the electrolyte solution prohibits the dissolution of the
entire film from the electrode surface. Furthermore, since
the electrode is biased at —0.85 V the reduction of the V**-
Au nanoparticles proceeds to regenerate the film associated
with the electrode. Thus, the addition of NAD™ to the
system yields a steady-state equilibrium in which all of the
species depicted in Scheme 2 are present in the system. The
formation of this equilibrium results in the partial dissolu-
tion of the film, consistently with the decrease in the value
of the minimum reflectivity angle of the interface. Also, the
reactions outlined in Scheme 2 suggest that the elevation of
the NAD™ concentration in the system should increase the
extent of the reoxidation and dissolution of the V*-Au
nanoparticle film. Thus, as the concentration of NAD™ in
the system is higher, the minimum reflectivity angle should
shift to lower values and should resemble the SPR spectrum
of the bare Au interface. Figure 5C shows the sensogram
that corresponds to the changes in the minimum reflectivity
angles in the presence of variable concentrations of NAD™.
The minimum reflectivity angles of the modified film de-
crease with higher concentration of NAD?' in the system.

Aw
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Figure 5C (inset) shows the derived calibration curve. Clear-
ly, in situ electrochemical SPR spectroscopy enables the de-
tection of NAD™ in the concentration range of 1x107*m to
2x107*m through the use of bipyridinium-functionalized Au
nanoparticles as a signal enhancement label. It should be
noted that the minute changes in the SPR spectrum of the
Au interface upon the electrochemical deposition of the un-
labeled bipyridinium radical cation film prohibit the use of
the unlabeled film as an active interface for the SPR detec-
tion of NAD™.

Since the DP-biocatalyzed reduction of NAD* by the
V*-Au nanoparticle film is reversible, one may examine the
reverse reaction, which involves the DP-catalyzed reduction
of the V>"-Au nanoparticles by NADH, and thus use the
surface-deposited V*-Au particle as a label for the en-
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-
-
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Scheme 3. Biocatalytic equilibrium established at the SPR electrode interface in the presence of the bipyridini-
um-modified Au nanoparticles, NADH, and diaphorase (DP).

hanced SPR detection of NADH (Scheme 3). According to
this scheme, no potential is applied on the electrode, and
the chemical deposition of the V*'-Au nanoparticles occurs
on the surface as a result of the reaction between the func-
tionalized particles and NADH in the presence of DP. The
amount of deposited V*-Au nanoparticles increases with
higher concentration of NADH. Note, however, that for
every NADH concentration a different steady-state content
of V*-Au nanoparticles will be deposited on the surface,
due to the equilibrium features of the process (Eq. 1). Fig-
ure 6 A shows the SPR spectra of the system that includes
the V**-Au nanoparticles and DP prior to the addition of
NADH (curve a), and after the addition of NADH (1.5x
10~*m; curve b, and 8.4x10*M; curve c). Upon the addition
of NADH, the minimum reflectivity angle is shifted to
higher values, consistently with the formation of the precipi-
tate of the V*-Au nanoparticles on the surface. Figure 6B
shows the sensogram corresponding to the changes in the
minimum reflectivity angles upon the addition of variable
concentrations of NADH. As the concentration of NADH
is elevated, the changes in the minimum reflectivity angles
are indeed higher. Figure 6B (inset) depicts the derived cali-
bration curve. The NADH is detected in the concentration
range of 1x107*M to 1.5x1073m. It should be noted that no
significant changes in the minimum reflectivity angle of the
interface are observed upon the reaction of the unlabeled
bipyridinium salt of V** with NADH in the presence of DP.
Thus, the labeling of the resulting V*" film with the Au-par-
ticles is essential to enhance the differences in the SPR re-
flectance angles.
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Figure 6. The amplified SPR detection of the biocatalytic oxidation of
NADH in the presence of the bipyridinium-functionalized Au nanoparti-
cles and diaphorase. A) SPR spectra recorded in the presence of the
MPAV?*"-functionalized Au nanoparticles (0.3 mgmL™"), diaphorase
(6 mgmL™"), and different concentrations of NADH: a)Om, b) 1.5x
10™*m, and c) 8.4x107*m. B) The time-dependent changes in the mini-
mum reflectance angles (sensogram) recorded in the presence of the
MPAV?*-functionalized Au nanoparticles (0.3 mgmL™"') and diaphorase
(6 mgmL™") upon addition of different concentrations of NADH: a) 5x
107°M, b)6x107°M, ¢) 1.5x107*m, d)2.4x107*M, €) 4.5x107*m, f) 8.4x
10~*m, and g) 2x 107> m. Inset: The calibration curve corresponding to the
changes in the minimum reflectance angle as a function of NADH con-
centration. All the measurements were performed in a background solu-
tion consisting of a phosphate buffer 0.1 ™, pH 7.0, under argon.

Conclusion

This study has demonstrated the use of bipyridinium-func-
tionalized Au nanoparticles for the in situ electrochemical
SPR detection of NAD* and for the chemically induced
SPR detection of the reduced cofactor NADH. The gold
nanoparticles enhance the changes in the SPR reflectance
angles of the surface-deposited bipyridinium radical cation—
Au nanoparticle films in the two systems. Previous studies
employed static Au nanoparticles associated with molecular
or biomolecular interfaces linked to surfaces as labels for
enhancing the changes in the reflectance angles in the SPR

Chem. Eur. J. 2003, 9, 6108—-6114 www.chemeurj.org
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spectra. In this study we demonstrate the novel application
of functionalized Au nanoparticles as active components
that are deposited or eliminated from the surface in the
course of the amplified detection of the NAD* or NADH
cofactors. The sensing of the NAD* and NADH cofactors is
of substantial interest” due to the numerous biocatalytic
transformations that involve NAD*- or NADH-dependent
enzymes. This article introduces a new concept for the en-
hanced SPR analyses of these different biocatalyzed trans-
formations.

Experimental Section

Chemicals: The tiopronin monolayer-capped gold nanoparticles were pre-
pared as described in the literature."”) N-Methyl-N'-(3-aminopropyl)-4,4'-
bipyridinium dinitrate, methyl(aminopropyl)viologen (MPAV>**(NO;"),)
was synthesized by the published procedure.’” Ion exchange of the
halide counterions to produce the dinitrate salt was performed as descri-
bed before.!! Coupling of methyl(aminopropyl)viologen to tiopronin
monolayer-protected gold nanoparticles was performed as described by
Murray et al.?”! 2-(N-Morpholino)ethanesulfonic acid (MES) buffer, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC), and
N-hydroxysulfosuccinimide sodium salt (NHS, HAuCl,-3H,0), N-(2-mer-
captopropionyl)glycine (tiopronin), sodium borohydride, methyl iodide,
4,4'-bipyridine, 3-bromopropylamine, and tetrabutylammonium nitrate
were purchased from Sigma and Aldrich and were used as supplied. Dia-
phorase (E.C. 1.8.1.4., from Clostridium kluyveri) and nicotinamide ade-
nine dinucleotide cofactors, both the oxidized (NAD?*) and reduced
(NADH) forms, were purchased from Sigma. Ultrapure water from
Barnstead NANOpure Diamond system was used in all the experiments.

In situ electrochemical SPR measurements: The surface plasmon reso-
nance (SPR) Kretschmann-type Biosuplar-2 spectrometer (Analytical-
uSystem, Germany) with a light-emitting diode light source, 1 = 670 nm,
prism refraction index (n = 1.61) and a dynamic angle range (up to 19°
in air) was used in this work. The SPR data were processed with the aid
of Biosuplar-2 software (2.2.30). The SPR sensograms represent real-time
changes in the minimum reflectivity angle and were recorded by the use
of a home-built flow cell. Multi-potential step chronoamperometry ex-
periments were performed with an electrochemical analyzer (EG&G,
VersaStat) linked to a computer (EG&G Software #270/250). Glass sup-
ports (20x20 mm) covered with a chromium sub-layer (=~5nm) and a
gold layer (~50 nm) supplied by Analytical-uSystem, were used for the
SPR measurements. The gold-covered glass plate was used as a working
electrode (1.5 cm?® area exposed to the solution), an auxiliary Pt and a
quasi-reference Ag electrode were made from wires of 0.5 mm diameter
and added to the cell. The Ag quasi-reference electrode was calibrated!
according to the potential of dimethylviologen (E°= —0.687 V versus sa-
turated calomel electrode (SCE)), measured by cyclic voltammetry and
the potentials are reported versus SCE. The SPR sensograms (time-de-
pendent changes in the reflectance minimum) were measured in situ
upon application of an external potential onto the working electrode.

In situ electrochemical QCM measurements: A QCM analyzer (Fluke
164T multifunctional counter, 1.3 GHz, TCXO) linked to a computer by
homemade software was used for microgravimetric measurements.
Quartz crystals (AT-cut, approximately 9 MHz, EG&G) sandwiched be-
tween two Au electrodes (geometrical area 0.2 cm? roughness factor ca.
3.5) were used. The Au electrodes associated with the QCM crystal were
applied for in situ electrochemical microgravimetric measurements.
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