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Abstract

In this paper we report the use of ferrocenyl-tethered dendrimer (Fc-D) as an electrode modifier
supported by a self-assembled monolayer coated gold surface. The pretreatment of electrodes
with Fc-D allows the covalent immobilization of glucose oxidase. The resulting integrated
hybrid system provides electrical contact between the redox center of the enzyme and the
electrode, and improves the overall bioelectrocatalyzed oxidation of glucose. Cyclic
voltammetry combined with surface plasmon resonance (SPR) is used to investigate the
redox-induced orientation changes of ferrocene-tethered dendrimers and the optimal electrical
wiring of the enzyme, depending on the length of the alkyl chain of the ferrocene-tethered
groups. The amount of substrate controls the steady-state concentration ratio of Fc/Fc™ in the
film composition. Therefore, the SPR spectrum of the film is controlled by the reversible
change in the refractive index of the enzyme-integrated redox film. The proposed method
demonstrates a new procedure for developing a stable amperometric redox enzyme-based
sensor by designing a new nanostructured material that control the biosensing performance.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The structural organization and electron transfer function of
chemical and biological redox molecules on solid surfaces
are hugely relevant in nano-biotechnology, which combines
physical and chemical nanoscale science and biotechnological
aspects. Electrochemical investigation of the electron transfer
kinetics of redox enzymes immobilized on conductive surfaces
has been recognized to be a powerful approach for better
understanding of long-range electron transfer, which is one
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of the fundamental processes occurring in nature [1, 2].
The electrical communication between redox enzymes and
electronic transducers is also one of the most challenging
topics in bioelectronics [3], with important implications for the
development of electrochemical biosensors [4, 5] and biofuel
cell elements [6, 7]. The direct electron transfer approach to
proteins requires interfaces that exhibit fast electron transfer
kinetics and immobilization procedures able to retain their
redox and biocatalytic properties. Since direct contact between
redox enzymes and electrode surfaces leads to significant
structural and functional changes in the enzyme [8], in the past

© 2009 IOP Publishing Ltd  Printed in the UK
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couple of decades numerous strategies have been developed
to promote efficient electron exchange between the electrode
surface and immobilized redox proteins. The development
of diffusional electron mediators [9], the tethering of the
redox-active unit to the enzyme [10-12], the immobilization
of biocatalysts in redox-active polymers [13, 14] or the
surface reconstitution of redox apo-enzymes on relay cofactor
units [15-17] provide general routes to enzyme—electrode
communication. Both conductive and functionalized polymers
have been applied as wiring matrices for the electrochemical
activation of redox enzymes; for instance, an Os complex-
containing polymer provides an oxidative electron path for
entrapped glucose oxidase [13, 18], whereas a bipyridinium-
containing polymer allows reductive electron transfer to the
nitrate reductase enzyme [19].

Thus, it appears that the key issue for investigate the
redox processes of enzymes at electrode surfaces is to
design a biocompatible interface that is able to preserve the
immobilized protein from structural and functional changes,
allowing accurate control over the distance between the redox
center of the protein and the electrode surface. ~Among
the protein immobilization strategies able to achieve these
criteria, the method based on highly branched polymers
called ‘dendrimers’ has been recently recognized as a
promising candidate building unit to obtain highly ordered
bionanostructured materials [20, 21]. The peculiar properties
of metallocenyl dendrimers, such as the high number of
functionalized groups and their versatility, make them an
interesting source for producing nanostructured materials
for applications in molecular electronics, catalysis and
chemical/biological sensing [22-26]. Moreover, efficient
and fast electrochemical communication between the redox
centers immobilized on the outside edge of the dendrimer has
been observed [23, 27, 28]. In order to develop optimized
electron transfer based biosensors, dendrimer immobilization
on the electrode surface is a crucial step in ensuring efficient
communication between redox protein-bound dendrimer and
the transducer surface. In this regard, film formation
on a self-assembled monolayer (SAM) is an appealing
choice for immobilizing sensing molecules on the transducer
surface [29, 30].

In this work we employed SAM technology to re-
alize nanostructured films consisting of fourth generation
poly(amidoamine) dendrimers (G4 PAMAM) for the covalent
immobilization of both electron transfer mediator units (fer-
rocene) and the enzyme glucose oxidase as components of an
electrochemical biosensor. In order to obtain high perform-
ing biodevices, we studied the following issues by means of
the in situ electrochemical surface plasmon resonance (EC-
SPR) technique: (a) the nature and the strength of the inter-
action between the surface and the functionalized dendrimers,
(b) the stability of the resulting films, and (c) the optimal elec-
trical wiring of the enzyme, in terms of the length of the alkyl
chain of the ferrocene-tethered groups. The coupling of sur-
face plasmon resonance with electrochemistry (EC-SPR) pro-
vides a viable possibility for simultaneously probing the op-
tical and electrochemical properties of adsorbate films at the
metal/solution interface and sensitive detection of variation in

the thin films thickness accompanying redox reactions [31-33].
Only a few examples of in situ EC-SPR measurements in the
presence of redox proteins are available in literature [15, 34].

Herein EC-SPR measurements revealed the redox-induced
orientation changes of ferrocene-tethered dendrimers. We also
demonstrate that SPR spectroscopy may be employed as a
complementary method to electrochemistry to transduce the
bioelectrocatalytic transformations.

2. Experimental details

2.1. Reagents and materials

All the chemicals used were of analytical grade from
Sigma-Aldrich without further purification.  11-amino-1-
undecanethiol (AUT; >99% purity) was purchased from
Dojindo Laboratories (Kumamoto, Japan).  All aqueous
solutions were prepared using deionized water (specific
resistivity >18.2 MQ cm) obtained from a Direct-Q 3 UV
apparatus (Millipore, France). All solvents used in monolayer
preparation were of p.a. grade.

Glucose oxidase (EC 1.1.3.4., type VII-S, from As-
pergillus niger) was used as-received from Sigma. Carbo-
hydrate groups on the peripheral surface of the glucose oxi-
dase (GOx) molecules were oxidized as described in the lit-
erature [35, 36]. For this reaction, to a 20 uM GOx solution
(5 ml of 0.1 M phosphate buffer pH 6.8), 30 mg of sodium
periodate was added, and the obtained solution was stirred for
1 h at 4°C. The reaction was stopped with 25 mM ethylene
glycol for 30 min at 25 °C, and the product was purified and
concentrated with ultracentrifugation (molecular weight cutoff
30000, Centricon).

Dialysis membranes (SpectraPorr 7 MWco 3.5 kDa) were
purchased from Spectropore Europe.

2.2. Ferrocene-tethered dendrimer synthesis

2.2.1.  Synthesis of ferrocenyl-tethered PAMAM G4-NH,
dendrimers Fc-D(1). Primary amines of NH,-terminated G4
PAMAM dendrimers were partially modified with ferrocenyl
groups through the imine forming, amine—aldehyde reaction
as previously reported [26]. Ferrocenemonocardoxaldehyde
(0.52 mmol) was dissolved in methanol (4.0 ml) and the
mixture was added to 0.25 ml of 10% (w/w) G4 PAMAM
dendrimer solution containing hydrochloric acid as a catalyst.
The reaction mixture was stirred for 2 h, and 5 mg of
sodium borohydride was slowly added and stirred for 1 h to
reduce carbon-to-nitrogen double bonds. The reaction product
was purified by lipophilic gel permeation chromatography
(Sephadex LH-20, Pharmacia) using methanol as the eluant.

2.2.2.  Synthesis of ferrocenyl-tethered PAMAM G4-NH,
dendrimers Fc-D(2). Synthesis of 12-ferrocenyldodecanoic
acid has been developed according a procedure reported
in the literature [37] starting from ferrocene, with slight
modifications.

11-Ferrocenyldodecanonitrile (0.66 mmol) was dissolved
in pure ethanol (5.0 ml), aqueous KOH 5N (4.8 ml) was added
and the mixture was refluxed for 10 h, then acidified with HCI
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Scheme 1. Experimental set-up based on a surface plasmon resonance (SPR) spectrometer combined with an electrochemical module for the
simultaneous characterization of structural and functional features of the modified gold surface.

(pH 2.0) and extracted with CH,Cl, (3 x 20 ml). The organic
layer was dried over Na;SQOy, filtered and evaporated under
vacuum. Ferrocenyldodecanoic acid (240 mg, 0.63 mmol, 95%
yield) was recovered as a yellow solid.

12-Ferrocenyldodecanoic acid (0.59 mmol) was dissolved
in DMSO (9 ml) and DCC (206 mg, 1 mmol) was added as a
coupling agent with stirring; then PAMAM G4-NH, (147 mg,
0.01 mmol) dissolved in DMSO (4.0 ml) was added and the
mixture was stirred at 25°C for 4 days. The solvent was
removed with a distillation under vacuum and the residue
(160 mg) was dissolved in MeOH and purified with dialysis
against MeOH to afford 140 mg of product.

2.3. In situ electrochemical SPR measurements

A surface plasmon resonance (SPR) Kretschmann type
spectrometer [38], Autolab Esprit (Eco Chemie, Utrecht, The
Netherlands), with an LED light source with an emission
wave of 670 nm and a prism refraction index of 1.52 was
used to perform the optical measurements of the SPR angle.
In this configuration, the intensity of the reflected light is a
minimum at the resonance angle. This angle can be measured
over a range of 4° after focusing by a lens into a photodiode
detector. The incident angle is varied by using a vibrating
mirror (rotating over an angle of 5° at 77 Hz in 13 ms)
with a resolution of 1 millidegree. The glass supported SPR
substrates at the prism were clamped against a Teflon cuvette
with O-rings, providing liquid-tight seals. An autosampler
(Eco Chemie) with a controllable aspirating—dispensing—
mixing pipette was used to add samples to the cuvette and
provide a constant mixture by aspiration and dispensing during
measurements.  This experimental arrangement maintains
a homogeneous solution and reproducible hydrodynamic
conditions. The temperature of the cuvette was maintained at
25 £ 1°C. Data were transmitted to a laptop computer and
analyzed by SPR software version 4.1.2 from Eco Chemie.

A key role in the structural and functional characterization
of the ferrocene-tethered dendrimer modified surface is
played by the combined set-up of the SPR spectrometer and

electrochemical instrument. The basic concept of this very
powerful tool is schematically given in scheme 1. The
classical SPR (shown in the Kretschmann configuration) is
complemented by an pAutolab electrochemical analyzer (Eco
Chemie, Utrecht, The Netherlands) in a three-electrode set-up.
The gold SPR substrate at the prism mounted against the Teflon
cell with use of an O-ring was used as a working electrode
(0.8 mm? area exposed to the solution). The Teflon cell allowed
for simultaneous recording of SPR and electrochemical data
and application of a voltage to the sample. Auxiliary Pt and
quasi-reference Ag electrodes made from wires of 0.5 nm
diameter were part of the cell. The Ag quasi-reference
electrode was calibrated according to the potential of dimethyl
viologen (N, N’-dimethyl-4,4’-bipyridiniumdichloride) [39],
EY = —0.687 V versus standard calomel electrode (SCE),
measured by cyclic voltammetry, and the potentials are versus
SCE.

2.4. Preparation of ferrocene-tethered dendrimer on
self-assembled modified Au surfaces and the assembly of
glucose oxidase

Glass supported gold substrates for SPR spectroscopy
and electrochemistry, composed of a gold sensing surface
(thickness 50 nm) deposited onto a glass microscope slide
with a titanium adhesion layer (1.5 nm), were purchased from
Xantec Bioanalytics (Muenster, Germany). The planar gold
SPR disks were extensively cleaned in a freshly prepared
piranha solution (3:1 HySO4 98%: H,0, 30%). After 1 h the
disks were thoroughly rinsed with ethanol, dried in a stream
of nitrogen gas and immediately incubated overnight in 1 mM
of 11-mercaptoundecanoic acid (MUA) in ethanol. After SAM
formation, the disks were washed with ethanol and water, and
dried with nitrogen gas.

For the detailed experiment, the MUA modified gold
sensor disk was first placed onto the prism of the SPR system.
The carboxyl functions on the SAM layer were activated with
5 mM EDC. After rinsing the disk, 1.5 uM aqueous solution
of Fc-D ((1) or (2)) was flowed over the sensor surface for 1 h,
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Scheme 2. Assembly of the integrated GOx ferrocenyl-tethered dendrimer (Fc-D) modified MUA SAM gold surface.

to achieve covalent cross-linking by amino reactive groups of
the dendrimer with the aldehyde terminals. After washing, the
modified surfaces were coated with 40 uM periodate-oxidized
GOx solution in 0.1 M phosphate buffer (pH 6.8) for 1 h at
25°C. The resulting integrated electrodes were used for the
bioelectrocatalyzed detection of glucose.

3. Results and discussion

Scheme 2 outlines the method of preparation and assembly
of the GOx ferrocene-tethered dendrimer on a gold electrode.
A monolayer of MUA was assembled on the gold surface,
and this acted as an anchoring base layer. The Fc-D was
covalently linked to the functionalized electrode to yield the
Fc-D modified MUA SAM surface. Voltammetric analysis of
the Fc-D modified electrodes (figure 1(A)) showed a quasi-
reversible redox wave at 0.288 £ 0.005 V versus SCE for
the Fc-D(1) and at 0.295 4+ 0.004 V versus SCE for Fc-
D(2). Obviously, no voltammetric peaks were observed for the
dendrimer modified MUA SAM surface in the same potential
window. The anodic-to-cathodic peak current ratio of the
Fc-D modified electrodes was close to unity, and a linear
relationship between the scan rate and the current intensity
was found (figure 1(A), inset), as expected for a surface-
confined redox species [40]. Integration of the anodic peak,
with correction for the charging current contribution, yielded

the charge associated with the ferrocene oxidation; from this
value a surface coverage (I') of 6.0 x 107! mol cm~? and
6.6x 10712 mol cm~? of the ferrocene units associated with Fc-
D(1) and Fc-D(2), respectively, was evaluated. At a high scan
rate (v > 0.5 Vs~!), the peak potential difference between
the anodic and cathodic waves increased, reflecting progressive
kinetic control by the rate of electron transfer of the ferrocene
units (figure 1(B)). From the shift of the anodic and cathodic
peak potentials as a function of the scan rate, the electron
transfer rate constant (kgy) was estimated using the Laviron
method [41]. By using a ferrocene charge transfer coefficient
(o) of 0.5, the best fit gave a kgr value of 89 s~ for Fc-
D(1) and 51 s~! for Fc-D(2). The observed decrease of kgr
suggests that the length of the linker between dendrimer and
ferrocene units influences the electron transfer process on the
electrode surface. Perhaps the most noteworthy findings that
corroborate a different electron transfer mechanism for the
two Fc-Ds are the magnitude of the SPR dip shifts (figure 2).
As the potential is swept in the anodic direction, a sigmoidal
increase in the SPR angle (A0) is observed which begins to
plateau before the sweep direction is reversed. The change
of the SPR dip is rather fast, suggesting that the redox-
induced reorganization is instantaneous. Although there is
some hysteresis between the forward and reverse sweeps, in
both cases the SPR angle returns approximately to its original
value at the end of the cyclic voltammogram, suggesting that
any redox-induced surface change is reversible.
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Figure 1. (A) Cyclic voltammograms of the dendrimer modified
MUA SAM surface (dotted line) and Fc-D modified MUA SAM
surfaces with a short (1, dashed line) and long (2, solid line) alkyl
chain. Scan rate 0.01 V s~!. Inset: variation of anodic peak
intensities as a function of the scan rate for Fc-D(1) (empty circles)
and Fc-D(2) (filled circles). The solid lines show the linear
regression fitting. (B) Position of the anodic (filled symbols) and
cathodic (empty symbols) peak potential as a function of the scan
rate for Fc-D(1) and Fc-D(2). The dashed lines and the solid line
show the theoretical curves calculated from the Laviron model for
Fc-D(1) and Fc-D(2), respectively. The overall data were collected in
50 mM Tris-HCI buffer pH 7.2 and 50 mM KClI at 25 °C.

The SPR angle potential shape for Fc-D(1) and Fc-D(2)
are qualitatively similar, though it is clear that the magnitude
of the angular changes is greater, by more than a factor
2, for Fc-D(2) than for Fc-D(1). To exclude the possible
influence of the SPR dip shift on the change in the electron
density of the electrode during the potential scan [42], an
EC-SPR experiment was carried out at a dendrimer modified
MUA SAM gold electrode. The change in the SPR dip
shift in the anodic direction is nonsigmoidal and rather small
(see curve c, figure 2), suggesting that the variation of the
electron density of the underlying electrode would not cause an
appreciable SPR dip shift. Implicit in the SPR angle potential
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]
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T @
D 0024 &0
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< E
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Figure 2. EC-SPR diagrams of Fc-D(2) (a), Fc-D(1) (b) and
dendrimer (c) modified MUA SAM surfaces at 0.01 Vs,

Inset: dependence of the SPR dip shift potential signals on the
potential scan rate for Fc-D(1) (empty circles) and Fe-D(2) (filled
circles). All measurements were performed in 50 mM Tris-HCI
buffer pH 7.2 and 50 mM KCI.

profile is information relating to the kinetics of the redox-
induced Fc-D reorganization. In general, the dependence of
the SPR angular shift on an applied potential is predominantly
regulated by three factors, namely electron density changes at
the metal surface (Ao), monolayer thickness changes (Ad)
and refractive index changes (An), as reported in the equation
below [43, 44]:

ABr(V) AnG) L, Ao
=C Cr—— Cy——
AV NY N

where c¢;, ¢; and c3 are system-dependent constants and X is
the wavelength of the incident light (constant in this work).
We will now consider each of the three terms in the context of
the Fc-D SAM structures.

Since the same potential changes were applied to Fc-
D) and Fc-D(2) modified surfaces, the surface charging
effect (Ao) is expected to be constant and so this factor
is unlikely to contribute to their different behaviors. The
motion of ions into and out of the film intrinsically affects
the refractive index (An) at the interface and, thus, the SPR
angular changes. Besides, the redox properties of ferrocene
moieties were found to be dependent on the nature of the
anions in solution [45]. However, this could not explain the
different behavior observed for Fc-D(1) and Fc-D(2) modified
surfaces, since the permeation of ions through both films is
expected to be the same. Changes in the thickness of the
film (Ad) are also expected to promote the SPR angle shift,
and this is likely the dominant factor explaining the different
behavior. Indeed, oxidation of the ferrocene moiety yields
cationic ferricinium, which is electrostatically driven as far
away as possible from the positively charged gold surface, thus
increasing the apparent film thickness, as observed previously
in the reorganization of ferrocenyl alkyl thiol monolayers [44].
Because the alkyl chain of Fc-D(2) is longer than that of Fc-
D(1), where the ferrocene units are directly tethered to the
dendrimer, if the alkyl chain becomes more perpendicular to
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Figure 3. SPR sensorgrams for the binding interaction of
periodate-oxidized GOx to the AUT SAM surface (dotted line) and
to Fc-D modified MUA SAM surfaces with the short (1, dashed line)
and long (2, solid line) alkyl chain. Measurements were performed in
a 0.1 M phosphate buffer solution (PBS) at pH = 6.8.

the gold substrate surface the change in the thickness of the
Fc-D(2) film will be larger than that of the Fc-D(1) film; then
the SPR dip shift of the Fc-D(2) modified MUA SAM surface
will be bigger than that observed for the Fc-D(1) modified
electrode. The analysis of the scan rate on the SPR dip shift
of the ferrocenyl-tethered dendrimer confirms this hypothesis.
Conversely, if compared to Fc-D(1) film, the SPR dip shifts for
the Fc-D(2) film gradually decrease when the scan rate changes
from 0.05 t0 0.300 V s~! (figure 2, inset); this is consistent with
a kinetic limitation on the orientation of the ferrocene moieties.
By increasing the scan rate there is no enough time for the
alkyl chains of Fc-D(2) to change their tilt angle and the film
thickness. That is the higher the scan rate, the shorter the time
for the Fc-D(2) film to change orientation, and this results in a
decrease in the SPR signal.

Since the SPR monitors the change in refractive index of
the medium immediately next to the gold sensing surface, this
optical technique was also used in preliminary experiments to
confirm the immobilization of GOx onto the modified gold
surface. In the resulting sensorgram plots shown in figure 3, the
mass of bound protein is proportional to the difference between
the SPR baseline signal before injection of the protein and the
signal after reinjection of the wash buffer [46, 47].

The above spectroscopic behavior, obtained after incub-
ation for 20 min of periodate-oxidized GOx upon the Fc-D
modified surface, confirms the irreversible assembly of the
hybrid system, suggesting the formation of Schiff bases
between amine groups of the partially modified dendrimers and
carbaldehyde groups of periodate-oxidized GOx. A complete
and homogeneous immobilization of the GOx over the coated
gold surface can be evidenced from the fact that another
injection of a higher concentration of the protein showed only
a small increase in the resonance angle. Preliminary SPR
investigations were also performed to determine whether the
use of a dendrimer layer significantly improves the protein
immobilization yield on a gold surface. For this purpose

we compared the Fc-D modified MUA SAM surface and an
unmodified AUT SAM surface. As evidenced in figure 3,
a three-fold enhancement of signal intensity was obtained
by using both dendrimer modified surfaces (1 or 2) when
compared with the AUT-only surface. Taking into account the
average GOx diameter of about 67 &= 5 A, a densely packed
monolayer of GOx (as expected for the AUT SAM surface)
exhibits a surface coverage of the enzyme corresponding to
about 4.5 x 107'> mol cm~2 [48]. Thus, the surface coverage
of GOx on the Fc-D modified electrode was estimated to be
13.5 x 107'2 mol cm~2. This greater protein immobilization
efficiency could be ascribed to a net increase in the total surface
accessible area that accompanies the binding of Fc-D particles
to the sensor surface and the particular three-dimensional steric
arrangement of the large number of amino groups available for
covalent coupling that is present on each dendrimer surface.
Figure 4(A) shows the bioelectrocatalytic currents
generated by the integrated GOx-Fc-D(2) system in the
presence of different glucose concentrations. Electrochemical
oxidation of the ferrocene units to ferrocenyl cations results
in the mediated oxidation of the FADH, site of GOx and
the subsequent oxidation of glucose. As the concentration
of glucose is increased, the electrocatalytic anodic current is
enhanced; a linear relation between the current response of
the electrode and the content of glucose in the concentration
range 0.7-15 mM was observed. The anodic current density
levels off at a concentration higher than 30 mM to a maximum
value of I** = 187.5 pAcm™2. From the saturation
anodic current density and from the surface coverage of
the enzyme molecules, we estimated the turnover rate of
electrons transferred to the electrodes to be about 143.9
electrons s~!. Control experiments revealed that the ferrocene
units were essential for mediating the bioelectrocatalytic
oxidation of glucose, since the immobilization of GOx on
dendrimer modified MUA SAM electrode did not lead to any
electrocatalytic currents. Figure 4(B) describes the cyclic
voltammograms corresponding to the analysis of different
concentrations of glucose by the integrated GOx-Fc-D(1)
modified MUA SAM electrode; a low intensity electrocatalytic
current is observed. The amperometric responses at £ =
0.4 V versus SCE of the GOx-Fc-D(2) integrated system
toward the analysis of glucose are up to 3.8-fold higher than
the current responses generated by GOx-Fc-D(1) modified
electrode (figure 4(C)). The lower current obtained with the
integrated GOx-Fc-D(1) modified electrode, as compared to
the GOx-Fc-D(2) system, may be attributed to the immobilized
protein that is poorly electronically coupled to the electrode
so that the electron transfer rate is too low for a considerable
bioelectrocatalytic current to be observed. A deep investigation
of the interconnection between redox chemistry and catalytic
activity was performed by EC-SPR. In the presence of glucose
A6 shows the same potential dependence as in the absence of
glucose. Therefore the effect of the redox state of the enzyme
and glucose on Af was far less than that of the mediator film;
under controlled potential conditions, the surface concentration
ratio of the two redox states of the mediator was determined by
electrode potential. As the redox state of the mediator changes,
the rearrangement of the ions (ion transport), to maintain
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Figure 4. Cyclic voltammograms corresponding to the

electrocatalytic anodic current generated by the integrated GOx-Fc-D

modified MUA SAM surfaces with the long (2, A) and short (1, B)
alkyl chains in the presence of different concentrations of glucose
(mM): 0.0 (a), 0.7 (b), 1.5 (¢), 3.0 (d), 5.0 (e), 10.0 (f), 20.0 (g) and
30.0 (h). Data were recorded in 50 mM Tris-HCI buffer pH 7.2 and
50 mM KCl, under N, at room temperature, and potential scan rate
0.01 V s~!. (C) Calibration curve corresponding to the
electrocatalytic current measured at £ = 0.4 V versus SCE at
variable concentration of glucose using the GOx integrated electrode
with Fc-D(2) (curve a) and Fc-D(1) (curve b).
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Figure 5. (A) Time course of the SPR signal (A#) in the
chronopotentiometry of the integrated GOx Fc-D(2) modified MUA
SAM gold electrode in the presence of different concentrations of
glucose (mM): 0.0 (a), 0.7 (b), 1.5 (¢), 3.0 (d), 5.0 (e), 10.0 (),
20.0 (g) and 30.0 (h). The measurements were performed in 50 mM
Tris-HCl buffer pH 7.2 and 50 mM KCI, under N, at room
temperature, by setting the electrode potential at 0.6 V.

(B) Comparison of the slope of A8 obtained at variable
concentrations of glucose using the GOx integrated electrode with
Fc-D(2) (curve a) and Fc-D(1) (curve b).

charge neutrality, induces a refractive index change, and the
results of this transport are directly reflected in A6. Thus the
SPR signal could be monitored in a potentiometric experiment,
setting the potentiostat in the electrometer mode. The electrode
potential was held at 0.6 V before each substrate addition. At
time 0, the mediator was fully oxidized by the electrochemical
reaction because the potential was set far higher than the redox
potential of the mediator. In the presence of glucose, the
A6 decreases because the oxidized ferrocene was reduced by
sequential reaction of GOx (figure 5(A)). The amplitude of A8
between two redox states was always the same, confirming that
the sensitivity of the substrate concentration did not depend
on the refractive index of the substrate. The slope of the SPR
signal (A@ At~") was steeper at higher glucose concentrations
(figure 5(B)). Comparison of the magnitudes of the sensitivity
of the Fc-D(2) and Fc-D(1) biosensors reveals that the signal is
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about 3.6-fold higher for Fc-D(2), confirming our hypothesis
regarding the higher electron coupling of the ferrocene units
tethered through a long alkyl chain between the electrode and
the enzyme. Thus, the EC-SPR approach can conveniently
deduce the dynamics of the Fc-D SAM reorganization process
and their involvement in the biocatalyzed transformations.
The final aspect to consider relates to the stability of the
resulting integrated enzyme electrodes. The bioelectrocatalytic
activity of the integrated system lost <10% of its activity
within 1 week. The electrode reveals an activity decrease of
~5% upon continuous operation at room temperature for 12 h.
This stability seems to be due to the structural integrity of the
assembled system, which is a result of the multiple covalent
linkages formed between biological molecules and dendrimers
and also of the rigidity of the dendrimers as building blocks.

4. Conclusions

In this study we have addressed the characterization of
ferrocenyl-tethered dendrimers on a SAM coated surface.
The co-assembled units provide binding sites for covalent
attachment of the enzyme, to yield an integrated, electrically
contacted bioelectrocatalytic assembly.

In situ electrochemical SPR measurements enabled us
to transduce the bioelectrocatalytic functions of the enzyme
modified film by amperometric or optical means.

Moreover, the EC-SPR technique enabled us to study the
different aspects of the redox-induced film thickness changes,
ion-pair formation, and hydration. An understanding of the
physical change of the co-assembled structure brought about
by the applied potential is fundamental for developing an
efficient biosensor interface.

Besides the demonstration that the integrated hybrid
system exhibits controlled and improved sensing capabilities,
the significance of this study is focused on the design of a new
composite material that controls the biosensing performance.
Because the integration of the SAM with dendrimers is an
appealing choice in nanofabrication techniques, the assembly
of these materials with enzymes facilitate the downscaling of
biosensors to the nanometer regime.
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