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The present manuscript describes studies of the electron transfer kinetics at gold electrodes modified by
electrostatic self-assemblies of polyethylenimine (PEI), DNA and gold nanoparticles (NP) by Scanning
Electrochemical Microscopy (SECM). Two redox mediators of similar structure, ferrocenemethanol
(FcOH), and ferrocenecarboxylic acid (FcCOOH) were used to evaluate the effect of the electrode modifi-
cation on the electron transfer process. For both redox probes, the observed electrochemical behavior was
dependent of the charge of the external layer of the self-assembled structure. The corresponding appar-
ent heterogeneous rate constant, k0, was determined. The effect of NP adsorption was also evaluated.
Independently of the mediator used, an increase of the k0 was observed when NPs were incorporated,
and the surfaces presented a conductive behavior similar to the bare gold electrode. SECM images using
FcOH as redox mediator were also recorded. Variations in the normalized currents permitted to evaluate
differences of the surface electroactivity due to the polymers and/or nanoparticles adsorption.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Electrostatic layer-by-layer assembly is a highly attractive ap-
proach for the construction of functional multilayer architectures
at electrodes surfaces, particularly for sensing purposes [1]. Self-
assembled process traditionally involves the alternate contact with
polyelectrolyte pairs (i.e., a polyanion and a polycation) [2] to form
polyelectrolyte (PE) multilayers (PEM). In these systems, adsorp-
tion is typically driven via electrostatic interactions with a charged
substrate. Adsorption results in charge overcompensation, which
then facilitates the subsequent adsorption of another, oppositely
charged PE. Using this easy-of-operation technique is possible to
control the surface charge and the thickness of the film in a quite
simple way [2]. Proteins, enzymes, DNA, polymers and nanoparti-
cles of different materials have been incorporated in self-assem-
bled multilayers [3]. The combination of nanomaterials and
biomolecules is of great interest in the field of electroanalysis.
Nanoparticles (NP) are important in the immobilization of biomol-
ecules due to their large specific surface area, excellent biocompat-
ibility and good conductivity. In addition, metal nanoparticles
contribute to facilitate the electron transfer to redox molecules,
acting as tiny conduction centers [4]. NP provide a general route
for the development of biosensors as they enable immobilization
ll rights reserved.
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of a variety of biomolecules. Recently, nanostructured films fusing
the properties of metallic nanoparticles and DNA have been re-
ported [5,6]. The combination of the recognition capability of
DNA with the particular properties of the nanoparticles makes
these platforms very attractive for the development of biosensors.
Understanding structure-properties relationships of NP-modified
electrodes is a key step in their effective application in electro-
chemistry.

Several techniques have been used to characterize the multi-
layers structure. Among them, the electrochemical ones allow
evaluating the electron transfer kinetics to redox probes, which
are connected to the transport properties across the PEM. Scan-
ning Electrochemical Microscopy (SECM) makes possible both, to
study the electron transfer (ET) process and to distinguish be-
tween regions of different conductivity or electrochemical activity
with high spatial resolution [7–12]. Some few examples of SECM
application to study the effect of NP in the electrochemical reac-
tivity of self-assembled structures have been reported [13–17].
In a recent review, Merkoçi et al. [18] have described the advanta-
ges of the SECM to investigate intrinsic electrochemical properties
and also catalytic features of NP. On the other hand, Bard and
coworkers employing ultramicroelectrodes have studied the elec-
trocatalytic activity of Pt nanoparticles modified with alkane thi-
ols [19,20].

In this work we propose the use of SECM to study charge trans-
fer processes of redox probes across self-assembled multilayers of

http://dx.doi.org/10.1016/j.jelechem.2009.11.009
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polyethylenimine (PEI), dsDNA and gold nanoparticles (NP). The
goal is to evaluate the effect of the different self-assembled layers,
and, particularly, the changes observed after the adsorption of
nanoparticles on the electrochemical activity at the electrode
surface.
2. Experimental part

2.1. Reagents

Polyethylenimine (PEI) 50% w/v (Catalog number P-3143), gold
nanoparticles (NP) citrate stabilized of 10 nm nominal diameter
(Catalog number G-1527) and double stranded calf thymus DNA
(dsDNA) (activated and lyophilized, catalog number D4522) were
from Sigma. DNA stock solutions (1000 ppm) were prepared in
Tris–EDTA (TE) buffer (1� concentrate, 20 mM Tris–HCl, 1 mM
EDTA, pH 8.0), while the dilutions were made using a 0.10 M phos-
phate buffer solution pH 7.50. DNA concentration was determined
by UV–Vis spectroscopy. 3-mercapto-1-propanesulfonic acid
(MPS), ferrocenemethanol (FcOH) and ferrocenecarboxylic acid
(FcCOOH) were from Aldrich. Other chemicals were reagent grade
and used without further purification. All solutions were prepared
with ultra-pure water (18 MX cm) from a Millipore MilliQ system.

2.2. Equipment

Cyclic Voltammetry and Scanning Electrochemical Microscopy
were performed with a CHI 900 (CH Instruments Inc., USA). Gold
disk electrodes (Au) of 3 mm diameter (CHI 101) were used as sub-
strate. Chronoamperometric experiments to determine the redox
mediator diffusion coefficient were performed using a CHI 400
(CH Instruments Inc., USA) and a glassy carbon of 0.070 cm2 geo-
metric area (CHI 104) as working electrode. In all the experiments
a platinum wire and Ag/AgCl, 3 M NaCl (BAS, Model RE-5B) were
used as counter and reference electrodes, respectively. A home-
made carbon fiber electrode of ca. 10 lm diameter served as SECM
ultramicroelectrode (UME) (RG = 10). It was prepared as follows: a
10 lm carbon fiber was washed with acetone, dried, and placed
into a 10 cm long, 1 mm i.d. Pyrex tube sealed at one end. The oxy-
gen was removed by introducing argon through the open end of
the tube, in order to avoid the carbonization of the fiber. The sealed
end of the tube was heated with a helix heating coil to seal the
glass around the fiber. This extreme was polished with sandpaper
until the carbon fiber cross sections was exposed, and then with
0.05 lm alumina paste (Buehler, Ltd., Lake Bluff, IL). The electrical
contact with a Cu wire was made of silver paint. The glass-wall sur-
rounding carbon fiber was conically sharpened with sandpaper un-
til the diameter of the flat glass section surrounding the carbon
fiber was �100 lm. The evaluation was performed by optical
microscopy. Finally, the tip was polished with alumina before each
experiment. The tip radius was verified by cyclic voltammetry.

2.3. Modification of the working electrode

The cleaning procedure of gold electrodes included polishing
with 0.05 lm alumina for 6 min, careful sonication in deionized
water for 5 min, and immersion in ‘‘Piranha” solution (1:3 v/v
H2O2/98% H2SO4) for 10 min, followed by a rinsing step with ul-
tra-pure water. Caution: ‘‘Piranha” solution is very corrosive and
must be handled with care. The clean surfaces were stabilized by
cycling the potential between 0.200 V and 1.650 V at 10 V s�1 in
a 0.50 M sulfuric acid solution until obtaining a reproducible re-
sponse. Before each experiment a cyclic voltammogram at 0.100
V s�1 in the same supporting electrolyte solution was performed
to check the surface conditions.
The adsorption of MPS was performed by soaking the electrode
for 30 min in a 2.00 � 10�2 M MPS prepared in 1.6 � 10�3 M sulfu-
ric acid solution, followed by a careful rinsing with deionized
water.

The multilayer system was obtained by alternate immersions in
PEI and dsDNA. PEI adsorption was performed from a 2.0 mg mL�1

aqueous solution for 20 min, while dsDNA was adsorbed from
100 ppm solutions prepared in 0.10 M phosphate buffer pH 7.50
for 60 min. After each immersion step, the electrode was copiously
rinsed with phosphate buffer. The resulting electrodes are indi-
cated as Au/MPS/PEI-dsDNA.

To evaluate the effect of gold nanoparticles, we adsorbed bilay-
ers of PEI-NP alternatively with PEI-dsDNA bilayers. The adsorp-
tion of gold NP was obtained by immersion of the electrodes in a
NP solution for 60 min. After that, the surface was copiously rinsed
with buffer solution. The resulting electrodes are indicated as
Au/MPS/PEI-NP/PEI-dsDNA.

To evaluate the effect of the NP adsorption time on the electro-
chemical response of the redox probes, NP were adsorbed 15, 30,
60 or 120 min on the top of Au/MPS/PEI electrode.
2.4. SECM

The feedback mode was selected as operation mode of SECM
and it is essentially based on the measurement of the current pro-
duced at the ultramicroelectrode (UME), iT, when it is brought close
to the substrate in the presence of a redox mediator [21–22]. Far
from the substrate the steady-state current of the UME is
iT,1 = 4naFDC, where n is the number of electrons transferred per
redox event, F the Faraday constant, D the diffusion coefficient of
the electroactive specie and ‘‘a” is the tip radius. In the diffusion-
controlled positive feedback case, iT > iT,1, indicating that the sub-
strate acts as a conductive surface producing an additional flux of
the redox mediator at the UME. On the contrary, in the negative
feedback case, iT < iT,1, meaning that the substrate acts as an elec-
trical insulator hinders the flux of the redox mediator to the
surface of the UME [23].
2.4.1. Determination of k0

The heterogeneous rate constants k0 for the electron transfer
(ET) reaction were obtained by fitting the experimental current
vs. distance curve (iT–d), to the theoretical values [24]. Scheme 1
shows a diagram of the SECM experimental setup employed.
2.4.2. SECM Images
SECM feedback mode was selected to obtain images of each

modified surface using a 5.0 � 10�4 M FcOH solution. The UME
and the substrate potentials were held at 0.500 V and 0.000 V,
respectively, allowing the feedback takes place between both elec-
trodes. Part of the gold electrode (no more than 1/3 of its surface)
was kept without modification; the UME was approached to this
unmodified section at a scan rate of 0.5 lm s�1 and automatically
stopped when the current reached 1.25 times iT,1. According to
the theoretical curve that describes the dependence of iT vs. dis-
tance between UME and substrate (d), a value equal to 1.25 iT,1
corresponds to a separation of �10 lm for an UME of 5 lm and
RG � 10. RG is the ratio of the radius of the insulating sheath
around the electrode and the carbon fiber [21].

Once the approach curve was done, the UME was moved in the
x direction to make sure it was over the film, and then a series of
constant height images were recorded in a 100 lm � 100 lm area
at 1 lm s�1 UME scan rate. The results are presented in a dimen-
sionless form normalizing the experimental feedback current, iT,
by the steady-state current iT,1.



Scheme 1. Diagram of the SECM experimental setup and the modified electrodes without (A) and with gold nanoparticles adsorbed (B).
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3. Results and discussion

3.1. Electrochemical activity at the PEM modified surface

To evaluate the influence of the external layer of the PEM on the
electrochemical activity at the surface, two redox labels were used,
FcOH and FcCOOH. The results obtained at gold electrodes modi-
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Fig. 1. Normalized current–distance curves for the UME approaching to: (a) Au, (b)
Au/MPS, (c) Au/MPS/PEI, and (d) Au/MPS/PEI-dsDNA in (A) 5.0 � 10�4 M FcOH, and
(B) 5.0 � 10�4 M FcCCOH. ET = 0.500 V and Es = 0.000 V. Supporting electrolyte
0.10 M phosphate buffer pH 7.5.
fied with MPS, PEI, dsDNA and NP, were compared. Fig. 1 presents
the approach curves obtained at: (a) Au, (b) Au/MPS, (c) Au/MPS/
PEI, and d) Au/MPS/PEI-dsADN for FcOH, (Fig. 1A), and FcCOOH,
(Fig. 1B), while applying ET = 0.500 V and ES = 0.000. Under this
condition, at both electrodes a diffusion-controlled process is pro-
moted. A rather fast regeneration of FcOH is observed at bare gold
(a), and Au/MPS (b), while at Au/MPS/PEI (c) and Au/MPS/PEI-
dsADN (d) the electron transfer is slower, particularly when the
external layer is the polycation PEI, (curve c). These results are con-
sistent with that obtained by cyclic voltammetry; Table 1 shows
the values of DEp of the different modified electrodes from voltam-
mograms recorded at 0.100 V s�1. Labbé et al. [25], have demon-
strated that MPS monolayer is a rather open structure whit a 60%
of the coverage reported for a densely packed thiol monolayer, that
constitutes a kinetic barrier toward the permeation of FcOH be-
cause of its high hydrophobicity. As a consequence, the electron
transfer of this redox probe mainly occurs by electron tunneling
through the MPS layer, since the contribution of MPS-free pinholes
and defects is low. Accordingly, the cyclic voltammogram of FcOH
at 0.100 V s�1 is only slightly perturbed by the presence of MPS.
Our results are in good agreement with this information. On the
other hand, the adsorption of PEI and dsDNA at the top of MPS con-
stitutes a barrier that avoids a closer approximation of FcOH to the
electrode surface producing an increase in DEp value, particularly
when the external layer is PEI, and less conductive approach
curves.

Regarding the behavior of FcCOOH (Fig. 1B), a conductive
behavior is observed at bare electrode while the ET is partially
blocked after the adsorption of MPS, PEI and dsDNA. The electro-
static repulsion between the negatively charged MPS and the anio-
nic probe (at the pH employed) could be the reason for this SECM
Table 1
Variation of peak potential separation as function of the electrode modification.

Surface FcOH DEp (V) fccOOH DEp (V)

Au 0.071 0.069
Au/MPS 0.097 0.155
Au/MPS/PEI 0.350 0.210
Au/MPS/PEI-dsDNA 0.145 0.245
Au/MPS/PEI-NP 15 min ads. 0.061 0.073
Au/MPS/PEI-NP 30 min ads. 0.061 0.067
Au/MPS/PEI-NP 60 min ads. 0.062 0.067
Au/MPS/PEI-NP 120 min ads. 0.064 0.067
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behavior and the increase observed by cyclic voltammetry in the
DEp value.

These results evidence a selective response of the surface
depending on the redox mediator used, since a modification on
the electroactivity is observed when changing the mediator.
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Fig. 2. Normalized current–distance curves for the UME approaching to Au/MPS/
(PEI-dsDNA)1 in (A) 5,0 � 10�4 M FcOH, ET = 0.500 V and Es: (a) 0.150 V, (b) 0.100 V,
(c) 0.050 V, (d) 0.00 V (e) �0.050 V and (f) �0.100 V; and (B) 5.0 � 10�4 M fccOOH,
ET = 0.500 V and Es: (a) 0.200 V, (b) 0.100 V, (c) 0.050 V (d) 0.000 V and (e) �0.050 V.
Supporting electrolyte 0.10 M phosphate buffer pH 7.5.

100 150 200 250

-0.5

0.0

0.5

1.0

1.5

0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

2.5

Ln
 K

b,
s

ES - E
0 / mV

g
f
e

d

c

A

no
rm

al
iz

ed
 c

ur
re

nt

L (d/a)

Fig. 3. Experimental (dotted) and simulated (solid lines) approach curves for (A) Au/
�0.050 V, (b) 0.000 V, (c) 0.050 V, (d) 0.075 V, (e) 0.100 V, (f) 0.150 V (g) 0.200 V. The u
feedback curves, respectively. Insets show the corresponding plots for the determination
the clamping action of the coarse piezo positioners.
3.2. Electron transfer behavior at Au/MPS/PEI-dsDNA modified
electrode

To get a better inside of the electrochemical response of FcOH
and FcCOOH we evaluate the effect of the substrate overpotential
at Au/MPS/PEI-dsDNA from normalized current vs. distance curves.
The UME, at a constant potential, ET, was approached to the mod-
ified surface kept at different potential, ES. Fig. 2A shows the curves
corresponding to FcOH at ET 0.500 V and Es between 0.150 V (a)
and –0.100 (f), while Fig. 2B displays the approach curves obtained
using FcCOOH at ET 0.500 V and ES between 0.200 V (a) and �0.050
(e). On the top of this surface, both redox mediators present a
quasireversible electrochemical behavior being DEp = 0.145 V and
Epc = 0.150 V for FcOH and DEp = 0.245 V and Epc = 0.205 V for
FcCOOH. Therefore, a change in the substrate overpotential, g, will
influence the rate constant for the reduction of the mediators at
the substrate (kb,s) and the resulting feedback current. When the
energy applied to the substrate is not enough, ES close to Epc, e.g.,
0.150 V for FcOH or 0.200 V for FcCOOH, (curves a in Figs. 2A
and B, respectively), the approach curve obtained is close to the
theoretical one for pure negative feedback. As the substrate poten-
tial becomes more negative, a positive measurable feedback is
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MPS, (B) Au/MPS/PEI-dsDNA using 5.0 � 10�4 M fccOOH, ET = 0.500 V and Es: (a)
pper and the bottom dashed lines represent the theoretical positive and negative
of k0. The small deviation in the experimental data at d/a �0.6 is an artifact due to

Fig. 4. Surface-plot images of Au, Au/MPS/PEI-dsDNA, and Au/MPS/PEI in
5.0 � 10�4 M FcOH, ET = 0.500 V and Es = 0.000 V. Image parameters:
100 lm � 100 lm at 1 lm s�1 UME scan rate. Supporting electrolyte 0.10 M
phosphate buffer pH 7.5.
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observed, indicating a fast regeneration of FcOH and FcCOOH at
Au/MPS/PEI-dsADN. On the other hand, comparing the approach
curves for both redox mediatos at the same substrate potential,
e.g. for Es = 0.000 V (curve d for FcCOOH and curve d for FcOH), it
is clear that FcCOOH presents lower feedback current than FcOH.
This effect could be related to the electrostatic repulsion between
the charges of the supramolecular architecture ended in dsDNA
and the carboxylate groups of the mediator at the solution pH.

3.3. Determination of k0 at the modified electrode

A quantitative analysis of the ET rate variation at the modified
surfaces was also done. The heterogeneous rate constants k0 for
the ET reaction were obtained by fitting the experimental current
vs. distance curve (iT–d) to the theoretical values to obtain the
dimensionless kinetic parameter Kb,s, (Kb,s = a kb,s/D) [26,27]. For
the final calculation it was necessary to determinate the diffusion
coefficient of each compound in the reaction medium. For that pur-
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FcOH, ET = 0.500 V and Es: 0.000 V, 0.050 V, 0.100 V, 0.150 V, and 0.170 V. Inset shows
Surface-plot images and contour images corresponding to (a) Au/MPS/PEI-NP and (b) Au
pose, chronoamperometric measurements were performed with
5.0 � 10�4 M solutions of redox mediator solutions in a 0.10 M
phosphate buffer solution pH 7.50. The diffusion coefficient values
obtained were: (8.0 ± 0.1) 10�6 cm2 s�1 and (9.2 ± 0.2)
10�6 cm2 s�1 for FcOH and FcCOOH, respectively. These values
are in good agreement with previous reports [28–30].

Fig. 3 shows the experimental (dotted lines) and theoretical (so-
lid lines) approach curves using FcCOOH as redox mediator at
ET = 0.500 V and different substrate potentials. The insets show
the plots of ln Kb,s vs. the overpotential applied to the surface. On
the gold bare electrode, a complete conductor behavior is observed
(DEp = 0.070 V) (data not shown), while when the outer layer is
MPS (Fig. 3A), the calculated k0 value is (2.64 ± 0.08) � 10�3 cms�1.
The repulsive interaction between MPS sulfonate and carboxylate
groups hinders the process and produces a decrease of k0. When
dsDNA is adsorbed on the top of the structure, k0 decreases up to
(1.1 ± 0.5) � 10�3 cms�1 probably due to the repulsive interaction
of the negatively charged polyelectrolyte located in the outer layer
 (B) Au/MPS/PEI-NP/PEI 
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-NP and (B) Au/MPS/PEI-NP/PEI with 60 min of NP adsorption time in 5.0 � 10�4 M
the CVs of the redox mediator at 0.100 V s�1. The arrows indicates ES applied. (C)
/MPS/PEI-NP/PEI-dsDNA. Experimental conditions as Fig. 4.
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with the carboxylate groups of FcCOOH. Taking into account the k0

value determined from SECM, cyclic voltammogram at 0.100 V s�1

were simulated using software DIGISIM
�

2.1CV simulator for Win-
dows and a value of DEp = 0.145 V and 0.215 V were obtained for
AU/MPS and Au/MPS/PEI-dsDNA (not shown). The difference be-
tween calculated and experimental results is probably due to a
more complex behavior than the one assumed in this paper. In this
sense Amatore and coworkers [31] have proposed a theoretical
analysis to treat cyclic voltammograms at a partially covered elec-
trode with microscopic defect by a CEC mechanism instead of a
simple E mechanism.

Similar experiments were performed with FcOH, (not shown).
The results demonstrated a conductive behavior at bare gold elec-
trode. At Au/MPS the ET rate becomes quasireversible, and a k0 va-
lue of (4.0 ± 0.1) � 10�2 cms�1 was determined. After the
adsorption of the polycation PEI, the ET to the ferricinium cation
is constrained by the electrostatic repulsion between the positively
charged PEI and the oxidized mediator, and the response become
slower. The k0 value obtained for Au/MPS/PEI-dsDNA was
(2.4 ± 0.4) � 10�3 cm s�1 (DEp = 0.145 V). In this case the simulated
voltammogram presented a DEp = 0.146 V.

Surface-plot images of the modified electrodes were also per-
formed, we selected FcOH as redox mediator because it would al-
low differentiate electrochemical reactivity of the modified
surfaces. The images were scanned at a UME-substrate distance
of �10 lm with a ET = 0.500 V and a Es = 0.000 V which ensure
the maximum diffusion-controlled process at both, the UME and
the gold modified electrodes. Fig. 4 shows the SECM surface-plot
images, presented as normalized current of Au, Au/MPS/PEI sur-
faces, and Au/MPS/PEI-dsADN. At bare gold electrode, a typical
substrate conductive behavior is observed, with current close to
1.20 times the steady-state value and a regular topography. At
Au/MPS/PEI surface, the normalized current decreases from
�1.20 to �0.80, in agreement with the behavior observed in the
Fig. 6. SECM contour images of Au and Au/MPS/PEI-NP with 15, 60 and 120 min of NP
Experimental conditions as Fig. 4.
approach curves (Fig. 1A, curve c) confirming that PEI hinders the
electrochemical response of ferricinium cation and consequently
the diffusion-controlled feedback. On the other hand, when dsDNA
is present in the outer layer of the surface an increase in the
normalized current values is observed, being 1.05 times the
steady-state current. The normalized currents of the surfaces are
consistent with the k0 values informed previously using FcOH. In
all cases, homogeneous surfaces were obtained, indicating that
the modifications did not produce significant changes in the elec-
trode topography. As the literature report that a bilayer of PEI-
dsDNA has a thickness of 4.5 nm [32], the adsorption of PEI-dsDNA
produces a variation in the UME-surface distance that corresponds
just to 2.3% of iT value, therefore the differences observed in the
normalized current can be associated to modification in ET of FcOH
at the substrate and not to a topographic effect.

3.4. Influence of gold nanoparticles adsorbed at the PEM on the
electrochemical behavior of the redox mediators

To evaluate the effect of the adsorption of gold nanoparticles at
the PEM we compare the response obtained at Au/MPS/PEI-NP and
Au/MPS/PEI-NP/PEI electrodes (Fig. 5A and B, respectively),
employing 60 min of NP adsorption and FcOH as redox mediator.
A series of approach curves was carried out on each surface varying
ES. A diffusion-controlled positive feedback was obtained in all
cases, even at the lowest applied substrate overpotential. In fact,
a behavior close to the pure diffusion-controlled positive feedback
was observed even after a second PEI adsorption. Fig. 5C shows the
SECM images of Au/MPS/PEI-NP and Au/MPS/PEI-NP/PEI-dsDNA.
The presence of NP in the first bilayer increases the feedback
normalized current from �0.8 at Au/MPS/PEI (Fig. 4) to �1.15 at
Au/MPS/PEI-NP. The comparison between the contour images of
Au/MPS/PEI-NP/PEI-dsDNA and Au/MPS/PEI-dsDNA (Fig. 5C plots
a and b respectively), clearly evidences that the adsorption of NP
adsorption time. Numbers on the images correspond to normalized current values.
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facilitates the electron transfer process of FcOH at the modified
surface, since higher feedback currents are obtained when NP are
immobilized as a sub-layer of PEI-dsDNA. These results are consis-
tent with those presented in Table 1, where by cyclic voltammetry
a decrease in DEp value is observed after the adsorption of NP at
the top of PEI. The effect is also detected with the negatively
charged FcCOOH, indicating that the increase in the electrochemi-
cal response is not consequence of PEI neutralization which should
produce a diminution of the electrostatic repulsion, since such ef-
fect is not observed after the adsorption of dsDNA.

Several studies have reported that the electrode activity is re-
stored after depositing NP on alkanedithiols [14] or polymers layer
[33]. These works indicate that redox reaction can occur at NP sur-
faces and that NP can act as ‘‘electron relays” between the electro-
lyte solution and the underlying electrode [34]. The effects in the
electrochemical responses (e.g., peak height, width, or separation
in cyclic voltammograms) are depending on NP size, interparticle
spacing, and packing density. To evaluate this point, we analyze
the variation of the electrochemical response as function of NPs
adsorption time. Fig. 6 shows SECM contour images of Au/MPS/
PEI-NP with 15, 60 and 120 min of NP adsorption in comparison
with Au. An increase in the feedback current is observed as the
NP adsorption time increases. The adsorption of more NP produces
an improvement in electrochemical reversibility of redox media-
tors at the modified electrode and consequently an increased feed-
back current. At this NP-modified electrodes, the electron
communication process could involve two steps: (i) electron trans-
fer between the redox couple and the tethered NP, (ii) electron tun-
neling through the polymer and thiol layer, between NP and the
underlying electrode. The results indicate that, once the nanoparti-
cles adsorption occurs, the number of routes for tunneling changes
and, accordingly, the apparent electron transfer rate is modified.

4. Conclusions

Self-assembled multilayers of PEI-dsDNA and PEI-NP were effi-
ciently adsorbed on MPS modified gold electrode. The electron
transfer kinetics for the redox probes at different modified surfaces
was evaluated from SECM experiments. The k0 values were highly
dependent on the external layer of the self-assembled structure as
well as on the mediators charge. Independently of the mediator
employed, the adsorption of gold nanoparticles increases the
apparent k0 values that allow obtaining a conductive behavior like
bare gold electrodes. The presence of NP also produces an incre-
ment in the feedback response including electrodes with PEI-NP
as a sub-layer. These results suggest that the development of rec-
ognition platforms integrating dsDNA and NP could be an attrac-
tive approach to enhance the response of electrochemical
biosensors based on the use of DNA as recognition element.
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