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a  b  s  t  r  a  c  t

The  possibility  to  functionalize  selectively  with  thiols  or  disulfides  the  surface  of  the gold  nanoelec-
trodes  of  polycarbonate  templated  nanoelectrode  ensembles  (NEEs)  is  studied.  It is  shown  that  the
Au  nanoelectrodes  can  be  coated  by  a self  assembled  monolayer  (SAM)  of thioctic  acid  (TA)  or 2-
mercaptoethanesulfonic  (MES)  acid.  The  study  of  the  electrochemical  behavior  of  SAM-modified  NEEs  by
cyclic  voltammetry  (CV)  at different  solution  pH,  using  ferrocenecarboxylate  as  an  anionic  redox  probe
(FcCOO−)  and  (ferrocenylmethyl)trimethylammonium  (FA+)  as  a cationic  redox  probe,  demonstrate  that
the SAM-modified  nanoelectrodes  are  permselective,  in  that only  cationic  or neutral  probes  can  access
the SAM-coated  nanoelectrode  surface.  CV,  AFM  and  FTIR-ATR  data  indicate  that  proteins  such  as  casein
elf-assembled monolayers
rotein
odified electrodes

or  bovine  serum  albumin,  which  are  polyanionic  at pH  7,  adsorb  on  the  surface  of  NEEs  untreated  with
thiols,  tending  to block  the  electron  transfer  of  the  ferrocenyl  redox  probes.  On  the  contrary,  the  pre-
treatment  of  the  NEE  with  an  anionic  SAM  protects  the nanoelectrodes  from  protein  fouling,  allowing
the  detection  of  well  shaped  voltammetric  patterns  for the  redox  probe.  Experimental  results  indicate
that,  in  the  case  of  MES  treated  NEEs,  the  protein  is  bound  only  onto  the  polycarbonate  surface  which
surrounds  the  nanoelectrodes,  while  the  tips  of  the  gold  nanoelectrodes  remain  protein  free.
. Introduction

The nanoelectrode ensembles (NEEs), introduced by Chuck Mar-
in’s group in the mid  nineties [1],  have shown properties useful for

any advanced applications. In the electroanalytical and sensor
elds, NEEs are particularly attractive since they are character-

zed by highly improved signal-to-background current ratios and
xtremely low detection limits [1–4], they are suitable to extreme
iniaturization [3],  can be turned into 3-D nanoelectrode sys-

ems [5–8] or can be developed in groups of singly addressable
rrays for multianalyte detection [9,10].  Thanks to these properties,
EEs are finding numerous applications in different fields, from the
iomedical to the energy field, as described in some recent reviews
11,12]. It is interesting to note that NEEs are indeed nanocompos-
te made by a pre-ordered arrangement of two different materials.
n one side, there is the large surface of the templating membrane
omposed by an insulating organic polymer, typically track-etch
olycarbonate (PC) [1,13].  On the other side, each pore of the start-
ng membrane in the final NEE hosts a gold nanowire, suitable for
lectrochemical transduction. This duality in the structure of the
EEs surface was recently exploited in our laboratory to immobilize
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an antibody-based biorecognition layer onto the wide polycar-
bonate surface which surrounds the nanoelectrodes [14,15]. This
allowed the preparation of an electrochemical immunosensor able
to detect the receptor protein HER2, captured selectively by the
monoclonal antibody HerceptinTM bound on the polycarbonate
surface. It was shown that for the HerceptinTM case, the immobi-
lization of the antibody did not hinder the electron transfer at the
nanoelectrodes, thanks to the fact that this protein is characterized
by a high isoelectric point (pI  = 9.2) [16] which helps in avoiding
its adsorption on the gold surface. This is not necessarily the case
for negatively charged polypeptides, that is for proteins with low
pI, which are known to easily adsorb on gold. Several procedures
have been indeed developed to prevent undesired protein adsorp-
tion on gold [17,18] as well as on other materials [19]. Note that,
in the case of NEE-based biosensors, unwanted protein adsorption
could constitute a problem for extending their use to the analysis
of complex samples.

Pioneering studies developed on flat gold surfaces and micro-
electrodes [20–23] showed the possibility to modify electrode
surfaces and to tune their ionic selectivity by using self-assembled
monolayers (SAM) of thiols with carboxylate functionalities;

indeed, by changing the solution pH it is possible to change the
ionic charge of the monolayer. In the present research, we demon-
strate the possibility to use SAMs of thiols and disulfides to furnish
ionic permselectivity even to the surface of gold nanoelectrodes

dx.doi.org/10.1016/j.electacta.2011.06.034
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:ugo@unive.it
dx.doi.org/10.1016/j.electacta.2011.06.034
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Scheme 1. Structural formula of the thiol derivatives used.

ith diameter as small as 30 nm.  In particular, in the present study
e report for the first time on the modification of NEEs by self

ssembly of the cyclic disulfide thioctic acid (TA) and of the thiol
-mercaptoethanesulfonic (MES) acid (Scheme 1).

As said above, the majority of proteins adsorbable on gold are
olyanionic at physiological pH, therefore, we focused on Au-SAMs
ormed by negatively charged sulphur compounds which could
inder such undesired protein adsorption. Note that TA is a weak
cid, whose carboxylic group is characterized by a pKa of 5.4 [24],
herefore it is dissociated in neutral or basic solution while at low
H it is protonated, even when deposited as a SAM on Au [20].
n the other hand, MES  is a strong acid whose sulphonic group is
lways deprotonated (anionic).

Moreover, we bring such a surface modification to a further
oal, that is to generate on the NEEs more complex structures
hich exploit also the affinity of PC for proteins to create on the
olymer membrane a protein layer which surrounds, but does not
lock the nanoelectrodes. The proteins studied to this aim are the
lobular proteins casein and bovine serum albumin (BSA), which
resent well known fouling properties with respect to gold sur-
aces and polycarbonate as well [25,26]. We  demonstrate here the
ossibility to obtain on the NEE a complex structure in which the
olycarbonate is coated by a sort of protein cushion (on which
ther biomolecules can be eventually bound), among which the
anoelectrodes, protected by suitable SAMs, remain free to act as
fficient electrochemical transducers.

. Experimental

.1. Electrochemical apparatus

All electrochemical measurements were carried out at room
emperature with a CH660A potentiostat controlled via personal
omputer by its own software, using a three-electrode single-
ompartment cell equipped with a platinum counter electrode
nd an Ag/AgCl (KCl saturated) reference electrode, to which all
eported potential values are referred.

.2. FTIR-ATR (attenuated total reflection)

The spectra were recorded by a Thermo Scientific Smart iTR
quipped with a ZnSe crystal. The resolution of the instrument was
djusted to 4.0 cm−1 and every spectrum was  collected with 64
cans.

.3. AFM (atomic force microscopy)

AFM measurements were performed in air on samples dried
t room conditions, using a Veeco NS IV Dimension 3100 Scan-
ing Probe Microscope. Images were collected in Tapping modeTM

sing standard silicon cantilevers with typical resonant frequency

50 kHz, elastic constant 5 N/m. Tip curvature radius was 10 nm,

ength 6 �m,  conical angle 22◦. All the measurements were
erformed on NEEs fabricated with track-etched polycarbonate
embranes with pores diameter of 80 nm.  Preliminary electro-
 Acta 56 (2011) 7718– 7724 7719

static force measurements (EFMs) were performed with the same
apparatus, but using cantilever tips metalized with a 20 nm Pt layer
and applying a difference in potential of 20 V between the tip and
the sample.

2.4. Materials

Thioctic acid 98% and ferrocenecarboxylic acid (FcCOOH) 97%
were purchased from Aldrich; 3 M MES  solution in water was
from Sigma. The salt (ferrocenylmethyl) trimethylammonium hex-
afluorophosphate (FA+PF6

−) was prepared by metathesis of the
(ferrocenylmethyl) trimethylammonium iodide (Alfa Aesar) with
potassium hexafluorophosphate 99% (Alfa Aesar). Casein was from
VWR  International and was  dissolved (4 mM)  in 1 M maleic acid
buffer. BSA was  purchased from Sigma. Purified water was obtained
using Milli-Ro plus Milli-Q (Millipore) water purification system.
All other chemicals were reagent grade. Track-etch polycarbonate
(PC) membrane filters, thickness 6 �m,  were obtained from SPI-
poreTM with nominal pore diameter of 30 nm or 80 nm,  average
pore density 6 × 108 pores cm−2, coated with polyvinylpyrrolidone
(PVP) by the producer.

2.5. Template fabrication of NEEs

Polycarbonate membranes with 30 or 80 nm pore diameters
were used for preparing NEEs used for CV and AFM characterization,
respectively.

Ensembles of gold nanoelectrodes were prepared as previ-
ously described [7].  Briefly, after wetting for 2 h in methanol, the
track-etched polycarbonate membrane was  sensitized into 0.026 M
SnCl2, 0.07 M trifluoroacetic acid in 50% methanol in water, for
45 min. After rinsing in methanol, the membrane was  dipped in
0.029 M Ag[(NH3)2]NO3 for 10 min. The membrane was  rinsed
in methanol and then in water and successively was immersed
into the Au plating bath containing 7.9 × 10−3 M Na3Au(SO3)2 in
0.127 M Na2SO3, at 0 ◦C. After 30 min, 0.625 M formaldehyde was
added to the bath. Electroless deposition was  allowed to proceed
for 15 h, after which additional 0.625 M formaldehyde was added.
After a total of 24 h of plating, the golden membrane was rinsed
with water and immersed for 6 h in 10% HNO3, then rinsed again
with water and dried.

Handy NEEs were assembled as previously described [13].
Briefly: a small piece (approximately 8 mm × 8 mm)  of golden
membrane was attached to a suitable conductive substrate; the
gold layer on the outer face of the membrane was removed by peel-
ing with scotch tape (so that only the head of the gold nanowires
inside the pores will be exposed to the sample solution); all the
surface of the NEE, apart a hole of 3 mm diameter (which defines
the geometric area of the ensemble, Ageom = 0.07 cm2), was insu-
lated with a film of plastics (Monokote by Topflite). Good sealing
between the nanoelectrodes and the polycarbonate was  assured
by heating the NEE at 150 ◦C for 15 min. Note that the calculated
active area (surface of the nanoelectrodes) of the NEE with 30 nm
nanodisks diameter (used for the CVs) is 3 × 10−4 cm2. A schematic
drawing of a NEE is shown in Fig. 1.

2.6. NEEs modification

NEEs coated with a SAM of TA (TA–NEEs) were prepared by
overnight dipping in 0.01 M TA in 75% ethanol in water [27]. This
was  followed by rinsing with ethanol to remove any unbound
molecule. NEEs coated with MES  (MES–NEEs) were prepared by

overnight dipping in 0.01 M MES  water solution, followed by
repeated rinsing with water. Both procedures were carried out at
room temperature. NEEs treated with casein or BSA (Cas–NEEs and
BSA–NEEs, respectively) were obtained by dipping in a stirred solu-
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Fig. 1. Scheme of a Au-NEE prepared using a track-etched polycarbonate membrane
as  template (A). Particular of the section of the active area; (B) top view, (C) section of
the  all NEE ready for use as working electrode. a: Track-etched golden membrane;
b:  copper adhesive tape with conductive glue to connect to instrumentation; c:
a
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luminum adhesive foil with non-conductive glue; d: insulating tape. Not all details
namely, the nanoelectrodes dimension) are in scale.

ion of 0.2 mM casein or BSA solution in 0.01 M phosphate buffer
pH 7.5) for 30 min. The NEEs were repeatedly rinsed with pure
hosphate buffer before use. Some NEEs were pre-treated with
ES, before the protein treatment, to obtain MES–Cas–NEEs or
ES–BSA–NEEs.
In some preliminary experiments, the PVP which impregnates

he commercially available track-etched membranes was removed
y dipping the membranes in 50% (V/V) acetic acid (HAc) [28].

. Results and discussion

.1. Redox probes at SAM modified NEEs

At first, we studied the effect of TA and MES  adsorbed on the
urface of the nanoelectrodes by analyzing the cyclic voltammetric
ehavior of two ferrocene derivatives used as redox probes, that are
he cationic probe FA+ and the weak acid FcCOOH, which dissociates
o the anion FcCOO− in slightly alkaline solutions (pKa of FcCOOH
s 6.7 in water/methanol [29]). Relevant CV patterns are reported
n Figs. 2 and 3, while characteristic potential values, drawn from
hese CVs, are listed in Table 1.

Fig. 2a shows the comparison of the CVs of FA+ in slightly alka-
ine solution at the bare NEE (full line), TA–NEE (dashed line)
nd MES–NEE (dotted line). The three patterns practically over-
ap, showing the characteristics typical of a one-electron reversible
xidation process at a NEE operating under total overlap diffusion
onditions [1].  These results indicate that the presence of MES  or
A, at pH 9, does not influence the voltammetric behavior of the

+
ationic probe FA .
For FcCOO−, the peak to peak separation at the bare NEE (see

ig. 2b, full line and Table 1), is slightly larger, suggesting a quasi-
eversible behavior [1].  This can be attributed to the fact that NEEs
 Acta 56 (2011) 7718– 7724

are very sensitive to kinetics slow-down. Since the first studies on
NEEs [1,30],  it was indeed demonstrated that these ensembles of
nanodisk electrodes behave as electrodes with partially blocked
surface [31], for which the true heterogeneous kinetic constant
is substituted by an apparent one, the latter being smaller by a
factor which corresponds to the fractional electrode area, that is
the ratio between active and geometric area [1,30].  The validity of
such a model was confirmed also by more recent theoretical studies
[32–35].  The dashed and dotted lines in Fig. 2b, show that a com-
pletely different behavior is observed for FcCOO− at modified NEEs,
with the CVs at the TA–NEE (dashed line) and MES–NEE (dotted
line) becoming almost featureless.

All these evidences indicate that MES  and TA are indeed bound
on the gold surface of the nanoelectrodes forming a SAM. On the
basis of electrostatic interactions, these SAMs do not affect the elec-
trochemical behavior of the cationic probe FA+ while they repel the
anionic probe FcCOO−.

Fig. 3 shows the CVs recorded with the same NEEs and with
the same redox probes of Fig. 2, but in acidic solutions, namely in
10−2 M HCl. At the MES–NEE (dotted line in Fig. 3a) the CV of FA+

does not change significantly from the one recorded in neutral (not
shown) or slightly alkaline solution (see Fig. 2a) or at the bare-NEE
(full line), while at the TA–NEE (dashed line) only a broad voltam-
metric signal is recorded. At pH 2 the carboxylic groups of the
thioctic acid are protonated, therefore the TA layer is neutral and
produces an insulating coating which hinders the electron transfer.

For FcCOOH (see Fig. 3b) a significant suppression of the signal
is observed at the TA–NEE (dashed line), while the voltammet-
ric features typical of a one electron-oxidation are detected at the
MES–NEE (dotted line) and bare NEE (full line). Note that the proto-
nation of FcCOOH at pH 2 reflects in a shift of E1/2 to more positive
potential values (see 3rd column in Table 1).

The explanation for the voltammetric behavior of FcCOOH at
the TA–NEE is analogue to that for FA+: the SAM of TA is neutral
and generates an insulating layer on the surface of the nanoelec-
trodes. In the case of the MES–NEE, a well resolved CV signal is
detected also for FcCOOH due to the fact that at pH 2 the car-
boxylic group of the ferrocene derivative is protonated; the probe
is neutral and it is no more repelled by the negatively charged MES
layer.

All these results indicate that SAMs of suitable sulphur com-
pounds give ionic charge selectivity to NEEs, furnishing to the
nanoelectrodes the same permselectivity demonstrated previously
for the case of individual �m-sized electrodes [20–23].  A MES  layer
allows only cationic or neutral probes to access the nanoelectrode
surface to undergo successful electron transfer. Note that, for TA,
the selectivity is pH dependent while for MES  this property is pH
independent; for this reason, in the following part of the study, we
focused on MES.

3.2. Voltammetry at protein treated NEEs

Previous studies [26,36] reported that PVP, which impregnates
the commercially available PC membranes, can somehow inhibit
the adsorption of proteins on the polymer, even if such an adsorp-
tion is not completely prevented [37]. For this reason we  performed
some preliminary experiments comparing BSA and Cas adsorp-
tion on PVP coated vs. PVP-free PC membranes. In the latter case,
PVP was removed from commercially available membranes by HAc
treatment (see Section 2). The amount of protein adsorbed was
estimated by comparing the intensity of the color developed by
staining with Fuchsin acid [38] and Naphthol blue black [39]. It

was  observed that the protein adsorption is slightly higher in the
membranes treated with HAc, however this adsorption was not
negligible on the untreated commercial membranes. On the basis
of this result and taking into account that we  are interested in
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Fig. 2. Cyclic voltammograms in 10−2 M carbonate buffer, pH 9.0, of 1.0 × 10−4 M FA+PF6 (a) and 0.7 × 10−4 M FcCOOH (b), with a bare NEE (full lines), a TA–NEE (dashed
lines)  and a MES–NEE (dotted lines). Scan rate 20 mV  s−1.

F 4 M Fc
l

s
c
r
e

F
d
l

o
d
u
c
b
c
o

T
C

ig. 3. Cyclic voltammograms in 10−2 M HCl of 1.0 × 10−4 M FA+PF6 (a) and 0.7 × 10−

ines).  Scan rate 20 mV  s−1.

tudying the behavior of modified NEEs prepared from as-received
ommercially available membranes, in the following part of the
esearch we focused on NEEs obtained using PVP-coated PC track-
tched membranes.

Fig. 4 compares the voltammetric behavior of the redox probe
A+ at a bare NEE (full line), a Cas–NEE (casein treated, not thiolated;
ashed line) and a MES–Cas–NEE (MES and casein treated; dotted

ine).
Heavy distortion and degradation of the CV pattern is indeed

bserved at the Cas–NEE. The capacitive current, estimated as the
ifference in the forward to backward CV pattern [40] before the
praise of the voltammetric peak (e.g., at 0.2 V), increases dramati-

ally. With respect to the bare NEE, the peak signal for FA+ becomes
roader and less resolved from the background. Moreover, a signifi-
ant ohmic drop contribution is observed, which causes the sloping
f all the CV pattern. These evidences suggest that casein is strongly

able 1
haracteristic potential values relevant to the cyclic voltammograms in Figs. 2 and 3.

pH Analyte Bare NEE TA–N

E1/2 (V vs. Ag/AgCl) �Ep (V) E1/2 (V

9 FA+ 0.440 0.060 0.440
FcCOO− 0.330 0.090 No pe

2 FA+ 0.440 0.070 Broad
FcCOOH 0.430 0.090 No pe
COOH (b) at a bare NEE (full lines), a TA–NEE (dashed lines) and a MES–NEE (dotted

adsorbed on all the surface of the NEE, forming a blocking layer
which hinders the electron transfer at the surface of the Au nano-
electrodes. Similar characteristics were observed at BSA–NEEs (not
shown).

The adsorption of the proteins was  studied also by FTIR-ATR
measurements performed on NEEs, before and after treatment with
casein.

The gray-line spectrum in Fig. 5 shows the IR absorption fea-
tures typical of bisphenol-A polycarbonate [41]. The spectra of
the Cas–NEE (Fig. 5, black-line) and BSA–NEE (not shown) present
additional absorption peaks which are indicative of the presence
of a protein layer; they are: the broad absorption system in the

3100–3600 cm−1 range, due to N–H stretching with superimposed
the absorption bands typical for residual water; the peaks at
1730 cm−1, 1640 cm−1 and 1590 cm−1 which correspond to the
amides I, II and III absorption peaks, respectively. Our  results are

EE MES–NEE

 vs. Ag/AgCl) �Ep (V) E1/2 (V vs. Ag/AgCl) �Ep (V)

 0.060 0.440 0.060
aks Only a small reduction peak at 0.20 V

 peaks 0.440 0.070
aks 0.430 0.090
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ig. 4. Cyclic voltammograms recorded in 5 × 10 M FA , 0.01 M phosphate buffer
H 7.5 with a bare NEE (full line), a Cas–NEE (dashed line) and a MES–Cas–NEE
dotted line). Scan rate 20 mV  s−1.

omparable with those obtained by Kim et al. [41] for BSA adsorbed
n virgin PC. The evidence that spectra recorded on NEEs and virgin
C displays the same features excludes any key-role for the adsorp-
ion of the protein related to the presence or absence of the gold
anoelectrodes.

The dotted line in Fig. 4 shows the CV recorded in FA+

t a MES–Cas–NEE, that is a NEE in which the nanoelec-
rodes were coated with MES  before being dipped in the
asein solution. The comparison with the signal at the Cas–NEE
ith no previously adsorbed SAM, indicates that MES  pro-

ects efficiently the nanoelectrodes from the adsorption of the
rotein, allowing one to record perfectly reversible signals
or FA+ oxidation even after treating the NEE with the pro-
ein solution. Fully comparable results were obtained for BSA
not shown).

.3. AFM characterization of NEEs

In order to investigate the morphology of the NEEs treated
ith MES  and proteins, AFM characterizations were performed.
he topography of a bare NEE prepared with track etched PC, with
ores of 80 nm nominal diameter, is shown on the left side in
ig. 6a. The dark spots, of approximately 120 nm diameter, corre-

Fig. 5. FTIR-ATR spectra of a bare NEE (gray-line) and a Cas–NEE (black-line).
 Acta 56 (2011) 7718– 7724

spond to the nanoelectrodes, while the middle-toned flat surface
corresponds to the surrounding PC. This image as well as the pro-
file on the right (taken in correspondence of the white line on
the topographic image), confirm that the majority of the pores
are filled with nanowires. In particular, the profile shows that the
heads of the wires are slightly recessed with respect to the outer
surface of the membrane; for instance, the nanoelectrode in posi-
tion around 0.10 �m is approximately 30–40 nm recessed, while
the nanoelectrode in position 2.00 �m is approximately 20 nm
recessed. Note that AFM profiles of virgin track-etched polycar-
bonate membranes (not shown) demonstrate that the cantilever
penetrates into the empty pores up to a depth of 100 nm, which
corresponds to the maximum depth accessible with the cantilever
tips used here. Preliminary electrostatic force measurements (not
shown) gave large electrical conductivity values only in correspon-
dence of the position of the dark spots in Fig. 6a, so confirming
that the pores are now filled with metal nanowires. The number
of nanoelectrodes per unit area (surface density) was  evaluated
by counting the dark spots detected in a square 10 �m × 10 �m
in the AFM and EFM topographic images; the measured surface
density matches with the nominal pore density declared by the
producer that is 6 × 108 pores (or nanoelectrodes) cm−2. The aver-
age diameter of the nanoelectrodes, drawn from the AFM data,
results slightly larger (approximately 120 nm)  than the nominal
diameter of the pores (80 nm). All these results agree with pre-
vious detailed studies performed by using a variety of electron
microscopies [42,43] which demonstrated that, by performing
gold deposition under the experimental conditions used here, the
majority of the pores are indeed filled with gold and that the
obtained nanoelectrodes have diameters slightly larger than the
nominal values of the pores. The slight recession observed for
the gold NEEs is probably due to the procedure used to clean
the NEEs from the outer deposit of gold by peeling with scotch
tape [1].  This agrees with previously reported evidences that the
peeling of the NEE surface can break the very end of the gold
nanowires; on one side Martin and co-workers showed this by care-
ful FE-SEM analysis [44], on the other side, evidences of a slight
recession were gained by the observation of some peculiarities in
the electrochemical behavior of NEEs in high viscosity ionic liquids
[45], where NEEs operate under pure radial diffusion conditions.
It must be emphasized that when NEEs operate in total overlap
regime, this slight recession has no final effect on the voltammetric
patterns [45].

It should be noted that the same AFM measurements were per-
formed on MES–NEEs, but data did not show relevant differences
between not-thiolated vs. thiolated electrodes (not shown), since
the SAM is too thin (approximately, 5 Å thick [46]) to be detected.

To study the role of the adsorption of proteins and the effi-
ciency of the protection by SAMs, a bare NEE and a MES–NEE were
dipped for 30 min  in a solution containing BSA. The obtained sam-
ples, named BSA–NEE and MES–BSA–NEE, respectively, were then
analyzed by AFM and relevant results are shown in Fig. 6b and c,
respectively.

The topography and profilometric pattern of the BSA–NEE
(Fig. 6b) show that the protein molecules coat almost all the surface
of the unthiolated NEE so causing an increase of the roughness of
the outer surface. Only few nanoelectrodes (dark spots) can now
be distinguished (such as those, for instance, at positions 0.00, 1.65
and 1.80 �m in the profile).

Fig. 6c shows that the situation changes dramatically for the
MES–BSA–NEE. The topographic image demonstrates that, even
after prolonged contact with the BSA solution, the thiolated nano-

electrodes remain free and their tips are clearly distinguishable
from the surroundings. The roughness of the profile is still higher
than in Fig. 6a (bare NEE), however, the height of the step which
corresponds to the spatial transition between each nanoelectrode
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ig. 6. AFM of a bare NEE (a), of a BSA–NEE (b) and of a MES–BSA–NEE (c). On t
orrespondence of the white lines shown in the topographic images.
nd the surrounding insulator, increases, being now approximately
ouble than the height of the steps reported in Fig. 6a. In the profile
n the right of Fig. 6c, the steps for the two nanoelectrodes in posi-
ion 1.40 and 1.80 �m are now 50–60 nm high. All these evidences
t: the topography of the surface; on the right: profilometric sections obtained in
indicate that a protein layer is adsorbed on the MES–BSA–NEE, but
it coats only the PC, while the thiolated nanoelectrodes are pro-
tein free. These observations fully match with the voltammetric
evidences reported in the previous section.



7 himica

4

o
s
s
t
e
e
p
[
t
b
n
t
N
c
e
t
t
s

A

P

W
a
m

R

[
[
[

[

[

[

[
[
[
[
[
[
[
[
[

[

[
[
[
[
[

[
[
[
[

[
[
[
[
[
[

[
[

[

[

724 M. Silvestrini et al. / Electroc

. Conclusions

The results here reported confirm the effectiveness of SAM
f TA and MES  to functionalize the gold surface of the very
mall nanoelectrodes that compose a NEE. This is useful, on one
ide, for protecting the Au nanoelectrode from undesired adsorp-
ion of proteins so avoiding interferences in the transduction of
lectrochemical signal. Note that, de-protection of the Au nano-
lectrodes surface by electrochemical desorption of SAMs is, in
rinciple, possible by performing the cathodic stripping of the SAM
47,48]. On the other hand, the present results open the way to
he selective functionalization of NEEs, which can be performed
y arranging different chemical functionalities on the gold of the
anoelectrodes vs. the organic surface of the polycarbonate. In
he examples shown here, the final result of the modification of
EEs with MES  and proteins can be imaged as a sort of protein
ushion deposited on the PC with the SAM-coated gold nano-
lectrodes remaining protein free. To the best of our knowledge,
his is the first report showing the possibility to exploit NEEs for
he controlled building of such a protein-thiols interconnected
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