J Nanopart Res (2012) 14:1148
DOI 10.1007/s11051-012-1148-2

RESEARCH PAPER

Development of a gold-nanostructured surface

for amperometric genosensors

Chiara Zanardi - Clara Baldoli -
Emanuela Licandro - Fabio Terzi - Renato Seeber

Received: 15 March 2012/ Accepted: 23 August 2012
© Springer Science+Business Media B.V. 2012

Abstract A gold-nanostructured surface has been
obtained by stable deposition of chemically synthe-
sized gold nanoparticles (2.1-5.5 nm size range) on a
gold substrate through a dithiol linker. The method
proposed for the obtainment of the nanostructure is
suitable for the further stable anchoring of a peptide
nucleic acid oligomer through four amine groups of
lysine terminal residues, leading to fairly reproducible
systems. The geometric area of the nanostructured
surface is compared with those of a smooth and of an
electrochemically generated nanostructured surface
by depositing a probe bearing an electrochemically
active ferrocene residue. Despite the area of the two
nanostructures being quite similar, the response
toward a 2 nM target oligonucleotide sequence is
particularly high when using the surface built up by
nanoparticle deposition. This aspect indicates that
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morphologic details of the nanostructure play a
key role in conditioning the performances of the
£enosensors.
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Introduction

The increasing request for early diagnosis of genetic
diseases and infectious bacteria has led to the necessity
of developing more sensitive screening tests based on
DNA recognition. This forced the scientific commu-
nity, on one hand, to synthesize highly efficient probes
capable of discriminating among many different
oligonucleotide sequences and, on the other hand, to
put utmost effort to the development of nanomaterials
(Wang 2005; Rosi and Mirkin 2005; Erdem 2007;
Lord and Kelley 2009; Salah et al. 2010; Wang et al.
2011a; Li et al. 2012) capable of increasing the
sensitivity of the resulting sensor.

When considering selectivity, the use of peptide
nucleic acids (PNA) has proven to significantly
improve the performance of the resulting genosensor
due to the capability of this class of molecules to bind
complementary DNA and RNA with higher affinity
and selectivity than natural nucleic acids (Nielsen
2004). Therefore, they are suitable candidates for
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hybridization-based applications and powerful tools
for analytical and biotechnological applications (Oh
and Choi 2010; Mateo-Marti and Pradier 2010; Sforza
et al. 2011; Pournaghi-Azar et al. 2010; Fang and
Kelley 2009; Hejazi et al. 2011). Since the electro-
chemical transducer generally consists of gold sur-
faces, due to its high affinity for many functional
groups, functionalization of PNA molecules with thiol
terminal groups has become a fundamental step in the
development of many sensors. On the other hand, the
possibility to use PNA derivatives containing amine
residues significantly improves the solubility in water
of this class of molecules (Vernille et al. 2004; Zanardi
et al. 2012), making their deposition from aqueous
solutions well feasible.

In order to improve the sensitivity of the sensor
transduction, in many approaches, DNA strains under
analysis are covalently bounded to gold nanoparticles
(AuNPs) (Merkogi 2010; Li et al. 2010). The occur-
rence of the hybridization is evidenced due to the
consequent localization of AuNPs very close to the
transducer surface; the recognition event is thus
converted in an optical (D’Agata et al. 2010) or
electrochemical (Castafieda et al. 2007) signal directly
related to the amount of target nucleic acid.

On the other hand, the possibility to use label-free
approaches represents a definite step forward in
biosensors technology. Furthermore, as a very prom-
ising method proposed to improve the sensitivity of
the device and to lower the limit of detection,
nanostructured surfaces can be used as the anchoring
platform for oligonucleotide probes (Fang and Kelley
2009; Fang et al. 2008; Cai et al. 2001; Gasparac et al.
2004; Soleymani et al. 2009; Soreta et al. 2011). The
improved performances come out not only from the
possibility to fix a higher number of molecular probes
on the surface, but also to increase the accessibility of
target oligonucleotide chains to the hybridization sites.
This is a consequence of the small curvature radius of
the surface from which the probes emerge (Cederquist
and Keating 2009; Hill et al. 2009). Despite the great
interest in nanostructured surfaces, the influence of the
nanostructure morphology on the performances of the
resulting device was only recently evidenced (Bin
et al. 2010).

In the field of amperometric genosensors, gold-
nanostructured surfaces are generally obtained through
an electrochemical method, consisting of the reduction
of AuCl,™ salt at a gold electrode, acting as the
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substrate, polarized at a suitable cathodic potential
(Fang et al. 2008; Soreta et al. 2011; Ensafi et al. 2011;
Wang et al. 2011b). Here, we show the advantages of
using AuNPs (2.1-5.5 nm size range), that have been
independently synthesized by the chemical route, for
the construction of similar nanostructured surfaces.
The synthesis of AuNPs has been carried out in order to
surround them by a particularly labile encapsulating
agent, such as chloride ion, that can be easily substi-
tuted by species-bearing functions with a higher
affinity to Au, such as thiol and amine groups (Zanardi
et al. 2012). The AuNPs have been stably fixed on the
Au planar surfaces through a dithiol linker (Pasquali
et al. 2007a, b, 2008, 2011). The performances of the
nanostructured surface (Auyp) thus obtained have been
evaluated with respect to a bare, smooth surface (Au,)
and to a nanostructured surface obtained through a
widely diffused electrochemical approach (Au,;) (Fang
et al. 2008; Ensafi et al. 2011; Carralero Sanz et al.
2005; Liu et al. 2005; Huang et al. 2008; Zhang et al.
2008). An electroactive probe—namely, N-(2-amino-
ethyl)-ferrocenecarboxyamide (FcCA in Fig. 1)—was
used in order to compare the active area of the different
Au surfaces and the reproducibility of gold nanostruc-
ture formation, which constitutes one of the most
important aspects for genosensor application.

In order to study the behavior of the nanostructured
surface with respect to anchoring amine groups, two
further probes (Fig. 1) have been fixed on the Au
surfaces: (1) a ferrocene-labeled tyrosine PNA mono-
mer (FCcPNAm) was used to test the effectiveness of
the deposition of this particular PNA derivative on the
developed Aunp surface and (2) a homothymine PNA
decamer bearing four lysine residues to the C-termi-
nus, [PNA(Lys)4], was finally used to test the
efficiency of Auyp surface for the construction of
high performance amperometric genosensors.

Materials and methods
Reagents and apparatus

All reagents and solvents were obtained from com-
mercial suppliers and used without further purification
unless otherwise stated. Column chromatography was
performed using Merck silica gel 60 (70-230 mesh).
'H and '°C NMR spectra were acquired on a Bruker
AMX spectrometer at 300 MHz spectrometers; the



J Nanopart Res (2012) 14:1148

Page 3 of 12

Fig. 1 Molecular probes

deposited on the Au surfaces

in order to (1) compare the

area of the different Au

surfaces (FcCA), (2) test the

effectiveness of PNA

deposition (FCcPNAm), and @]
(3) test the effectiveness of
Auyp surfaces for high
performance amperometric
genosensors [PNA(Lys)4] Fe

Me

| NH
N*O

s

HyCOCHN >N

chemical shifts (d) are reported in parts per million
relative to the solvent peak. Mass spectra were
recorded on Advantage Thermo Finnigan instruments
(EST source). IR spectra were recorded on a Perkin
Elmer FT-IR 1725X instrument.

Electrochemical tests were performed with an
Autolab PGSTAT30 (Ecochemie) potentiostat/galva-
nostat, equipped with a Metrohm 663 VA stand. The
single compartment electrochemical cell consisted of a
2-mm diameter Au disk working electrode (Metrohm),
a glassy carbon rod auxiliary electrode (Metrohm), and
an aqueous Ag/AgCl, 3 M KCI reference electrode
(Amel). Unless otherwise specified, all the potential
values given are referred to this reference electrode.

SEM images were acquired using a XL-30 (FEI
Company, Oxford Instruments) working in high vac-
uum conditions. The images of the different surfaces
were directly collected on the same substrates used for
sensor application. The morphology of the surfaces
was investigated by collecting secondary electrons’
images using an ETD detector.
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TEM images were collected with a JEOL 2010,
equipped with energy filter, Gatan Inc. A drop of the
AuNP solution was deposited onto a Cu/Formvar/
carbon 200 mesh grid. The grid was dried in air for at
least 10 min.

UV-Vis spectra of the AuNP solutions were recorded
using a Perkin Elmer Lambda 650 spectrophotometer,
working in the 180—-900 nm spectral range.

Synthesis of molecular probes with an amine
terminal group

N-(2-aminoethyl)-ferrocenecarboxyamide (FcCA) was
synthesized in 73 % yield as already reported (Liu et al.
2008).

Ferrocene-labeled  N-(2-aminoethyl)-terminated
tyrosine PNA monomer (FcPNAm)—A solution of
ferrocene-labeled thymine PNA monomer methyl
ester (Baldoli et al. 2004) (120 mg, 0.16 mmol) in
CH,Cl, (0.7 mL) was slowly added into pure ethy-
lenediamine (5 mL at 50 °C). The reaction was
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completed after stirring for 1 h at 50 °C. After
evaporation of the solvent, the residue was taken up
with CH,Cl, (10 mL), washed with brine (10 mL),
and the aqueous phase was extracted with CH,Cl,
(3 x 10 mL). The combined organic phases were
washed with water, dried over Na,SQO,, and evapo-
rated affording FcPNAm as a yellow powder, 115 mg
(91 %). m.p. (pentane) 188-189 °C. 'H-NMR
(CDCl3) 6 (ppm): 1.90 (s, 3H, —CH3, Thymine);
2.70-3.50 (m, 10H, -NCH,CH,N-, NCH,CH,;N-,
CH,); 3.8 (m, 1H, CH); 4.01 (s, 1H, C(O)CHN); 4.17
(m, 8H, Fc + C(O)CHN); 4.29 (s, 2H, Fc); 4.75 (s,
2H, -CH,-Fc); 5.05 (m, 2H, —-CH,-Ph, Cbz); 6.86 (d,
2H, —OPh); 7.06 (d, 2H, —-OPh); 7.25-7.33 (m, 5H, Ph,
Cbz). "*C-NMR (CDCl;) d (ppm): 12.2, 32.9, 39.4,
40.4, 45.6, 49.3, 66.6, 68.5, 69.2, 82.4, 110.4, 115.1,
128.1,129.1, 129.9, 141.0, 151.3, 157.8, 164.7, 168 .4,
170.4. MS (ESI) m/z: 765.2 [M + 1]. FT-IR (Nujol,
wavenumber/cm_l): 1665.5 [CONH].

Lysine-terminated homothymine PNA decamer
[PNA(Lys)4] was synthesized according to the proce-
dure reported elsewhere (Zanardi et al. 2012).

Synthesis of AuNPs

AuNPs surrounded by chloride ions were synthesized
by slightly modifying a procedure previously devel-
oped by us (Zanardi et al. 2009). In this case, two
aliquots (0.150 mL) of 43 mM NaBH, aqueous solu-
tion were quickly added to 3 mL of 1 mM NaAuCly
aqueous solution under vigorous stirring; the interval
time between the two additions of the reductant was
10 min. The synthesis was allowed to proceed at room
temperature for 20 min.

The mean diameter of the AuNPs was calculated
from the TEM images (see Fig. 2). They revealed that
the AuNPs are characterized by a mean diameter of 3.5
and a 0.9 nm standard deviation. The synthesis of
AuNPs was repeated daily and the reproducibility of
the synthetic procedure was checked by registering the
UV-Vis spectra of the AuNP solutions. A plasmon
band, always centered at 515 nm, indicates the high
reproducibility degree of the synthetic procedure.

Preparation of Au surfaces
Different gold surfaces have been prepared and

compared: (1) smooth Au (Auy,,) used just at the end
of the cleaning procedure, (2) Au nanostructured
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Fig. 2 A TEM images of chloride-surrounded AuNPs and B a
relevant size distribution histogram. Due to the concentration of
the AuNP sample, A is obtained by merging 16 different images
collected on the same TEM grid; no sample concentration was
adopted in order to avoid NP aggregation

through an electrochemical approach (Au.) per-
formed on Aug,, and (3) Au nanostructured by
depositing the chemically synthesized AuNPs on
Aug, (Aunp). In all cases, the bare Au surface was
previously cleaned with piranha solution and carefully
washed with an abundant flux of water. The surface
was then mechanically cleaned with 1 and 0.3 pm
alumina powder and then rinsed with ultrapure water
(18 MQ cm resistivity) in an ultrasonic bath for 5 min.
The procedure was completed by cycling the electrode
potential between —0.20 and +1.15 V versus satu-
rated Hg/HgSO, (Amel) at 0.10 V/s potential scan rate
in 0.5 M H,SO, solution.
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Au,; was obtained by one of the most frequently
adopted electrochemical procedure (Fang et al. 2008;
Ensafi et al. 2011; Carralero Sanz et al. 2005; Liu et al.
2005; Huang et al. 2008; Zhang et al. 2008). To obtain
an Au-nanostructured surface, a Pt counter electrode
was coiled around the bare Au electrode and they were
both dipped inside a 3 mM NaAuCl, (Aldrich, 99 %)
water solution added with KNO; (Riedel-de-Haén,
99 %) to 0.1 M concentration as the supporting
electrolyte. The electrode was then polarized at
—0.20 V versus Ag/AgCl for 180 s to induce Au(Ill)
electroreduction to Au’, which precipitates onto the
Au surface to form a nanostructure (Mohanty 2011).

Auynp was obtained by a two-step procedure. The
Au surface was firstly modified by dipping the
electrode in a 10 mM 1,4-benzenedimethanethiol
(BDT, Aldrich, 98 % pure) and ethanol solution for
15 min. In the following step, the thiol-modified
electrode was dipped in the AuNP solution for 30 min.
All the deposition parameters were chosen on the basis
of experiments carried out by cyclic voltammetry
(CV) in 1 mM K, Fe(CN)g, phosphate buffer solution
(PBS) at pH = 7.0.

Deposition of ferrocene amino derivatives on Au
surfaces

The area of the different surfaces, that was active with
respect to the deposition of the recognition elements,
was compared by depositing FCCA as a probe; the
different Au substrates were dipped in a 1 mM ethanol
solution at room temperature for different time
intervals. The amount of FcCA deposited was evalu-
ated on the basis of the electrochemical signal relative
to the oxidation of the ferrocene probe. To this aim,
CV experiments were carried out in a 0.05 M tetrabu-
tylammonium hexafluorophosphate (TB APFg, Aldrich
99.9 4+ % pure) and CHCI; solution by scanning the
potential between 0.00 and +0.90 V at 0.050 V/s scan
rate.

The deposition of FcPNAm onto the Auyp surface
was carried out by a similar approach by dipping such
a substrate in a 1 mM ethanol solution at room
temperature for 30 min.

Sensor building

PNALys, was deposited onto the Au surface by
dipping the electrode in a 0.1 mM, 0.1 M ammonia

buffer solution (pH = 10) for 4 h at room tempera-
ture. The electrode was then carefully rinsed with
abundant ultrapure water and immersed into a 0.1 M
PBS solution containing 1 nM of the target oligonu-
cleotide sequence, namely, 5'-AAA-AAAA-AAA-3,
acquired from Primm, Milan (Italy). Hybridization
was allowed to proceed at 25 °C for 1 h. The electrode
surfaces were finally washed with ultrapure water.

The response of the sensor was tested by registering
both CV (0.050 V/s) and SQuare Wave Voltammetric
(SQWV—amplitude: 50 mV; frequency: 20 Hz; step
potential: 5 mV) signals in 1 mM K4Fe(CN)g in PBS
before and after the hybridization procedure with the
target oligonucleotide sequence. In order to remove
molecules not perfectly fixed on the electrode surface,
the electrode was rotated for 2 min in PBS at 500 rpm
before each voltammetric measurement.

Results and discussion

The new gold-nanostructured surface (Aunp) has been
obtained through the stable deposition of chemically
synthesized gold nanoparticles onto a gold substrate
by means of a dithiol linker, namely 1,4-benzenedi-
methanethiol (BDT). The performance of the new
Aupp surface has been compared with those of smooth
Au (Aug,,) and Au nanostructured through an electro-
chemical approach (Aug).

Assembling of Auyp surfaces

The anchoring of BDT molecules on the gold surface
has been verified (Finklea 2003; Janek et al. 1998) by
the dramatic decrease of the current in the CV traces
due to the K4Fe(CN)¢ electroactive probe in solution
(see Fig. 3A) and a concurrent increase of the peak
potential separation (AE). The conditions for BDT
deposition have been suitably chosen in order to obtain
a high coverage degree of the electrode surface, i.e., a
high number of thiol tail groups capable to link
AuNPs, in a short time. It is worth noticing that by
considering the very short dipping time adopted, a
well-ordered BDT self-assembled monolayer struc-
ture is far from being reached. In this respect, it was
previously checked that the presence of O, inside the
deposition solution induces the dimerisation of BDT
through the formation of disulfide bridge (Pasquali
et al. 2007a, b, 2008). The formation of the dimer
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Fig. 3 CV traces registered in | mM [Fe(CN)s]*~, 0.1 M PBS
A in the different phases of Auynp assembly and B for different
dipping times of the BDT-modified Au surface in AuNP
solution. 0.020 V/s potential scan rate

implies the presence of two sulfur atoms suitable to
anchor the AuNPs in the “spacer” of the SAM. As a
consequence, there is no reason why the deposited
AuNPs are only confined in the external region of the
organic layer, as schematically sketched in the inset of
the SEM image reported in Fig. 4B; rather, is quite
possible that a relative disorder characterizes the
organic/inorganic deposit.

Further electrochemical tests, carried out after the
deposition of AuNPs on the dithiol layer, support this
conclusion. Also, in this case, the information concerning
the different phases of AuNPs’ deposition is collected by
registering CV traces due to [Fe(CN )6]4_’ 3~ redox couple
in solution. When AuNPs are deposited on a BDT layer
obtained under the previously described experimental
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Fig. 4 SEM images of A Auy,, B Aunp, and C Au, obtained
from secondary electrons. The insets report a schematic
representation of the structure of the different gold surfaces as
hypothesized on the basis of SEM images and electrochemical
data
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conditions, a progressive reduction of the charge transfer
resistance is observed on increasing the dipping time (see
Fig. 3B). As observed, the increasing amount of AuNPs
on the electrode surface is found to progressively reduce
the charge transfer resistance. Figure 3A reports the
voltammetric trace finally registered when AuNPs have
been deposited for 30 min, i.e., a time suitable to obtain a
steady state voltammogram; the signal finally recalls that
which is obtained on a bare Au surface.

A completely different result is evidenced when, on
the contrary, BDT coating is realized by prolonging
the deposition times overnight. The further deposition
of AuNPs on the resulting organic layer only induces a
very negligible reduction of charge transfer resistance;
the peak-to-peak separation in the CV curves due to
[Fe(CN)e]*"*~ redox couple in solution finally results
in ca. 1 V. In this case, we can quite reasonably
conclude that the conditions adopted are suitable to
allow the organization of a well-defined organic—
inorganic bilayer; the compact organic layer induces
the confinement of AuNPs only in the external region
of the coating, constituting a high resistance to the
charge percolation.

In the experimental conditions finally adopted in
our case, the shape of the resulting voltammetric trace
(Fig. 3A) is consistent with the occurrence of a planar
diffusion process; this evidence lets us conclude that
the AulNPs on the electrode surface are very close to
each other, inducing a total overlap between the
diffusion layers of neighboring NPs (Ugo et al. 2002;
Moretto et al. 2009; Campbell and Compton 2010).
This aspect justifies the fair coincidence of the current
values obtained in CV experiments performed with
Aug,, and with Aunp surfaces, and indicates that a
proper evaluation of the gold area available for the
deposition of PNA wires is only possible by depositing
electrochemical probes on the different surfaces.

The morphology of the resulting nanostructured
surface compared to the original smooth one has been
studied by the SEM technique. The Aug, image,
reported in Fig. 4A, shows a homogeneous morphol-
ogy characterized by fairly regular scratches due to the
mechanical cleaning with alumina powder; the pres-
ence of some isolated white grains on the surface is
due to residues of alumina. Figure 4B reports one
representative image of the Au surface coated with the
BDT/AuNP layer. As observed, the wrinkles of
the surface are partially leveled out by the presence
of the coating. From similar pictures acquired on

different zones of the electrode, we can observe that
AuNPs are homogeneously distributed on the whole
surface, evident segregations being absent. SEM
images clearly show the formation of a nanostructured
surface characterized by pores possessing dimensions
lower than 50 nm, justifying the closeness of the
AuNPs to one another.

SEM images of Au,, were also acquired in order to
compare the two different nanostructures. The mor-
phology of the Au, surface (Fig. 4C) appears quite
heterogeneous due to the presence of particles differ-
ent from one another in both size and shape, and
irregularly distributed on the whole surface. As a
general consideration, the dimension of the major part
of the particles appears of the order of 100 nm, well in
agreement with what is reported in the literature
(Ensafi et al. 2011; Carralero Sanz et al. 2005). This is
a much bigger value than that of Aunp nanostructure,
well justifying the different behavior of the two
biosensors correspondingly realized, as illustrated
henceforth.

Deposition of ferrocene derivatives

As previously discussed, the area of the three different
Au surfaces, active with respect to the deposition of
the recognition elements, was compared by means of
the deposition of an electrochemical redox probe,
namely FcCA. The peak intensity due to the reversible
oxidation of the ferrocene moiety (ig) is measured at
the different steps of the deposition; as observed in
Fig. SA for deposition on the Auyp surface, it
increases on increasing the dipping time, suggesting
a progressive increment of the coverage degree of the
surface. Figure 5B reports the iy versus deposition time
plot for the three different Au surfaces tested; a
nanostructured surface allows the deposition of a
higher amount of molecules with respect to Augy,.
However, the area suitable for FcCA anchoring is not
significantly different in the two different nanostruc-
tured surfaces, as suggested by the very similar current
values obtained at a 120-min deposition time (see also
Table 1). The different morphology of the two nano-
structured surfaces, as evidenced by the SEM images,
can be related to the different kinetics for FcCA
deposition; when Aug is used, ir increases almost
linearly over the whole interval time explored and
quite a high amount of molecules are fixed even at the
very first steps of the deposition. Although the
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Fig. 5 A CV traces at different steps of FcCA deposition on
Auyp surface recorded in 0.1 M TBAPFgs, CHCI; solution,
0.050 V/s potential scan rate and B the relevant plot of the peak
current intensity for Fc residue oxidation versus FcCA
deposition time, obtained by CV experiments on the indicated
electrode systems; mean values calculated from four different
depositions on similar Au surfaces are reported

Table 1 Mean values obtained from four deposition processes
of FcCA, carried out on the three Au surfaces

P (A)  RSD(%) i (A iy
Aug, 1.00 5.03 0.48 2.10
Aug; 1.30 16.6 0.46 2.80
Aunp 1.38 13.2 0.27 5.01

different behaviors of Au,; and Auy, are well evident
from the first stages of FcCA deposition, the differ-
ences between Auynp and Aug,, are more evident the
longer the deposition time.

The Relative Standard Deviation (RSD) of the peak
current registered after a 120-min FcCA deposition on
the different electrodes (Table 1) has been calculated
from four depositions in order to test the reproduc-
ibility of the nanostructure formation. Although, as
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expected, the deposition of FcCA on nanostructured
surfaces is less reproducible than on the bare Aug,,
surface, the process can be finally considered well
reproducible. This aspect is most important when
proposing this system in the frame of disposable
Sensors.

As a final consideration, we have analyzed the
ratios between the faradic current due to oxidation of
the ferrocene groups fixed on the surface (ip) and the
contribution of the background currents, also includ-
ing the capacitive component (i;) (see Table 1). In
fact, i, constitutes a noise that negatively affects the
accurate evaluation of the analytically useful signal,
i.e., of the faradic component. As observed from
Table 1, a clearly different behavior is exhibited in
this respect by the systems developed on the three
different substrates; the best results have been
obtained for the Auynp surface because i, is much
lower than for the Au,; surface.

In order to test the effectiveness of PNA deposition
on Auyp surfaces through the amino terminal groups,
FcPNAm has been deposited onto Auyp surface. The
presence of the Fc redox probe can give us direct
evidence of the stable anchoring of the molecule on
the nanostructured surface by very simple and rapid
electrochemical tests. The actual anchoring of this
PNA monomer on the Au-nanostructured surface has
been evidenced by a well-defined voltammetric trace,
with E1, = 0.55 V, and by the direct proportionality
of iy, to the potential scan rate (see Fig. 6), which
indicates a surface-confined electrochemical process.
The very good overlap of all traces of a wide series of
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Fig. 6 CV of FcPNAm-modified Aunp-nanostructured surface in
0.1 M TBAPFg and CHCl; solvent media at different scan rates.
The trend of iy, versus potential scan rate (0.025-1.000 V/s) is
reported in the inset
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Fig. 7 CV traces of A Aunp, B Aug,,, and C Au,, surfaces in
1 mM [Fe(CN)6]47, 0.1 M PBS in the different phases of
sensing system realization: (a) bare Au surfaces, (b) after PNA
deposition and (c) after hybridization with 2 nM solution
containing the target oligonucleotide sequence

CV curves recorded at the end of the deposition
indicates that the deposition of FCPNAm through the
amine terminal group is stable.

Au surfaces as the transducers for amperometric
genosensors

PNA(Lys); was deposited onto the three examined
surfaces in order to test their performances when used
for developing genosensors. The actual occurrence of
the stable deposition of PNA on gold surfaces was
indirectly verified by registering the CV signals
relative to [Fe(CN)6]47 oxidation before and after
PNA deposition (see Fig. 7). The slight increment of
forward and backward peak potential separation and
the very small reduction of the peak intensity evi-
denced in the case of Auyp surfaces (Fig. 7A) are
consistent with the presence of a poorly packed non-
conductive layer on the surface. On the contrary, when
Aug,, and Aug surfaces are employed, the features of
the CV trace of the redox probe in solution indicate that
PNA molecules on the surface form a more tightly
packed organic layer (Fig. 7B, C). The close similarity
of the CV traces registered with Au. with Aug,
surfaces is in agreement with the relevant morphology,
reported in Fig. 4; the dimension of Au terraces in the
grains obtained through the electrochemical approach
may be so large to be quite similar to those in Aug,. In
conclusion, electrochemical tests constitute a clear,
though indirect, indication that the effect of the
underlying gold structure on the orientation of PNA
molecules on the surface is very similar in the two
cases.

The efficiency of the realized PNA-Auyp electrode
system in detecting very low concentrations of the
target complementary oligonucleotide sequence has
been verified by adopting a label-free amperometric
detection method (Aoki et al. 2000; Aoki and Tao
2005; Degefa and Kwak 2008). It exploits of the
anionic nature of DNA and RNA strands in contrast to
the neutral charge of the PNA structure. The decre-
ment of the current due to the oxidation of the
negatively charged electroactive [Fe(CN)q]*~ species,
deliberately added to the solution, is related to the
negative charge density arising from actual formation
of duplexes fixed on the AuNP surface. The CV
signals registered with this redox probe in solution
before (i,0) and after the hybridization process (iy 5)
with the target oligonucleotide sequence constitute the
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Fig. 8 SQWYV traces of A Aunp, B Aug,,,, and C Au,, surfaces in
1 mM [Fe(CN)6]4_, 0.1 M PBS (a) before and (b) after hybrid-
ization with 2 nM solution containing the target oligonucleotide
sequence

actual sensor response (Aoki et al. 2000; Aoki and Tao
2005; Degefa and Kwak 2008). Despite the quite low
concentration of the target oligonucleotide sequence
chosen for these tests (i.e., 2 nM), for all electrode
systems, the occurrence of coupling with oligonucleo-
tide molecules induces the arising of a negative cloud
adjacent to the electrode and a consequent increase of
the charge transfer resistance to the negatively charged

@ Springer

Table 2 Normalized current decrement obtained before (i,,,0)
and after (i, ¢) the hybridization process with the target oligo-
nucleotide sequence, obtained from SQWYV experiments with
sensors built up on different Au surfaces

(iPyO — l.p’f)/l'p’() x 100 (%)

Aug,, 15
Aug 18.8
AuNP 80.0

probe species. This aspect indicates the effectiveness
of PNA in interacting with the target molecule (see
Fig. 7).

When considering the analytical signal, a more
sensitive quantification of the current variation before
and after the hybridization process can be obtained
from SQWYV responses (Fig. 8) since the resulting
current is ascribed to faradic reactions, i.e., oxidation
process of [Fe(CN)6]47 in solution, while the contri-
bution of the non-faradic components is minimized.
Table 2 reports the current variations registered from
SQWYV experiments at sensors built up with the three
different Au surfaces. As observed, the use of
nanostructured surfaces induces more sensitive
responses. This effect can be firstly related to the
increment of the number of PNA molecules that can be
fixed on surfaces possessing larger suitable areas with
respect to a smooth one. On the other hand, the
extraordinary sensitivity evidenced when using Aunp
surfaces leads to conclude that the morphology of the
nanostructure plays a key role in the performances of
the electrode. As a matter of fact, although preliminary
tests with FcCA indicate that the areas of the two
nanostructured surfaces are roughly similar, the sen-
sitivity when using the Aunp substrate is incredibly
high. In this respect, we have to keep in mind that
many amperometric genosensors based on PNA probe
molecules, even including those consisting of nano-
structured surfaces, show a limit of detection of 1 nM
(Won et al. 2008; Aoki and Tao 2005; Fang et al. 2008;
Le Floch et al. 2005) that is very close to the
concentration value tested with the Aupnp surface.
We can conclude that the marked curvature of the
small AuNPs affects the spatial disposition of PNA
chains on the surface, inducing a poorly packed
structure that can facilitate the access of oligonucleo-
tide strains to interact with the complementary PNA
sequence. These results indicate that the careful
control of the substrate morphology constitutes the
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basis for the obtainment of a particularly sensitive
Sensor.

Conclusions

The method proposed for the obtainment of gold-
nanostructured surfaces, Auyp, is well reproducible
and suitable for stable anchoring PNA strands simply
through amine terminal groups. The combination of an
enlarged area and, especially, a small curvature radius
induced by the presence of small AuNPs allows the
detection of 2 nM solution of the target complemen-
tary oligonucleotide sequence with very high sensi-
tivity by exploiting a very simple label-free approach.
As a matter of fact, preliminary tests carried out on
more diluted solutions of the target oligonucleotide
sequence demonstrated that the sensor is effective also
for concentrations as low as 10 pM. Both sensitivity
and detection limits can be further improved by
suitably varying the electrochemical probe added to
the solution to allow the signal transduction; by
following this approach, [Fe(CN)e]*~ can be replaced
by multicharged electrochemical probes such as
electrochemically active soluble polymers (Le Floch
et al. 2005; Fang et al. 2008).

Finally, it is important to underline that similar
nanostructured surfaces are also suitable to improve
the performances of sensing systems involving differ-
ent transduction approaches such as the optical and
micro-gravimetrical ones.
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