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Confined gold nanoparticles enhance the
detection of small molecules in label-free
impedance aptasensorsQ1 †

Ana S. Peinetti,a Helena Ceretti,b,c Martín Mizrahi,d Graciela A. González,a

Silvana A. Ramírez,b,c Felix G. Requejo,d Javier M. Montserrat*b,c and
Fernando BattagliniQ2 *a

A controlled architecture of nanoelectrodes, of a similar size to small molecule-binding aptamers, is syn-

thesized inside nanoporous alumina. Gold nanoparticles with a controlled size (about 2 nm) are electro-

generated in the alumina cavities, showing a fast electron transfer process toward ferrocyanide.Q4 These

uncapped nanoparticles are easily modified with a thiol-containing aptamer for label-free detection of

adenosine monophosphate by electrochemical impedance spectroscopy. Our results show that the use

of a limited electrical conducting surface inside an insulating environment can be very sensitive to confor-

mational changes, introducing a new approach to the detection of small molecules, exemplified here by

the direct and selective detection of adenosine monophosphate at the nanomolar scale.

Introduction

Nanotechnology has expanded the applications of previously
known molecules, like DNA and RNA oligonucleotides, devel-
oping uses as diverse as image guided cancer therapy1 to
nanostructures for biosensing.2 In the latter field, small mole-
cules are an interesting analytical target because of their
important roles in many fields such as serving as cell signaling
molecules, drugs in medicine, pesticides in farming, and
many others.3 The relevance of these areas justifies the efforts
for their direct sensing and the issue has already been raised
within the sensor community.4

The design of a selective interface is a paramount feature in
the construction of a chemical sensor. This interface has to be
built in such a way that it has a wide dynamic range and the
lowest possible detection limit. An important number of ana-
lytes can be selectively recognized, since they can act as anti-
gens in the mammalian immune system and therefore the

generated antibodies can be used as recognition elements.
These equilibrium-based sensors are widely used; however,
this approach presents two important requirements. Firstly,
the antigen has to be recognized by the immune system,
which is practically useless for small molecules. Secondly, the
signal generation depends on the introduction of a label; a
common practice is a sandwich assay where a second labeled
antibody binds to the analyte. Therefore, the synthesis of a
labeled antibody is needed for signal generation, and again
the size of the analyte plays a relevant role in the binding of
the second antibody.

Different strategies have been developed for the label-free
detection of biomolecules,5 where electrochemical impedance
spectroscopy (EIS) plays a relevant role. In EIS, the electron
transfer rate of a probe is measured as a resistance (Ret) on a
surface modified with a recognition element, for example an
antibody. When the antibody–antigen complex is formed, the
electron transfer rate of the probe changes with the antigen
concentration,6 without the need for a second labeled anti-
body. This change is mainly due to the size of the analyte
which prevents the probe from reaching the surface for the
electron transfer process.

An alternative to the use of antibodies has been the devel-
opment of aptamers by molecular evolution techniques. These
molecules are usually defined as single-stranded oligonucleo-
tides composed of RNA or DNA with molecular recognition
properties,4a although the same term is used for peptide
ligands obtained from phage display techniques.7 Keeping the
focus on oligonucleotide sensors, they present several advan-
tages as recognition agents: no animals are needed for their
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synthesis; during the chemical synthesis, modifications can be
introduced at defined positions; they can be developed for vir-
tually any molecule, among them small molecules, where ade-
nosine, its nucleotides and cocaine have been extensively used
as model systems.4b

Several ingenious works regarding the combination of apta-
mers with EIS for the label-free detection of proteins can be
cited.8 However, as pointed out by Willner and Zayats,4a the
use of EIS as a means to identify affinity complexes between
aptamers and small molecules is a difficult issue. The for-
mation of the aptamer–small molecule complex on the elec-
trode yields a minute, usually undetectable, change in the
interfacial electron transfer rate.

The general approach to overcome this limitation is the use
of aptamer sequences longer than the recognition region or
complementary strands, to induce a detectable structural
change.4 Alternatively, other way to detect these small changes
could be to reduce the surface of the electrode to a size close
to the aptamer. In this way, even minimal changes in the clo-
seness of the electrode surface will have an important effect in
the interfacial electron transfer process.

In a recent publication, the construction of gold nanoelec-
trodes inside a porous alumina matrix has been presented. In
this system, gold nanoparticles (AuNPs) are formed by electro-
chemical reduction inside the porous alumina where the inter-
facial electron transfer is limited to the gold surface.9 This
nanoelectrode array shows excellent catalytic and electron
transfer properties with a well defined structure (Scheme 1,
left).

Adenosine monophosphate (AMP, MW: 347.2 Da) is directly
linked to the energy metabolism of cells, contributing to the
main pathway for adenosine formation,10 which in turn is
involved in different neural processes in the brain like sleep,
arousal and locomotion.11 Due to its clinical relevance and
size, AMP constitutes a model system as a small molecule. Its
aptamer was one of the first synthesized,12 and its confor-
mational changes and recognition sites were widely studied.
The AMP-binding aptamer is a sequence of 27 nucleotides that
can be pictured as having two possible structural states: either
a random coil or a stem-loop structure. The random-coil state
can be represented as a flexible cord of 1 nm in diameter and
10 nm in length. When the aptamer recognizes AMP, two

molecules are intercalated at adjacent sites within a rectangu-
lar widened groove, changing the aptamer conformation to a
stem-loop structure, with a 2 nm diameter.13,14 In terms of a
regular electrode, these are slight conformational changes to
hinder the access of a redox probe to the surface.

In this work we decided to explore the potential of con-
trolled sized 2 nm AuNPs confined in alumina to build an
aptamer-based label-free sensor able to detect small mole-
cules, taking AMP as a model system. As the AMP-binding
aptamer has a similar size to that of the AuNP, the expected
conformational changes will have an important impact on the
signal generation. Scheme 1 outlines the concept in this work,
The aptamer is co-adsorbed with hexanethiol (Scheme 1,
center); then, the modified system exposed to AMP shows a
conformational change affecting the coverage of the AuNP
(Scheme 1, right) and therefore the probe access to the
surface. This hypothesis is confirmed by EIS experiments
showing a sensitive response at the nanomolar scale to AMP.
The observed results are explained taking into account the
dimensional changes produced by the aptamer and compared
with results obtained using bulk gold electrodes modified in
the same way, showing the advantages of controlling the
system architecture at the nanometer scale.

Experimental section
Materials

All reagents were of analytical grade. Water (18 MΩ cm−1) was
provided by Millipore Simplicity equipment. Oligonucleotide
sequences were desalted and HPLC purified (Sigma-Genosys).
The AMP aptamer sequence was the original Szostack
sequence12 plus five additional thymidines as linkers. The
scramble sequence was designed with the same amount of
bases as the aptamer but in random positions.

Aptamer sequence:
5’-[C6H13-S-S-C6H12]TTTTTACCTGGGGGAGTATTGCGGAGG-

AAGGT-3’
Scramble sequence:
5′-[C6H13-S-S-C6H12]ACGAAGGGCGGGGGTAGGGTATTTACG-3’.
Screen printed bulk gold electrodes (SPGE) were prepared

as previously reported.15

Nanoporous alumina and gold nanoparticle synthesis

Working electrodes (4 mm2) were prepared from aluminum
1145 (99.5%). Surface pretreatment was carried out by degreas-
ing the surface in an ultrasonic bath with acetone, followed by
electropolishing in a 5 : 1 ethanol–HClO4 solution (v : v) at 18 V
for 1 minute. The cleaned surface was immediately exposed to
an acid electrolyte (15% H2SO4) at room temperature (15 V,
1 minute), using a lead plate as a counter electrode in front of
the working electrode. Once the electrode was anodized, it was
left for 5 minutes in the acid electrolyte and then rinsed with
MilliQ water. The pore size and depth were characterized by
scanning electron microscopy.

Scheme 1 Representation of an alumina pore. Step 1: Co-adsorption of
the aptamer and hexanethiol. Step 2: AMP recognition. AuNP and pore
diameter are in scale.
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Gold electrodeposition was carried out using an electroplat-
ing commercial solution containing 15 g L−1 K[Au(CN)2] as the
electrolyte. Anodized aluminum and a gold plate were used as
the working and counter electrodes, respectively. Gold electro-
deposition was performed in three steps: (i) metal deposition
at −3 mA cm−2 for 8 ms; (ii) application of 3 mA cm−2 (2 ms)
to decrease the capacitive oxide layer and interrupt the electric
field at the interface where it is being deposited; (iii) no
current is applied for 500 ms, to recover the ion concentration
in the pores by diffusion from the solution. In total, 3000
cycles were performed.

FESEM micrographs. Micrographs were taken using a field
emission scanning electron microscope (FESEM, Zeiss DSM
982 Gemini) at the Advanced Center for Microscopies (CMA,
Universidad de Buenos Aires). Pore size distribution was calcu-
lated using ImageJ software.

X-ray techniques. Nanoparticle size and sulfur coverage in
the nanoparticles were determined by Extended X-Ray Absorp-
tion Fine Structure (EXAFS). Au L3-edge EXAFS spectra were
measured at room temperature in fluorescence mode at the
XAFS2 beam line at the Laboratorio Nacional de Luz Síncro-
tron (LNLS, Campinas, Brazil). An ionization chamber was
used to detect the incident flux and a 15-element germanium
solid state detector was used to sense the fluorescence signal
from the sample. Data were processed using ATHENA with the
AUTOBK background removal algorithm.16 The spectra were
calibrated using a metallic film of gold. The EXAFS oscillations
χ(k) were extracted from the experimental data with standard
procedures using the ATHENA program.16 The k2 weighted χ(k)
data, to enhance the oscillations at higher k, were Fourier
transformed. The Fourier transformation was calculated using
the Hanning filtering function. EXAFS modeling was carried
out using the ARTEMIS program which is part of the IFFEFIT
package.16,17

Electrochemical measurements. Impedance measurements
were carried out in a μAutolab type III potentiostat provided
with software for data acquisition. Typical electrode modifi-
cation was carried out as follows: a 1 µM disulfide aptamer
solution in MilliQ water was reduced with 1.5 mM tris(2-car-
boxyethyl)phosphine (TCEP) in Tris buffer, pH 7.4, for 2 hours
at room temperature in the dark. The reduced oligonucleotide
was incubated with the electrode for 30 minutes at room tem-
perature. The electrode was rinsed with buffer and then
immersed in a solution containing 50 mM K4[Fe(CN)6] in
50 mM HEPES buffer (pH 7.4) as the redox probe. EIS was per-
formed at the formal potential of the redox probe, 0.20 V vs.
Ag/AgCl using a frequency range from 10 kHz to 1 Hz, and the
voltage amplitude was 10 mV. Then, the electrode was rinsed
with buffer and exposed to a solution of a given AMP concen-
tration in Tris buffer, pH 7.4, for 15 minutes at room tempera-
ture. Each AMP concentration was determined in triplicate
and in each case a new electrode was used.Q5 A new EIS measure-
ment was carried out by rinsing the electrode with buffer and
immersing it in the ferrocyanide solution. Data were rep-
resented as Nyquist plots. An equivalent circuit was used to fit
the impedance spectroscopy and to determine electrical para-

meter values for each experiment. The equivalent circuit
included the following elements: the electrolyte resistance (Rs)
in series with two branches in parallel; one corresponding to
the electron transfer resistance (Ret) and the other one to a
constant phase element (CPE), representing the non-ideal be-
havior of the double layer as a capacitor. The difference
between Ret after and prior to AMP incubation was used as
signal.

Quartz balance measurements (QCM-D). The QCM-D experi-
ments were performed using a Q-Sense instrument (QCM-D,
Q-Sense E1, Sweden) equipped with Q-Sense Flow Module
(QFM 401). For all measurements QSX 301 gold sensors were
used. Samples were perfused using a peristaltic microflow
system (ISMATEC, ISM 596D Glattbrugg, Switzerland). Gold
sensors were cleaned with O3 and UV for 15 min immediately
prior to use. The aptamer was reduced as before and the
immobilization was performed as follows: 400 µL 1 µM
reduced aptamer solution in MilliQ water, was injected and
incubated for 30 min (with no flow) in order to allow Au–S
chemisorption. Unbound aptamer was removed by rinsing
with buffer for 15 min at 100 µL min−1. Injection of 1 µM AMP
was carried out, passing 400 µL of the solution at a flow rate of
100 µL min−1; then, the flow was interrupted for 15 min to
allow the system to equilibrate. Buffer was injected for 15 min
at 100 µL min−1 to rinse unbound AMP.

Measurements were recorded at several odd multiples of
the fundamental frequency (overtones) and frequency shifts
were normalized by dividing by the overtone number. Data
corresponding to the 3rd overtone is shown in Fig. 3.

Results and discussion

Sulfuric acid was used as an electrolyte to obtain the nanopor-
ous alumina structure. Fig. 1 shows the FESEM micrograph
obtained; on the left, the top view of the oxide layer can be
observed, from which the size and distance between nano-
pores can be estimated. The statistical analysis yields a
11 ± 1 nm pore diameter and a 35 ± 4 nm interpore distance.
The cross-sectional view (right) shows the depth (1 µm) and
the regularity of the pores.9

The nanoelectrode array was built by exposing the nanopor-
ous structure (Al/Al2O3) to a gold plating bath, and a pulsed
electrodeposition sequence was applied to form gold nanopar-
ticles (Al/Al2O3/AuNP). As these AuNPs are a clean metallic
surface, they can undergo an efficient electron transfer process
and can be easily modified. Different strategies for sulfur
anchoring to gold surfaces have been studied for the construc-
tion of aptamer based sensors.14,18,19 In this work, the immobi-
lization strategy used was the co-adsorption of the aptamer
with hexanethiol to prevent the overcrowded immobilization of
the oligonucleotides.

The size and modification of the generated AuNPs were
determined in situ by extended X-ray absorption fine structure
(EXAFS) at the AuL3-edge. This X-ray absorption technique
provides information on the local environment of Au atoms,
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i.e. the number, type and distances between neighbouring Au
without altering the geometry of the sample used for the elec-
trochemical reaction. EXAFS results of samples Al/Al2O3/AuNP
and Al/Al2O3/AuNP/SR (R representing either the aptamer or
the hexane moieties) are shown in Fig. 2. For the sample
Al/Al2O3/AuNP only a coordination shell of Au around the
absorber (Au) atoms is present (thin line); while for the thiol
modified sample a new peak attributed to the S–Au bond is
observed (bold line). Nonlinear least squares fit of the theo-
retical EXAFS signal to the experimental data allows us to esti-
mate different parameters regarding the structure of the
AuNPs (details are given in ESI†). From this analysis, a 2.3 nm
diameter for bare AuNPs was obtained from the fitted coordi-
nation number (N) for the Au–Au coordination shell, assuming
spherical geometry for the NPs.20 Two coordination shells
around the Au atoms are present in the sample Al/Al2O3/AuNP/
SR. One at 2.34 Å corresponding to sulfur atoms (Au–S) and
the other one at 2.83 Å corresponding to the first gold coordi-

nation shell (Au–Au). Again, the NP average diameter was
determined by the same procedure giving a similar result of
about 2.3 nm diameter for the Au core of the capped NP. It is
well established that the ratio of alkanethiol molecules to gold
atoms in capped AuNPs is higher than that of the flat Au(111)
crystal surface, i.e. S : Au = 1 : 3. Considering the experimentally
obtained S : Au ratio in hexanethiol-capped AuNPs with a
similar diameter to Al/Al2O3/AuNP/SR, the S : Au ratio should
be 0.65.21 Taking into account the fitted Au–S coordination
number obtained here (see Table I, ESI†) and the S : Au ratio,
the AuNP sulfur coverage is ca. 60%. This represents a high
sulfur coverage, certainly higher than that obtained on the
bulk Au(111) surface, which suggests that most of the surface
exposed to the solution has been modified.

Fig. 3 shows the EIS behavior for Al/Al2O3/AuNP (squares)
and after thiol modification (triangles), evidencing that the
surface is partially blocked by the thiol compounds. Further

Fig. 1Q6 FESEM images of the top (left) and cross-sectional view (right) of the nanoporous alumina grown on Al 1145 with 15% sulfuric acid as an elec-
trolyte.Q7 The inset in the left figure shows the size distribution of the pores (n = 106); the inset on the right, a detailed image of the bottom of the
mesoporous layer.

Fig. 2 Fourier transform of the EXAFS oscillation (without phase cor-
rection) for Al/Al2O3/AuNP/SR (bold line), Al/Al2O3/AuNP (thin line) and
bulk gold (dashed line).

Fig. 3 Nyquist plots for the EIS experiments. Probe: 50 mM Fe(CN)6
4−

in buffer, pH 7.4. Al/Al2O3/AuNP (green squares); Al/Al2O3/AuNP/SR (red
triangles); and Al/Al2O3/AuNP/SR–AMP (500 nM) (black circles).
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exposure of Al/Al2O3/AuNP/SR to 500 nM AMP produces a dra-
matic change in the impedance response (circles), which could
be rationalized by the aptamer conformational changes. As it
was previously explained, this aptamer can present two poss-
ible structural states: either a random coil or a stem-loop struc-
ture. The random-coil state can be represented as a flexible
cord of 1 nm in diameter and 10 nm in length (Scheme 1,
center).14 Considering the AuNP as a sphere of 2.3 nm in dia-
meter, the maximum surface available will be 16 nm2, ca. 100
Au atoms. Even though the curvature of the surface could help
to introduce more S atoms to the surface,21 the size of the
aptamer and the repulsion between the negatively charged
phosphodiester groups suggests that only a few aptamer mole-
cules are immobilized on each AuNP. When the aptamer
recognizes AMP, two analyte molecules are intercalated at adja-
cent sites within a rectangular widened groove, changing the
aptamer conformation to a stem-loop structure (Scheme 1,
right). This new structure is more rigid and has a higher
negative charge density near the surface.13,14 The mild change
in the electron transfer resistance observed after the aptamer–
hexanethiol coadsorption suggests that very few aptamers are
immobilized surrounded by the short alkyl thiol (yielded by
the disulfide aptamer modification). When the AMP is recog-
nized, the aptamer configuration change on this small con-
fined surface dramatically modifies the ability of the probe to
access the AuNP.

To show the relevance of working with these confined
AuNPs, the same modification was carried out on bulk gold
electrodes. Surface changes were followed by QCM-D and
impedance experiments. QCM-D allows us to monitor the
adsorption process, accompanied by a frequency change of
14.7 Hz (Fig. 4). If only hexanethiol (MW: 134 Da) was
adsorbed, and considering that a gold surface completely
covered by alkyl thiols contains 7.7 × 10−10 mol cm−2,22 the fre-
quency change would be 4 Hz, which is less than 30% of the
change observed here. Therefore, most of the frequency

change can be attributed to the aptamer mass (MW:
10334 Da), representing a surface concentration of 2.4 × 10−11

mol cm−2, as a maximum. This coverage value is in the same
order as those previously reported,22,23 indicating that the
aptamer reacts with less than 4% of the total gold atoms
present in the bulk electrodes. On the other hand, dissipation
measurements show a slight increase due to the presence of
the free strands on the surface.24 Since AMP is a small mole-
cule, its binding to the modified electrode cannot produce an
important change in the frequency; however, the dissipation
response decreased (Fig. 4, red trace). This change can be
explained in terms of the aptamer contraction generating a
rather compact structure on the surface.

EIS experiments for the modified bulk gold electrode
showed a small change in the response when 500 nM AMP was
recognized (Fig. 5). The differences in the Ret can be explained
due to the interplay between free space and charge repulsion,
considering that the conformational state of the aptamer
changes from a random coil to a stem-loop structure due to
the AMP recognition. The conformational change folds the
aptamers, making the strand more rigid. Therefore, the ability
to repel the ferrocyanide probe by sweeping a given area of the
electrode is partially lost, and the probe can get closer to the
aptamer-free electrode surface decreasing the Ret.

To establish the selectivity of the aptamer modified AuNPs
to AMP, control experiments were carried out. Early studies

Fig. 4 QCM-D plot for the exposure of gold to the coadsorption of
aptamer and hexanethiol followed by recognition of AMP. B represents
the rinse steps with buffer. Frequency changes (black line, left axis); dis-
sipation changes (red line, right axis).

Fig. 5 Impedance response to 50 mM ferrocyanide in buffer pH 7.4, for
Au (green squares); Au/SR (red triangles); Au/SR–AMP (black circles).

Fig. 6 Molecular structures of AMP (left) and guanosine (right).
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regarding the recognition features of the DNA aptamer used in
this work establish that adenosine, AMP and ATP are bound to
the aptamer with practically the same binding constant.12,13

This is due to the fact that aptamer recognition involves inter-
actions only with the adenosine moiety, i.e. with functional
groups on the base and the sugar (Fig. 6, left) and not with the
eventual phosphate moieties. Therefore, in our selectivity
studies guanosine (Fig. 6, right), a nucleoside with a close
structure, was used to study the selectivity of our assay.

Table 1 shows the results for Al/Al2O3/AuNP modified with
the AMP-binding aptamer and guanosine (G) as the analyte.
A negligible change establishes the selectivity of the system.
Also, the Al/Al2O3/AuNP modified with a random sequence oli-
gonucleotide (scramble) was tested with AMP. Again, negligible
changes were observed confirming that the recognition event
and the conformational changes are responsible for the
observed signal.

Finally, the sensitivity to AMP concentration was deter-
mined. EIS experiments were carried out at different AMP con-
centrations in a range from 10 to 500 nM (Fig. 7, top). An
increase in the impedance as the AMP concentration increases
can be observed. Each AMP concentration was determined in
triplicate, and in each case a new electrode was used. Using an
equivalent circuit to fit the impedance spectroscopy (see
Experimental section), the electron transfer resistance (Ret) was
determined. The difference between Ret after and prior to AMP
incubation was used as a signal (Fig. 7, bottom). Considering
the dissociation constant of this aptamer, 6 µM,25 the ability
to detect this analyte at the nanomolar level can be considered
as a remarkable sensitivity for this determination.26

Conclusions

The sensing of small molecules by direct molecular recog-
nition represents a challenge for label free sensors, since
the conformational changes undergone by the recognition
element are limited to the adaptive folding around the analyte.
In the case of a bulk gold electrode, this change affects only a
fraction of the total area, a serious drawback in the sensor sen-
sitivity. The approach taken in this work by the generation of
isolated AuNPs in a porous alumina matrix overcomes this
problem, since the dimensional changes produced by the rec-
ognition event are in the same scale as the surrounding
environment, generating an important perturbation in the
electron transfer process. This allows the sensitive detection of
small molecules, represented here by AMP.

The use of the nanoengineered platform presented here
can be extended to other analytes, since it does not require any
special feature on the aptamer. Additionally, manipulation of
the pore size could prevent electrode fouling by other species
present in the sample.

Details regarding the fitting of X-ray experimental data are
given in the ESI.†
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Table 1 Selectivity control experiments

Sequence Analyte [Analyte]/nM ΔRet/kΩ

Aptamer AMP 500 39 ± 2
Aptamer G 1000 4 ± 1
Scramble AMP 500 2 ± 1

Fig. 7 Top: Nyquist plots for different AMP concentrations. The arrow
indicates increasing concentrations (0, 10, 25, 100, 300 and 500 nM).
Bottom: The effect of the AMP concentration on Ret for the Al/Al2O3/
AuNP/SR electrode. ΔRet values are the measurements taken from three
independent sensors for each concentration. ΔRet = Ret(Al/Al2O3/AuNP/
SR–AMP) − Ret(Al/Al2O3/AuNP/SR). Errors bars indicate the standard
deviation for three independent electrodes.
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