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In this communication we present a potentiometric aptasensor based on chemically modified graphene
(transducer layer of the aptasensor) and aptamers (sensing layer). Graphene oxide (GO) and reduced
graphene oxide (RGO) are the basis for the construction of two versions of the aptasensor for the
detection of a challenging living organism such as Staphylococcus aureus. In these two versions, DNA
aptamers are either covalently (in the GO case) or non-covalently (in the RGO case) attached to the
transducer layer. In both cases we are able to selectively detect a single CFU/mL of S. aureus in an assay
close to real time, although the noise level associated to the aptasensors made with RGO is lower than
the ones made with GO. These new aptasensors, that show a high selectivity, are characterized by the
simplicity of the technique and the materials used for their construction while offering ultra-low
detection limits in very short time responses in the detection of microorganisms.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In this communication we report for the first time a potentiometric
biosensor based on chemically modified graphene and aptamers for
the rapid, selective and ultrasensitive detection of Staphylococcus
aureus (S. aureus). Without need for tedious pretreatment procedures,
such as DNA extraction, and with a detection limit of only one colony-
forming unit (CFU)/mL on a timescale of a few seconds this biosensor
largely outperforms existing detection methods in simplicity and
performance parameters thus demonstrating a high potential for the
detection of challenging microorganisms.

Effective prevention of infectious diseases caused by bacteria is
one of the major public concerns. Standard methods used to assess
the presence of microbiological threats consist of specific enrich-
ment media to separate, identify, and count bacterial cells. Depend-
ing on the specific microorganism to detect, one day to several
weeks might be necessary to determine its presence. Current
research efforts led to rapid detection of ultra-low amounts of
microorganisms. For instance methods based on ultrafast polymer-
ase chain reaction (PCR) (Banada et al., 2012) can detect bacteria
in a few minutes with limits of detection of a few CFU. However,
the techniques based on nucleic acid sequences detection usually
require preprocessing steps for DNA extraction, amplification and
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detection, what makes the overall procedure expensive and com-
plicated. Other recent strategies are based on the use of functiona-
lized gold nanoparticles that bind to the bacterial surface for
colorimetric detection (Wang et al., 2012), positron emission
tomography (PET) imaging (Panizzi et al., 2011) or bacteriophage
amplification coupled with mass spectrometry (Pierce et al., 2011).
Again, in all cases this is achieved by employing tedious pretreat-
ment steps or requires expensive equipments.

Electrochemical techniques are usually much simpler and non-
expensive, and a few amperometric techniques for S. aureus
detection have been reported so far but with detection limits
ranging between 10° CFU/mL in 3 h (Morales et al, 2007) or
10° CFU/mL in 50 min (Escamilla-Gémez et al., 2008). We recently
presented carbon nanotube and aptamer-based potentiometric
biosensors in which we took benefit of the excellent recognition
ability of aptamers towards a specific target and of the outstanding
transducer abilities of carbon nanotubes. Taking benefit of the
simplicity and low-cost instrumentation of potentiometric techni-
ques, these biosensors based on aptamers (also known as apta-
sensors) and carbon nanotubes are able to detect, with inter and
intra-strain selectivity 1 CFU of Salmonella Typhi in 5mL of
buffered sample in less than 1 min (Zelada-Guillén et al., 2009),
or 12 CFU of Escherichia coli (E. coli) in 2 mL of milk in a couple of
minutes (Zelada-Guillén et al, 2010). Using these carbon
nanotube-based aptasensors in case of challenging microorgan-
isms such as S. aureus we were able to detect 8 x 10 CFU/mL of
living S. aureus in a couple of minutes (Zelada-Guillén et al., 2012).
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This value is very high compared to the cases of Salmonella Typhi
or E. coli. However, taking into account the inherent difficulty for the
detection of S. aureus due to the presence of a thick polysaccharide
layer of poly-N-acetylglucosamine on its surface and the low
abundance of antigens externally exposed, the value of 8 x 10 CFU/
mL represents a benchmark for the direct detection of S. aureus
employing electrochemical biosensing systems.

Herein we report the construction of a new generation of
potentiometric aptasensors with significantly enhanced perfor-
mance exploiting for the first time the excellent electrochemical
(Ambrosi et al., 2011) and transduction (Hernandez et al., 2012)
properties of chemically modified graphene. Using both, graphene
oxide (GO) and reduced graphene oxide (RGO) as transduction layer
subsequently functionalized with a DNA aptamer able to recognize
epitopes on the surface of S. aureus (Cao et al., 2009) we demonstrate
that the resulting aptasensors are able to selectively detect just one
single CFU/mL of the challenging S. aureus in 1-2 min. The ultra-
sensitive performance of this potentiometric aptasensor not only
outperforms results obtained with carbon nanotubes as transduction
layer but represents an important breakthrough towards rapid zero-
tolerance microbiological detection systems.

2. Experimental part
2.1. Construction of the biosensor

The biosensor was built on top of a glassy carbon (GC) rod (length
50 mm and diameter 3 mm) jacketed with a teflon layer. The surface
of the GC rod was polished first with a sheet of abrasive paper
(Buehler Carbimet 600/P1200) and then with different grain-sized
alumina (30, 5, 1 and 0.5 pm). Graphite oxide was prepared using a
modified Hummer’s method from graphite powder (Sigma-Aldrich)
by oxidation with NaNOs;, H,SO; and KMnO4 in an ice bath as
reported in detail elsewhere (Hummers and Offeman, 1958). A
suspension of GO sheets was obtained by sonication of the prepared
graphite oxide powder in distilled water (1 mg/mL) for 2 h, followed
by mild centrifugation of the suspension at 4500 rpm for 60 min
(Vallés et al., 2011). The resulting brown-coloured water dispersion
with a concentration of 0.3 mg/mL contained single to few-layered
GO sheets of 2 to 10 individual layers. GO films on glassy carbon
(GC) electrodes were prepared as follows. Homogeneous aqueous
GO dispersions of a controlled volume of 15 pL were drop-casted
onto clean and polished surfaces of the GC electrodes and allowed
to dry at room temperature. The deposition process was repeated
other 9 times until the final thickness obtained for 10 depositions
was 1460 nm (thicknesses measured by confocal microscopy).
A set of GO electrodes was kept for later covalent functionalization
and in another set GO was reduced to RGO for further non-
covalent functionalization. Reduction of deposited GO films was
performed by a 24 h exposure of electrodes to hydrazine mono-
hydrate vapours (Robinson et al., 2008). This reduction method
efficiently removes various oxygen functional groups of the
graphene oxide sheets and restores the aromaticity of the carbon
network, even for films as thick as 1500 nm (Vallés et al., 2011).
This procedure thus transforms the GO films into reduced gra-
phene oxide (RGO) films with remaining oxygen and nitrogen
moieties of about 10 and 1.5%, respectively. Finally, both sets of
electrodes (GO and RGO electrodes) were properly functionalized
with the corresponding aptamers. GO electrodes were introduced
in a solution of 100 nmol of N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC) and 25 nmol of N-hydroxysuc-
cinimide (NHS) in a 50 mM 2-(N-morpholino) ethanesulfonic acid
(MES) buffer at pH 5 for 30 min to activate the carboxylic groups
present at the edge planes and defects of the deposited graphene
oxide. After this step, electrodes were immersed overnight into

05mL of a 1pM S. aureus SA20 binding aptamer solution
dispersed in PBS pH 7.4 (1 mM). In the case of the RGO electrodes,
non-covalent functionalization of the S. aureus SA31 binding
aptamer was done depositing a drop of the 1pM aptamer
dispersed in PBS pH 7.4 (1 mM) and leaving overnight in a wet
atmosphere. Both 88-mer aptamers (SA20 and SA31) have similar
affinities for S. aureus (Cao et al., 2009).

2.2. Potentiometric measurements

Potentiometric analysis was performed by real-time measure-
ments of the electromotive force (EMF) between the terminals of a
two-electrode system consisting of the GO/RGO aptasensor as the
working electrode, and a double junction reference electrode (Ag/
AgCl/KCl 3 M containing a 1M LiAcO electrolyte bridge, type
6.0729.100, Metrohm AG, Herisau, Switzerland) as the reference
electrode at isothermal conditions (22+0.5°C) in a water-
jacketed glass cell under constant stirring conditions (300 rpm).
A high-input impedance voltmeter (1015 €2, model EMF-16, Law-
son Laboratories Inc, Malvern, PA, USA) was used in all the cases to
measure the difference in electromotive force. The changes on
EMF were automatically measured at periods of 10 s. The electro-
lyte used in the cell was 5 mL of PBS 1.7 mM pH 7.4. The EMF value
was recorded automatically with the software provided by the
company. In all cases, the amount of bacteria detected by the
potentiometric measurements was simultaneously standardized in
quintuplicate using the agar plate count technique.

Details about materials, aptamers, culture conditions and char-
acterization of GO and RGO films can be found in the
Supplementary material.

3. Results and discussion

The basis of the aptasensor is the transduction layer formed by
GO that is deposited onto the polished surface of a GC rod. For
comparison purposes, and in order to look for the best strategy of
detection, two different methods of functionalization were used to
attach the aptamers to this transduction layer: a covalent approach
and a non-covalent one (Fig. 1a and b). The covalent approach
consisted of chemically linking the aptamers to GO by amide
bonds formed between the carboxylic groups present on the
deposited GO flakes and an amine moiety introduced at the 3’
end of the aptamer by well-known carbodiimide mediated chem-
istry (Jung et al.,, 2004). The flexibility of the aptamer chains then
facilitates their flat arrangement on the GO surface (comparable to
DNA wrapping on carbon nanotubes (Liu et al., 2010)). In the non-
covalent approach we first reduced GO to RGO to remove the
unnecessary presence of the various functional oxygen moieties
located on the basal and edge plane of GO. Subsequently, pyrenil
moieties previously introduced at the 3’ end of the aptamer were
non-covalently physisorbed onto the RGO surface. Effective z-7x
interactions between pyrene and graphene also facilitate a flat
organization of the aptamer to the RGO surface (Liang et al., 2009).
In presence of the target bacteria, for both the covalent and the
non-covalent functionalization, the aptamer prefers to bind to the
bacteria rather than remaining attached onto the GO/RGO surface.
It thus overcomes the strong 77—z interactions and tends to separate
its negatively ionized phosphodiester groups at a pH value of 7.4 from
the underlying GO/RGO surface. Since the GO/RGO films act as
asymmetric capacitors (Hernandez et al., 2012) this separation of
charges provokes a subsequent change of the recorded potential.

Consecutive additions of increasing amounts of living S. aureus
in phosphate buffer solutions (PBS 1.7 mM, pH 7.4) were per-
formed to test the response of the covalent and the non-covalent
functionalized aptasensors. Fig. 1c shows a transmission electron
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Fig. 1. Scheme of the overall process of functionalization and detection of S. aureus (the different parts are not to scale). Top: Schematic illustration of the potentiometric
aptasensor. For sake of clarity the GO layer only presents a few carboxyl groups and other functional defects (e.g. alcohols, ethers, ketones ...) are not shown. (a) The covalent
functionalization of GO with the S. aureus aptamer following carbodiimide-mediated chemistry facilitates a flat stacking of the aptamer to the GO surface. (b) The non-
covalent functionalization of GO with the S. aureus aptamer results in z—z stacking between RGO and pyrene moieties and also facilitates a flat stacking of the aptamer to the
RGO surface. (c) TEM image of a single S. aureus cell captured on a graphene-aptamer layer.

microscopy (TEM) image of a single S. aureus cell captured on the
graphene-aptamer layer. The amount of bacteria in each addition
was simultaneously checked by five independent measurements
using the agar plate count technique. Fig. 2a reveals that the non-
covalent functionalized aptasensors are able to detect 1 CFU/mL in
a few minutes and that an immediate change was observed after
the addition of S. aureus for the whole working range.

For the covalent functionalized aptasensors the potentiometric
response exhibits a (somewhat) higher noise level although the
aptasensor is also able to respond to low additions of S. aureus. The
difference in noise can be observed in the instrumental limit of
detection (defined as three times the standard deviation of the
noise), which corresponds to 29 uV for the non-covalent functio-
nalization and 76 pV for the covalent functionalization. Both values
are significantly better than the instrumental limit of detection of
240 pV obtained for carbon nanotube-based aptasensors (Zelada-
Guillén et al., 2009). The lower noise and therefore the lower
instrumental limit of detection for the non-covalent functionaliza-
tion may be attributed to the lower number of defects in the RGO
layers after hydrazine reduction (compared to the defects in the
GO layers used in the covalent functionalization). This positively
affects the charge-separation mechanism and favours the asym-
metric capacitor-like behaviour of the transducer layer (Hernandez
et al.,, 2012) thus resulting in an overall enhanced transducer

efficiency. Surprisingly, and despite a higher noise level, the
precision associated with the determination of S. aureus using
different aptasensors is better in case of the covalent functionali-
zation approach. Fig. 2b and c clearly show that the construction of
a set of covalently functionalized aptasensors offers a higher
reproducibility compared to the non-covalently functionalized
ones. The fact that in the case of the non-covalent functionaliza-
tion an additional reduction step is required (to convert GO into
RGO) may negatively impact on the reproducibility because of the
inherent experimental variability due to this extra step. In any
case, thick layers of transducer films (i.e. 1460 nm) help to over-
come this problem (Hernandez et al., 2012). At higher amounts of
bacteria, each EMF increase was less prominent, demonstrating
progressive saturation of the available binding sites. Although the
noise level may hinder in some cases (especially in the non-
covalent functionalization) a precise quantification of S. aureus
until a better reproducibility in the home-made construction of
the biosensor is attained, the biosensor can also be used for
semiquantitative purposes or to decide the presence/absence of
S. aureus below or above a threshold value (even if this threshold
is as low as a few CFU/mL). It is important to remark that the
apparent low values of the sensitivities (Fig. 2) are due to the
particular sensing mechanism, different from the classical Nerns-
tian model, in which the change in the electromotive force results
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Fig. 2. (a) Aptamer-functionalized aptasensor exposed to stepwise increases of
S. aureus concentration and the corresponding potentiometric response; numbers
above each potentiometric jump represent the final concentration of bacteria.
Insets show the detail of two inoculation steps for the covalent and non-covalent
functionalization. (b) EMF response versus log of concentration of S. aureus for the
covalent functionalization. (c) EMF response versus log of concentration of S. aureus
for the non-covalent functionalization. In (b) and (c) error bars are standard
deviation of the response obtained at a given concentration for six different
sensors. The sensitivities of the aptasensors are 0.34 mV/decade (covalent functio-
nalization) and 0.55 mV/decade (non-covalent functionalization).

from a rearrangement of the electrical charges at the surface of
GO/RGO during the recognition event. Therefore, no Nernstian
responses are expected in these aptasensors.

Interestingly, when using carbon nanotubes as the transducer
material (Zelada-Guillén et al., 2009) for the detection of the same

microorganism the differences between the covalent and the non-
covalent functionalization are tremendous: the best results
(a high detection value of 8 x 10 CFU/mL of S. aureus) are obtained
with the covalent functionalization, obtaining a very poor detec-
tion ability with the non-covalent strategy (concentrations
above 107 CFU/mL). This effect most likely is related to the
surface properties of the aptasensor. While the entangled network
of carbon nanotubes forming the transducer layer sterically
reduces the interaction possibilities with the pyrene molecules,
the bi-dimensional graphene sheets provides a large surface area
to favour z-7z stacking between RGO and pyrene moieties. This
also directly influences the transducing properties and leads to
significantly improved responses for graphene-based aptasensors,
independently if covalently or non-covalently functionalized.

The new aptasensors show a high degree of selectivity since no
response was obtained for experiments using either E. coli as a
Gram-negative bacteria or Lactobacillus casei (L. casei) as a Gram-
positive microorganism (Fig. 3a—d). Control experiments (Fig. 3e-i)
confirmed that the responses are solely caused by the binding
event between S. aureus and the aptamer and the subsequent
transduction of the GO or RGO layer. We tested glassy carbon
electrodes without transduction and recognition layer (Fig. 3e) and
glassy carbon (without transduction layer) both covalently and
non-covalently functionalized (Fig. 3f and g). We also examined
the potentiometric response without recognition layer (Fig. 3h)
and using a non-covalently functionalized aptasensor but without
pyrenil moieties (Fig. 3i). There was no potentiometric response
under any of these conditions, showing that the EMF change is
only generated when aptamers attached to GO/RGO interact with
S. aureus. Therefore, the two elements, aptamer (as recognition
layer) and GO or RGO (as transduction layer), are essential to
successfully detect S. aureus.

EMF / mV

0 10 20 30 40 50 60 70
Time / min

Fig. 3. Selectivity ((a)-(d)) and control ((e)-(i)) assays. EMF response versus time
for different concentrations of bacteria. Vertical lines represent inoculation with
increasing amounts of bacteria (in CFU/mL). From top to bottom: (a) and
(b) Covalently functionalized biosensor exposed to Escherichia coli and L. casei,
respectively; (c¢) and d) Non-covalently functionalized biosensor exposed to
E. coli and L. casei, respectively; (e) Glassy carbon electrode exposed to S. aureus;
(f) and (g) Glassy carbon without GO/RGO covalently and non-covalently functio-
nalized with aptamer exposed to S. aureus; (h) Glassy carbon with a layer of GO/
RGO and without aptamer exposed to S. aureus; (i) Non-covalently functionalized
aptasensor without pyrenil moieties in the aptamer exposed to S. aureus.
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The aptasensors can be easily regenerated after each set of
measurements by dissociating the aptamers from the bacteria in
2 M NaCl solution for 1 h. In presence of 2 M NaCl, the tertiary
structure of the aptamer changes so that S. aureus dissociate from
aptamers. After regeneration, all the electrodes were washed
gently with MilliQ water and stored in sterile PBS solution
(1.7 mM, pH 7.4) for new measurements. All the electrodes were
reused at least three times during around one month without any
change in sensitivity or instrumental noise.

4. Conclusions

In this communication we present a graphene-based aptasen-
sor that is able to selectively detect a single CFU/mL in an assay
close to real time of a challenging living organism such as
S. aureus. Two different strategies were followed to attach the
aptamer to the GO or RGO layer. Both, the outperforming results
obtained, as well as the simplicity of the technique and the
materials used for the construction of the aptasensors may pave
the way towards a new generation of microbiological analysis
systems characterized by construction simplicity while offering
ultra-low detection limits and close to real-time responses.

To use this aptasensor in real samples with complex matrices,
we would probably need to use a filtration protocol (Zelada-
Guillén et al., 2010) to remove the undesired electroactive species
within the original matrix, which otherwise may lead to inaccu-
rate results in biosensing experiments. These experiments with
real biological samples are foreseen and they will show the final
viability of our concept. In any case it is important to remark that
this filtration protocol is carried out using standard commercial
cellulose acetate filters and that the total time of this step is only of
1-2 min.
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