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a b s t r a c t

Fast and accurate detection of microorganisms is of key importance in clinical analysis and in food and
water quality monitoring. Salmonella typhimurium is responsible for about a third of all cases of food-
borne diseases and consequently, its fast detection is of great importance for ensuring the safety of
foodstuffs.

We report the development of a label-free impedimetric aptamer-based biosensor for S. typhimurium
detection. The aptamer biosensor was fabricated by grafting a diazonium-supporting layer onto screen-
printed carbon electrodes (SPEs), via electrochemical or chemical approaches, followed by chemical
immobilisation of aminated-aptamer. FTIR-ATR, contact angle and electrochemical measurements were
used to monitor the fabrication process. Results showed that electrochemical immobilisation of the
diazonium-grafting layer allowed the formation of a denser aptamer layer, which resulted in higher
sensitivity. The developed aptamer-biosensor responded linearly, on a logarithm scale, over the con-
centration range 1�101 to 1�108 CFU mL�1, with a limit of quantification (LOQ) of 1�101 CFU mL�1

and a limit of detection (LOD) of 6 CFU mL�1. Selectivity studies showed that the aptamer biosensor
could discriminate S. typhimurium from 6 other model bacteria strains. Finally, recovery studies de-
monstrated its suitability for the detection of S. typhimurium in spiked (1�102, 1�104 and
1�106 CFU mL�1) apple juice samples.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Salmonella typhimurium (S. typhimurium), the second most
common serotype (after Salmonella enteritidis) found in humans, is
responsible, worldwide, for about a third of all cases of foodborne
diseases (Gupta et al., 2003). Salmonellosis is an increasingly im-
portant health concern and is usually associated with the con-
sumption of Salmonella-contaminated foods, mainly of animal
origin, including beef (Wells et al., 2001), pork (Malorny and
Hoorfar, 2005), poultry (Carli et al., 2001) and turkeys (Nayak et al.,
2003). However, non-animal products, such as fresh vegetables
and fruits, fruit juices and spices, have also been associated with
infections. Fruit juices are becoming increasingly relevant vehicles
for Salmonella infection (Jain et al., 2009; Sivapalasingam et al.,
2004; Vojdani et al., 2008).

Currently, the detection of Salmonella in food still relies on
787, SE�601 17 Norrköping,
culture-based approaches or on the combination of these with
biochemical (immuno) assays. Despite being very accurate and
having the ability discriminate between live and dead cells, these
assays are time-consuming, tedious, impractical (Lazcka et al.,
2007) and, more importantly, are not suitable for on-site and real-
time applications (June et al., 1995).

Recently, DNA microarrays (Gardner et al., 2010) have been
shown to offer new opportunities for pathogen detection in a
multiplex format at reasonable cost and speed (2–3 h to get re-
sults). Real time PCR (RT-PCR) has consequently, rapidly become a
common analytical techniques for pathogen detection (Jain et al.,
2009; Postollec et al., 2011). Nevertheless, PCR based analytical
approaches are still far from being applicable to real-time or on-
site analysis, since they still require well-equipped laboratories.

Biosensors have been extensively explored for pathogen de-
tection with the aim of developing new tools for fast, low cost,
real-time and on-site detection or screening. The simplest format
for microbial monitoring is based on the detection of generic
biomarkers, shared by most of the microorganism, such as ATP.
ATP bioluminescence assays have been used, for the last three
decades, for the rapid monitoring of surface microbial loading in
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the food industry and hospitals (Driscoll et al., 2007).
Assays based on the affinity between a ligand (antibodies,

bacteriophages or lectins) and receptors onto the microbial cell
surface have also been widely investigated (Karmali, 2009). Anti-
body-based immunosensors have been the most explored ap-
proach in the development of portable pathogen detection (Chung
et al., 2014; Seymour et al., 2015). However, the limited stability of
antibodies is a major drawback in their widespread utilisation.

Aptamers are short single-stranded oligonucleotides that can
bind, with high affinity, to a wide range of targets (Jayasena, 1999)
and are usually selected through an in vitro process using an ex-
ponential enrichment process (SELEX) (Chiu and Huang, 2009).
They have been explored as possible replacements for antibodies
in bioaffinity assays and their potential for delivering real-time
detection of microbial cells, from a variety of samples types, has
been demonstrated (Dwivedi et al., 2010; Hamula et al., 2011; Joshi
et al., 2009; Kaerkkaeinen et al., 2011; Ozalp et al., 2013; Torres-
Chavolla and Alocilja 2009; Wu et al., 2012). Among the different
transduction approaches used for aptasensing, electrochemistry is
of particular significance because of its advantages, such as high
sensitivity, selectivity, simple instrumentation and low en-
dogenetic background (Labib et al., 2012; Zelada-Guillen et al.,
2009).

Stable and controllable immobilisation of biorecognition ele-
ments onto transducing surfaces is of great importance in the
development of electrochemical biosensors. Currently the most
commonly adopted approach takes advantage of the strong affi-
nity between SH groups and gold surfaces to produce self-as-
sembled monolayer (SAM)-based platforms (Brasil de Oliveira
Marques et al., 2009; Peterlinz et al., 1997). SAMs have found
widespread application, but still present significant limitations:
the surface modification is time consuming and its stability can be
affected by different factors such as electrical potentials (Lockett
and Smith, 2009), UV irradiation (Shewchuk and McDermott,
2009) and high temperatures (Civit et al., 2010). Some of these
limitations have been overcome by the use of diazonium chem-
istry (Belanger and Pinson, 2011; Galli, 1988), which offers several
advantages in terms of speed, simplicity and stability (Civit et al.,
2010; Torréns et al., 2015b). Diazonium-grafted surfaces have
found widespread application in different areas such as sensors
(Corgier et al., 2005, 2007) and catalysis (Bourdillon et al., 1992).
Diazonium grafted layers have a long-term stability under atmo-
spheric conditions (Allongue et al., 1997) and are minimally af-
fected by ultrasound treatments (Adenier et al., 2006), high tem-
peratures (Civit et al., 2010) and electric potentials (Haque and
Kim, 2011; Piper et al., 2011; Revenga-Parra et al., 2012). Diazo-
nium molecules modified with various functional groups have
been introduced onto electrodes for immobilisation of biomole-
cules such as enzymes (Bourdillon et al., 1992; Liu et al., 2007;
Polsky et al., 2007; Radi et al., 2006), proteins (Corgier et al., 2005)
and antibodies (Corgier et al., 2005; Ho et al., 2010) for biosensing
application. To the best of our knowledge, there are just a few
reports on the use of this chemistry for immobilisation of DNA
(Ruffien et al., 2003; Shabani et al., 2006; Torrens et al., 2015a,
2015b,) and these were only for hybidisation assays.

Herein, we report on the development of a label-free impedi-
metric biosensor for Salmonella enterocs serover. Typhimurium
(Salmonella typhimurium) detection. More specifically screen-
printed electrodes (SPEs) were modified with diazonium salt
through electrochemical and Zn-mediated chemical grafting and
the properties, of the fabricated aptasensors based on these were
compared in terms of surface density of the aptamer layer and
sensitivity. The analytical performances of the sensors were then
further investigated and the detection of S. typhimurium in spiked
apple juice sample was demonstrated.

The aptasensor developed via electrochemical grafting had
higher sensitivity and responded linearly over the concentration
range 1�101 to 1�108 CFU mL�1. It also had high selectivity in
the presence of other pathogens and was suitable for the detection
of S. typhimurium in spiked apple juice samples.
2. Experimental

2.1. Reagents

All reagents were of analytical grade and used as received.
N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), 4-aminbenzoic acid, tetrafluoroboric acid solution, zinc
powder, sodium nitrite 99.5%, potassium ferricyanide (III) and
potassium ferrocyanide (II), were purchased from Sigma–Aldrich
(Sweden).

All pathogenic strains used in this work were acquired from the
Culture Collection (the three Escherichia coli strains), University of
Gothenburg, Sweden or donated from the Linköping University
Hospital (S. typhimurium, Entrobacter aerogenes, Citrobacter freundii
and Kelebsiella pneumonia).

The aminated DNA aptamer against Salmonella was purchased
from biomers.net (Germany). The sequence of the aptamer (N 45
in the original work), selected against S. typhimurium outer
membrane proteins (OMPs), was obtained from the work of Joshi
et al. (2009):

5′-NH2-ttt ggt cct tgt ctt atg tcc aga atg cga gga aag tct ata gca
gag gag atg tgt gaa ccg agt aaa ttt ctc cta ctg gga tag gtg gat tat-3′

2.2. Pathogen preparation

The cultivation of S. Typhimurium, and of the other pathogenic
strains used in this work, was performed in nutrient broth (NB)
medium at 37 °C by shaking at 170 rpm for 16 h. The cultures
containing bacteria were centrifuged at 3765g for 5 min (25 °C)
and washed with PBS (0.1 M, pH 7.4) three times. After washing,
the pellet was suspended in 15 mL of PBS and used as the original
S. typhimurium stock solution; all other concentrations were made
by diluting this in PBS. The pathogen concentration in the stock
solution was estimated by measuring the optical density at
600 nm. Correlation between optical density and bacterial con-
centration (CFU mL�1) was determined, at the beginning of this
work, by the standard plate count method for each bacterial strain.

2.3. Instrumentation

Voltammetric experiments were carried out using an Ivium
Stat. XR electrochemical analyser coupled with dedicated software
(Ivium, Eindhoven, Netherlands). The impedance spectra were
recorded within the frequency range of 100 kHz to 0.05 Hz in
5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture in 10 mM PBS (pH
7.4) at a bias potential of 0 mV vs OCP potential. The amplitude of
the applied sine wave potential was 5 mV. The Nyquist plots ob-
tained were fitted to an equivalent circuit to extract the value of
charge-transfer resistance (Rct). Chronocoulometry was used for
the determination of aptamer surface coverage. The following
parameters were used to perform the chronocoulometric mea-
surements: pulse period¼500 ms and pulse width¼500 mV.
Screen-printed electrodes (SPEs) consisted of a carbon working
electrode (4 mm in diameter); a carbon counter electrode and a
silver pseudo-reference electrode printed onto a ceramic sub-
strate; these were purchased from Dropsens, Spain (Manufacturer
code DRP-110). All the experiments were carried out at room
temperature (21 °C). ATR-FTIR measurements were obtained using
a PIKE MIRacle ATR accessory with a diamond prism in a Vertex 70
spectrometer (Bruker) using a DTGS detector at room temperature
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under continuous purging of N2. IR spectra were obtained at
4 cm�1 resolution and 32 scans between 4000 and 800 cm�1. The
static water contact angles of the films were measured using the
sessile drop technique with fresh Milli Q water (18.2 MΩ) with the
aid of a CAM200 Optical Contact Angle Metre (KVS Instrument,
Finland).

2.4. Synthesis of 4-amino benzoic acid tetrafluoroborate (ACOOH)

4-Aminobenzoic acid tetrafluoroborate was synthesised by
dissolving 1.16 g (8.5 mmol) of 4-aminobenzoic acid in 9 ml of 50%
w/w aqueous tetrafluoroboric acid solution. The solution was he-
ated until the 4-aminbenzoic acid completely dissolved and was
then cooled in an ice water bath. Following dissolution of the
amine, a cold solution of 0.73 g (10.5 mmol) of sodium nitrite in
2 ml MilliQ water was added dropwise to the reaction mixture
with stirring. The slurry was cooled in an ice bath to favour crys-
tallisation. The resulting white solid was collected on a Buchner
funnel, washed with ice water and cold ether, dried under vacuum
and finally stored at �4 °C in the dark (Baranton and Bélanger,
2005; Dunker et al., 1936; Polsky et al., 2008). The presence of the
diazonium functional group in the synthesised compound was
confirmed by IR spectra.

2.5. Modification of SPEs through electrochemical grafting and Zn-
mediated grafting

Electrochemical grafting: the electrochemical grafting was
performed using a solution of 5 mM of ACOOH in 0.5 M cold sul-
phuric acid. A drop of diazonium solution (50 μL) was placed onto
the SPE and then 10 cyclic voltammograms were recorded over the
range from 0 to �1 V at 0.2 V/s (Ho et al., 2010).

2.5.1. Zn-mediated grafting
To modify the electrodes through Zn-mediated chemical

grafting, a mixture of 20 μL of 5 mM of ACOOH in 0.5 M sulphuric
acid containing an excess of Zn powder was stirred for 5 min
under a stream of N2, added to the electrode surface and left to
react for 5 min (Torréns et al., 2015b).

2.6. Preparation and characterisation of aptasensors

Following modification with the diazonium-grafting layer the
electrodes were sonicated in water for 1 min, in order to remove
weakly bounded molecules, and dried under a stream of N2. The
carboxyl groups present in the grafted diazonium layer were ac-
tivated with 4:1 M ratio of EDC (200 mM): NHS (50 mM) in water
for 30 min. After rinsing with water and drying under nitrogen
stream, a drop of 4 μM aminated-DNA aptamer (in 10 mM PBS
buffer pH 7.4) was placed on the activated surface for 1 h. The
unreacted carboxylate groups were then deactivated with 1 mM
ethanolamine (pH 8) for 30 min. Finally, the modified electrodes
were washed in PBS solution for 30 min to remove unspecifically
chemisorbed aptamers. The ability of the developed aptasensors to
detect S. typhimurium was assessed by testing them with solution
containing different concentrations of the bacterias. The overall
process is summarised in Scheme 1.

2.7. Bacteria measurements

Detection of bacteria was performed accordingly to the fol-
lowing protocol: aptasensors were incubated for 30 min (Labib
et al., 2012) in the 10 mM PBS buffer (pH 7.4) solution containing
the bacteria or in the spiked apple juice sample; this step was
performed by immersing the aptasensors in 10 mL of the tested
solution. Following a 15 min wash in 10 mM PBS buffer (pH 7.4)
electrodes were immersed in the 10 mM PBS buffer (pH 7.4)
containing the 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture where
EIS spectra were recorded accordingly to protocol described in
Section 2.3. A calibration curve was constructed by exposing the
aptasensor to increasing concentrations, from 101 to
108 CFU mL�1, of S. typhimurium. Each of the point in the cali-
bration curve, selectivity curves and in the spiked sample analysis
were the average of 3 measurements performed using 3 individual
electrodes.
3. Results and discussion

3.1. FTIR spectra

Diazonium salt was synthesised ex-situ according to the pro-
tocol described above (Section 2.3) and characterised by FTIR-ATR
(Supplementary material, Fig S1). As can be seen from Fig. S1,
where the FTIR-ATR spectra of 4-aminbenzoic acid before and after
diazonium formation are compared, a new band appeared after
diazonium formation at about 2304 cm�1. This new band has been
previously associated with the (C–N≡N) group in diazonium salt
(Socrates, 2001). A shift in the FTIR peak for carboxylic acid from
1656 cm�1 to 1718 cm�1 has also been recorded in the case of the
diazonium salt; this shift can be the result of the electron acceptor
properties of the newly formed diazo group.

3.2. Electrochemical characterisation of the aptasensor

Electrochemical impedance spectroscopy (EIS) measurements
were used to characterise the step-by-step assembly of the apta-
sensor. Fig. 1 shows the Nyquist plots obtained for a SPE (a),
ACOOH/SPE (b) and aptamer/ACOOH/SPE (c), via electrochemical
(solid line) and Zn mediated chemical grafting (dotted line).
Measurements were performed using a 5.0 mM [Fe(CN)6]3� /4�

couple (1:1) solution in 10 mM PBS (pH 7.4).
As can be seen from Fig. 1, the impedance dramatically in-

creased following ACOOH grafting, regardless of which approach
(electrochemical or Zn-mediated) was adopted for the surface
modification, indicating successful grafting of the ACOOH. In-
creases in Rct were the result of the formation of a highly packed
negatively charged film on the electrodes surface that was effec-
tively blocking, via electrostatic repulsion, the diffusion of the
[Fe(CN)6]3�/4� couple to the sensor surface. A higher blocking
effect was achieved, as expected, for the electrochemical grafting;
this was probably due to the higher level of immobilisation or to
the formation of multilayers (Kariuki and McDermott, 1999). The
value of Rct dramatically decreased after DNA aptamer im-
mobilisation (curves C of Fig. 1). This was the result of the lower
density of negative charges associated with: (i) the low density
and the 3D structure of the bulky aptamer chain (when compared
to the ACOOH) and (ii) the partial neutralisation of the COOH
originally on the surface due to the blocking step with ethanola-
mine (Hayat et al., 2012, 2011). Modelling of the impedance data
was realised according to the Randles circuit depicted in the inset
of Fig. 1. This is based on the charge transfer resistance (Rct), the
constant phase element (CPE), the solution resistance (Rs) and the
Warburg impedance (W).

3.3. Contact angle measurement

The success of the assembly was also confirmed by contact
angle measurement. In order to record this, a drop (10 ml) of fresh
Milli Q water (18.2 MΩ) was placed onto the unmodified and/or
modified surfaces and five images were recorded using a CAM200
Optical Contact Angle Meter. Fig. S2 summarises the average of the



Scheme 1. Overview of the preparation of the Salmonella aptasensor.

Fig. 1. Faradic complex impedance plots in 5 mM [Fe(CN)6]3�/[Fe(CN)6]4� for different immobilisation steps on SPEs through electrochemical (solid line) and Zn-mediated
grafting (dotted line): bare SPE (a), ACOOH/SPE (b) and Apt/ACOOH/SPE (c).
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contact angle values obtained. Contact angle decreased sequen-
tially after diazonium salt and aptamer immobilisation, regardless
of the grafting process adopted. The decrease in contact angle is
due to the increased hydrophilicity of the surface due firstly to the
introduction of the COOH group, and secondly to the im-
mobilisation of the DNA aptamer.

3.4. Determination of aptamer surface density

Aptamer surface coverage for the two constructed aptasensors
(via electrochemical and Zn-mediated chemical grafting) was ob-
tained using the well-established DNA/[Ru(NH3)6]3þ interaction
and chronocoulometric measurements (Wang et al., 2010; Yu et al.,
2003). It is known that [Ru(NH3)6]3þ binds to the anionic phos-
phate base of DNA in 1 to 3 ratio. Thereby calculation of surface
DNA (ΓDNA) coverage can be performed by determining the
[Ru(NH3)6]3þ entrapped in DNA layer (Γ0). In Fig. 2 the typical
chronocoulometric curves recorded during this evaluation are
presented.

Measurements were recorded at the aptamer modified elec-
trodes in the absence and presence of 50 μM of [Ru(NH3)6]3þ .
Assuming that the double layer capacitance remains approxi-
mately constant, nFAΓ0 (Eq. (1)), the charge from the reduction of
absorbed redox marker, can be measured by using the difference
in intercepts:

Γ= ( )Q nFA 10

where n is the number of electrons per molecule for reduction, F
the Faraday constant (C/equiv), A the electrode area (cm2) and Γ0

is the surface excess of adsorbed redox marker.
The active areas of the electrodes were determined using the

simplified Randles–Sevcik expression at 25 °C by carrying out
cyclic voltammetry of 5 mM [Fe(CN)6]3� /4� in 0.2 M KCl at dif-
ferent scan rates. The area for carbon screen-printed electrode was



Fig. 2. Chronocoulometric response curves for modified electrodes in the absence
(a) and presence of 50�10�6 M Ruhex via electrochemical grafting in the absence
(c) and presence of aptamer (e), and Zn-mediated grafting in the absence (b) and
presence of aptamer (d).
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calculated to be 0.002870.00014 cm2 (geometric surface area
0.00125 cm2). As expected, the calculated active area is sig-
nificantly larger than the geometrical one, due to the rough mor-
phology of the electrode material.

The surface coverage of aptamer can be calculated from the
integrated Cottrell expression at time¼0 (Eq. (2)) in the absence
and presence of redox marker using the relationship:

Γ Γ= ( ) ( )z m N/ 2DNA 0 A

where ΓDNA is aptamer surface density (molecule/cm2), z is the
charge of the redox molecule, m is the number of bases of aptamer
(96) and NA Avogadro's number.

Surface coverages of 6.25�1013 (molecule/cm2) for the elec-
trochemical grafting method and of 5.33�1012 (molecule/cm2),
for the Zn-mediated chemical grafting were obtained. As can be
seen, the aptamer surface coverage was higher in the case of
electrochemical grafting method. The surface coverage results
obtained herein differed from those reported by Torrén et al.
(2015a); in our case the surface density was higher in the elec-
trochemical approach that in the Zn-mediated method. These re-
sults could be due to the formation of a denser and more easily
self-organised layer, due to the small sizes of the 4-amino benzoic
acid tetrafluoroborate when compared to 5-bis(4-diazophenoxy)
benzoic acid tetrafluoborate.

3.5. Electrochemical detection of S. typhimurium

The S. typhimurium detection was performed by immersing the
aptasensor in a solution of bacteria (in 10 mM PBS pH 7.4) for
30 min (Labib et al., 2012), followed by EIS measurements. To be
sure that the PBS buffer did not have any effect on the impedi-
metric response of the aptasensor, the response obtained for the
sensor as the function of the immersion time in pure (no bacteria)
PBS was studied. This was performed by immersing the aptasensor
in PBS solution, in the presence of the [Fe(CN)6]3/4 couple, and
recording EIS measurements every 15 min. Fig. S3 shows that the
Rct was increasing over the first 30 min; this increase was probably
due to the 3D reorganisation of the aptamer on the sensor surface.
After this initial period of change, the Rct became constant. To
minimise this effect the aptasensors were pre-conditioned in PBS
solution, for 30 min, prior to bacteria detection.
The analytical performances of the aptasensors prepared using
the two grafting approaches, were compared by using them for the
detection of two concentrations of S. typhimurium (1�102 and
1�108 CFU mL�1). Fig. 3A shows that the responses recorded
from the electrochemically grafted aptasensor were consistently
higher than those obtained by the chemical grafting. These results
are most likely related to the higher surface density of the aptamer
layer (see Section 3.4).

In the light of this result, full calibration, selectivity and re-
covery experiments were only performed using the aptasensor
fabricated by the electrochemical grafting approach.

The aptasensors were calibrated using various concentrations
of S. typhimurium (from 1�101 to 1�108 CFU mL�1) and follow-
ing the protocol described in Section 2.6. Capture of S. typhimur-
ium onto the aptasensor surface resulted in an increase of the Rct;
this can be explained either by the physical blocking effect of the
captured bacteria or by the electrostatic repulsion between the
negatively charged bacterial cells and the [Fe(CN)6]3�/4� redox
probe. As it can be seen from Fig. 3B, Rct values increased linearly
with the logarithmic concentration of the bacteria in the range
from 1�101 to 1�108 CFU mL�1. The LOD (as 3 times the stan-
dard deviation of the blank, no pathogen, experiment) was de-
termined to be 6 CFU mL�1. It was also found that the aptasensor
could be easily regenerated by dissociating the aptamers from the
bacteria in 2 M NaCl for 30 min, as demonstrated by impedance
and staining experiments (Fig. S4).

Reproducibility of the aptasensor was calculated over the full
range of concentration; this resulted in an average RSD of 15%
(n¼3 for each of the 8 concentrations used).

The ability of the aptasensor to distinguish between target
bacteria and other bacteria strains was also investigated by EIS
experiments. In this set of experiment solutions containing
106 CFU mL�1 of different bacteria were used. 106 CFU mL�1 was
chosen because it has been demonstrate to provide relevant in-
formation on specific interaction between bacteria surfaces (Go-
labi et al., 2016).

Fig. 4 shows that very small responses were recorded with the
other investigated bacteria (three different kinds of E. coli (CCUG
3274, CCUG53375, and CCUG10979), E. aerogenes, C. freundii and K.
pneumonia), thus indicating that the aptasensor is highly specific
for S. Typhimurium.

3.6. Recovery studies and Salmonella determination in apple juice

To demonstrate the applicability of the proposed aptasensor to
real samples analysis, recovery studies on spiked apple juice
samples were performed. The responses of the aptasensor where
then fitted to the calibration curve (Y¼0.116Xþ0.0107) shown in
Fig. 3 B, in order to calculate the concentration of recovered S.
typhimurium from the sample. Reproducibility of the detection was
calculated for both spiked concentration (n¼3); this resulted in an
average RSD of 18.6%.

Fig. 5 shows the response of the aptasensor in the absence and
presence of different concentration of spiked bacteria in apple
juice. The apple juice had no significant effect on the aptasensor
response, while on addition of different concentration of S. typhi-
murium. (1�102, 1�104 and 1�106 CFU mL�1) the Rct increased
significantly. As can be seen in the inset of Fig. 5, the aptasensor
achieved good recovery illustrating its applicability for real sample
analysis.
4. Conclusion

We report the development of a label-free, impedimetric bio-
sensor for S. typhimurium detection. Two different approaches,



Fig. 3. (A). Bar chart of ΔRct/Rct versus Log concentration of S. typhimurium for electrochemical and Zn-mediated grafting method (B). EIS results for aptasensor incubated
with different concentration of S. typhimurium and calibration curve for ΔRct/Rct versus Log concentration of S. typhimurium (inset) in 5 mM [Fe(CN)6]3�/[Fe(CN)6]4� in PBS
buffer.
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based on electrochemical and Zn-mediated chemical grafting,
have been explored and compared for the fabrication of an
aptasensor.

Electrochemical grafting of 4-amino benzoic acid tetra-
fluoroborate facilitated the formation of a denser (ca. 2 times)
aptamer biorecognition layer. The electrochemically prepared ap-
tasensor was more sensitive for detection at both low
(1�102 CFU mL�1) and high (1�108 CFU mL�1) concentrations of
S. typhimurium, compared to the Zn-mediated chemically grafted
devices. The aptasensor responded linearly to the logarithm of the
S. typhimurium concentration over the range 1�101 to
1�108 CFU mL�1 and was highly selective for S. typhimurium with
a LOQ of 101 CFU mL�1 and a LOD of 6 CFU mL�1. Finally, recovery
experiments demonstrated that the sensor was suitable for the
detection of three different concentrations of S. typhimurium
(1�102, 1�104 and 1�106 CFU mL�1) in apple juice. Comparison
(Table 1S) of the performance of the reported aptasensor with
those of relevant label-less electrochemical (impedimetric or po-
tentiometric) aptasensors, indicates that the developed aptasensor
has an LOD comparable to existing state of the art, but with a
larger dynamic range. More significantly and more importantly
and in contrast to previous work (Sheikhzadeh et al., 2016; Ma
et al., 2014), the aptasensor worked in undiluted real sample.
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