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A B S T R A C T

Polymeric ion selective electrodes are highly sensitive to changes in zero current ion flow and this offers a route
to signal amplification in label-free potentiometric immunosensors. In this work, a label-free potentiometric
immunosensor toward Salmonella typhimurium (ST) assembled in a home-made pipette-tip electrode is de-
scribed. The signal-output amplification was implemented on a gold nanoparticle polymer inclusion membrane
(AuNPs-PIM) which was used as sensing platform and for antibody immobilization. Additionally, a marker ion
was used to detect the antibody-antigen binding event at the electrode surface. The immunosensor construction
was performed in several steps: i) gold salt ions extraction in PVC membrane; ii) AuNPs formation using
Na2EDTA as reduction agent; iii) antibody anti-Salmonella conjugation on AuNPs-PIM in pipette-tip electrodes.
The potential shift observed in potentiometric measurements was derived simply from the blocking effect in the
ionic flux caused by antigen-antibody conjugation, without no extra steps, mimetizing the ion-channel sensors. A
detection limit of 6 cells mL−1 was attained. As proof-of-concept, recovery studies were performed in spiked
commercial apple juice samples with success. Due to the simplicity of use, the appealing cost of equipment and
sensor production and being able to provide a quick analytical response (less than 1 h for a complete assay,
including sample preparation for analysis), this scheme represents a good prototype device for the detection of
foodborne pathogens like ST or other immune-responsive bacteria.

1. Introduction

Salmonella is a Gram-negative bacterium from Enterobacteriaceae
family and is one of the most important foodborne pathogens that af-
fects human health. Normally, the infection is acquired by ingestion of
contaminated food and water [1–3] with rapid dissemination. Several
rules and legislation have been applied in most of the developed
countries to control the infection prevalence, although the number of
cases in some of them is still in a worrying level at a public health scale
[4].

The standard methods for S. spp. detection are based on colony
counting plate methods which have high sensitivity, but only can give
results in 3–7 days after analysis. Other methods, such as enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction (PCR)
commercial kits, have been used in food safety and can reduce the time
to obtain definitive results to less than 24 h. Although, to achieve the
sensitivity of conventional methods, long pre-concentration and en-
richment steps are frequently necessary [5]. Furthermore, some of the
commercial rapid methods also require expensive equipment, advanced
knowledge and laboratory expertise to conduct the analysis and treat
the data. Therefore, simple, rapid and reliable methods for Salmonella
control out-of-lab are still necessary in aid to ensure food safety.

In past decades, electrochemical biosensors have drawn increased
attention, due to their capability to perform chemical or biological
analysis with no considerable sample processing and using simple
procedures in a user-friendly interface [6,7]. Additionally, electro-
chemical transducing techniques enable out-of-lab analysis with high
sensitivity. Among electroanalytical techniques, potentiometry with ion
selective electrodes (ISE) has recognized merits in the detection of small
ionic analytes at low cost and using simple instrumentation [8,9].
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However, for the quantification of large biological species it frequently
resorts to nanomaterials to enable and/or to amplify the signal read-
out, increasing the analysis time and the complexity of the assay [10].
Label-free potentiometric biosensors for bacteria detection are ap-
pealing [11,12] but it is necessary to work at low ionic strength be-
cause, charged species in the samples may lead to a potentiometric
response producing false positive results. Furthermore, these biosensors
frequently present a low signal to noise ratio, that makes it impossible
to detect very low concentration levels in samples with complex matrix
composition as desired in food safety issues [8]. On the other hand,
polymeric ion selective electrodes are highly sensitive to changes in
zero current ion fluxes across the sensor membrane [13,14]. This
characteristic combined with highly specific recognition reactions at
the sensor surface has been explored in a few potentiometric sensors
based on the blocking surface principle [8,15,16] and offers a route to
signal amplification in label-free potentiometric biosensors which has
seldom been explored [17,18].

In this work, it is reported the development of a biocompatible
platform to be applied as interface in a biosensor device, capable to
detect directly antibody-antigen interactions based only on blocking
surface principle. The proposed strategy schematized in Fig. 1 in-
tegrates an immunosensing interface (IMS), constituted by the bio-re-
ceptor immobilized on gold nanoparticles (AuNPs), in a miniaturized
ISE responsive to a steady-state concentration of a selected marker ion
(not redox active) the sensing membrane vicinity. The application of
this label-free potentiometric sensing principle aims to achieve to am-
plification capabilities close to labelled-based approaches pursuing
their sensitivity more simply.

The AuNPs were selected to assemble the IMS due to the well-
known biocompatibility, electrical conducting properties and large
surface area [19], which are key factors in label-free designs. Ad-
ditionally, the possibility of an oriented immobilization of antibodies is
also an interesting feature for the development of this immunosensor
[20]. The transducer in the proposed biosensor is a ISE with a polymer
inclusion membrane (PIM) [21] which is also the support for IMS as-
sembling with the incorporation of AuNPs formed in situ. The basic
concept of using PIMs to synthetize metallic nanoparticles monolayers,
with a low spent of solvents, is supported in two main steps: the ex-
traction of the interesting ion from a solvent trough a counter ion re-
action - mediated by a ion selective membrane - and a reduction step
based simply on adding a reducing agent to react with the extracted
metal ion or complex [22,23]. The ease of AuNPs synthesis and func-
tionalization and the possibility to control particle size and membrane
coverage simply changing the extraction and reduction conditions
makes this procedure a versatile approach for IMS assembling and
optimization. Additionally, enhanced stability is usually observed for in
situ formed nanoparticles [24–26]

Taking this innovative IMS platform, the sensor working mechanism
was optimized starting from a zero-current outward flux of marker ion
established from the backside of the modified ISE membrane to the
sample solution (Fig. 1). After a steady-state condition is reached, the
antibody-antigen affinity reaction that occurs at IMS surface will par-
tially block the ion mass transfer to the bulk solution. Upon, this flux is
retarded, and the increasing marker ion concentration in aqueous layer
unleash a change in the measured electromotive force (EMF) vs. an Ag/
AgCl reference electrode. This effect was accessed over stir studies,
during step-by-step IMS construction.

This innovative procedure was successfully tested as a biosensing
platform in a pseudo label-free potentiometric immunosensor for
Salmonella typhimurium (ST) detection and the analytical performance
of several support membrane configurations was evaluated. The IMS
were characterized by Scanning Electron Microscopy (SEM), Fourier-
Transform Infrared Spectroscopy-Attenuated Total Reflection (FTIR-
ATR) and its architecture was confirmed with Cyclic Voltammetry (CV)
and Electrochemical Impedance Spectroscopy (EIS). As proof-of-con-
cept, recovery studies were performed in spiked commercial apple juice
samples.

2. Experimental

2.1. Chemicals and solutions

S. typhimurium positive control, containing 5 × 109 cell mL−1, was
obtained from Kirkegaard & Perry Laboratories. Anti-Salmonella
monoclonal antibodies (Ab), specific for S. typhimurium [27,28], were
purchased from Santa Cruz Biotechnology.

2-nitrophenyl octyl ether (NPOE), di(n-octyl) phthalate (DOP),
methyltrioctylammonium chloride (TOMA), bovine serum albumin
(BSA), sodium dihydrogenphosphate monohydrate, potassium dihy-
drogen phosphate, hydrochloric acid, sodium tetraphenylborate (TPB)
and Na2EDTA were from Sigma Aldrich. Polyvinyl chloride (PVC) was
purchased from Fluka and hydrogen tetrachloroaurate (III) trihydrate
99.9% was obtained from Alfa Aesar. All other reagents were pro-
analysis quality (pa) or equivalent and were used as received.

The sensor cocktails were prepared by mixing the ion-exchanger
(TOMA, 1 wt%), the plasticizer (DOP or NPOE, 66 wt%) and PVC (33 wt
%) dissolved in tetrahydrofuran (THF), that after dried forming the
polymer inclusion membrane (PIM) [22].

Phosphate buffered saline (PBS, 0.1 mol L−1 phosphate buffer, pH
7.4) was prepared with Na2HPO4 and KH2PO4 with or without
25 mmol L−1NaCl. A pH 7.0 phosphate buffer solution (PB) was also
prepared adjusting the pH of a 0.01 mol L−1 NaH2PO4 with 1 mol L−1

NaOH.

Fig. 1. Schematic representation of surface blocking effect detection mechanism in the developed immunosensing interface.



2.2. Fabrication of the immunosensor

The PVC membrane electrodes (∅ 1.5 mm) were constructed in
5000 μL pipette tips, cut to a final height c.a. 45 mm, and cleaned by
dipping twice in THF. After solvent removal, they were immersed in the
sensor cocktail, which due to intrinsic capillarity filled the tips until
approximately the same height (≈ 5 mm). The membranes were ob-
tained upon THF evaporation at room temperature, shielded from light
in a laboratory closet (SI Fig, S1.1).

The AuNPs-PIM formation procedure was adapted from [22,23,29]
and optimized to develop a biocompatible platform. The extraction of
Au(III) to the just dried PVC membrane was performed in 5 mL ep-
pendorf tubes containing 2.5 mL of HAuCl4·3H2O 100 mg L−1 in a
2.5 mol L−1 HCl solution. During the extraction step, the electrodes
were shaken on an orbital mixer at 150 rpm under controlled tem-
perature (at 25 °C). Then the electrodes were immersed in 2.5 mL of
0.1 mol L−1 EDTA with pH adjusted to 6, 7, or 8, and allowed to reduce
the extracted Au(III) under the same previous extraction conditions
during 24 h (SI Fig. S1.2). Between gold complex extraction and re-
duction steps, the electrodes were washed twice with distilled water (SI
Fig. S1.2). All glassware used in the procedures was cleaned with aqua-
regia and rinsed three times in ultrapure water.

Antibody assembling on AuNPs-PIM was performed by drop-casting
10 μL of antibody solution (diluted 1/100 in PBS with 2.5 mmM NaCl)
directly to the washed and dried AuNPs-PIM electrode surface. It was
left in contact in a humid atmosphere overnight at 4 °C. After, the ob-
tained immunosensors (Ab/AuNPs-PIM) were rinsed with PBS and
water to remove the not immobilized antibodies and the sensors were
stored at 4 °C in a humid atmosphere until further use. After antibody
immobilization some biosensors were also treated with 10 μL of BSA
solution (10 mg mL−1; 1 h) (SI Fig. S7.1).

Finally, the electrodes were filled with a TPB solution (10 mg mL−1

in PB) and placed in a moist atmosphere at 4 °C during the conditioning
treatment and when they were not in use. For the potentiometric
measurements, homemade Ag/AgCl electrodes [30] were used as inner
reference in the pipette tip biosensors. A schematic representation of
the procedure was detailed in Supporting information (SI Fig. S1.1).

The optimization of sensor and internal solution composition to
achieve a reliable and reproducible passive ion flow is described in the
Supplementary material S2.

2.3. Immunosensing interface characterization

2.3.1. Scanning electron microscopy
SEM studies were carried out at CEMUP (Centro de Materiais da

Universidade do Porto), Porto, Portugal. SEM images were obtained
with a scanning electron microscope Quanta 400 FEG scanning electron
microscope, (SEM, FEI, Hillsboro, OR), operated in high vacuum/sec-
ondary electron imaging mode using an accelerating voltage of 15 kV
and working distances between 10.3 and 12.4 mm. The AuNPs-PIM
films were assembled on aluminum stubs covered with carbon adhesive
tabs (Electron Microscopy Sciences, Hatfield, PA). The AuNPs pene-
tration into the PIM was analyzed using fracture images, surface images
at both sides of the PIM and lateral secondary electron detector (ETD)
configured to backscattered electrons (without bias voltage applied) to
give a shadow effect over the polymer surface. ImageJ software was
used to study the size distribution and surface morphology of AuNPs-
PIM.

2.3.2. Cyclic voltammetry and faradaic impedance measurements
Cyclic voltammetry (CV) measurements were performed using an

electrochemical system (PGSTAT12, Metrohm Autolab) and the po-
tential was swept between − 0.2 and 0.6 V at different scan rates
(5–100 mV/s) in PBS solution without NaCl (pH 7.4) using [Fe
(CN)6]4−/3− (1 mmol L−1 in 0.1 mol L−1 KNO3) as redox marker.

Electrochemical impedance spectroscopy (EIS) experiments were

performed with an Autolab Electrochemical Analyzer (PGSTAT128N,
Metrohm). All tests were conducted at an open circuit, recorded for 75
data points, at a single modulated AC potential of + 0.375 V with fre-
quency ranging between 10 mHz and 100 kHz.

The General Purpose Electrochemical System (GPES, version 4.9)
software from Metrohm was used to control the system and process the
CVs. To obtain and process the EIS spectra the NOVA (version 1.7)
software also from Metrohm Autolab was used.

All these experiments were made in a one-compartment three-
electrode cell system comprising a bare or modified glassy carbon (GCE,
∅ 3 mm) working electrode, an Ag/AgCl (KCl 3 mol L−1) reference
electrode and a platinum wire counter electrode, all from Metrohm.

2.4. Potentiometric measurements towards Salmonella typhimurium

The EMF was measured with an EMF16 Interface from Lawsons Labs
and the potentiometric cell was in a faraday cage. A double junction
reference electrode (Orion 90-02-00) from Thermo Scientific Orion and
a magnetic micro-stirrer from Velp Scientifica were used. All mea-
surements were made in PB buffer, stirred at 150 rpm and at room
temperature.

The potentiometric response of the immunosensor towards ST was
based on the change of EMF before and after antigen–antibody reaction
[18]. Control and real sample evaluation were performed subtracting
the steady-state EMF value measured in a blank solution (PB, pH 7) to
the EMF value in the presence of a certain amount of ST cells or non-
spiked solutions (positive control or negative controls). The calibration
curves were obtained by standard addition method, and the EMF was
calculated subtracting the steady-state value of EMF in PB to the values
registered after each addition and presented as average responses as-
sociated to the respective standard deviation of three different intra-
assay replicas.

Fig. 1 is a schematic representation of the mechanism of detection of
ST were the shift of EMF is originated by the resistance to mass trans-
port of the marker ion provoked by the immunobinding on the mem-
brane surface.

2.5. Analysis of apple juice samples

As a proof of concept artificially contaminated apple juice samples,
purchased in a local supermarket, were examined with the developed
biosensor. The samples were diluted 1:10 in water and then spiked with
different amounts of ST cells, to achieve to a final concentration in the
range from 0 (no-spiked sample) to 100 cells mL−1.

A pretreatment protocol, based on simple filtration and elution steps
was taken [11]. Briefly, a sterilizing syringe filter (0.2 µm pore size) was
used to pull and separate the ST cells from the juice matrix. Then the
filter was turned down-side and a controlled volume of PB was injected
to elute the cells retained in the filter. Finally, potentiometric detection
of the eluate was taken.

3. Results and discussion

3.1. Characterization AuNPs-PIM platform

The possibility of assembling a stable AuNPs layer on the PIM
membrane is a necessary condition for biosensor development. A
characteristic of the selected method for in situ AuNPs synthesis is the
possibility to control the shape, size, location (within or on the mem-
brane surface) and the extent of membrane coverage simply changing
the experimental conditions for AuNP synthesis. Different reducing
agents have been used for AuNPs preparation [23,31] but in this work it
was used Na2EDTA because it gave rise to membrane surface coverage
by the newly formed nanoparticle [29]. As Na2EDTA oxidation depends
on the presence of water, PVC was chosen as polymeric matrix because
it is not hydrated and due the polar characteristics of its C–Cl functional



group [22]. The cross-section image in Fig. 2 A shows that using
Na2EDTA as the reducing reagent the AuNPs were formed on the PIM
surface.

The effect of extraction and reduction time as well as the compo-
sition (pH and concentration) of the Na2EDTA solution on the mor-
phology, topology and size of the formed AuNPs were also assessed. The
images in Fig. 2 show the effect of experimental conditions on the
quantity and quality of the AuNPs produced. Regarding extraction
(Figs. 2, 1 h (B) and 2 h (C)) or reduction time (Fig. 2, 24 h (D) to 30 h

(B)) it was observed that as the reaction time increases, the amount of
grown spherical AuNPs on PIM membrane also increases. A similar
effect was observed with increasing Na2EDTA concentrations (0.1 and
0.2 mol L−1) at pH 6 (Fig. 2 and SI Fig. S3.1).

Employing short reduction time periods (1.5 h and 3 h), AuNPs were
not formed (data not shown). From SEM images in Fig. 2(D, E and F) it
can be observed that the best AuNPs coverage was reached using
0.1 mol L−1 Na2EDTA solutions at pH 8 (using an extraction and re-
duction time of 1 h and 24 h respectively). Although the AuNPs

Fig. 2. SEM images of gold nanoparticles formed on polymer inclusion membranes (AuNPs-PIM) with different protocols using 0.1 mol L−1 Na2EDTA for Au(III)
reduction:(A and B) cross section and surface of a PIM membrane with AuNPs obtained with 1 h extraction of tetrachloroaurate(III) and 30 h of reduction at pH 6; (B)
magnification of image A; (C) 2 h of extraction and 30 h reduction at pH 6. (D, E and F) Surface images of AuNPs-PIM for 1 h of extraction and 24 h of reduction at pH
6 (D), pH 7 (E); and pH 8 (F).



presented as clusters of closely packed particles having a highly irre-
gular shape comparing to pH's 6 and 7.

Particle size was also evaluated processing the SEM images with
ImageJ software and the corresponding histograms (SI Fig. S3.2)
showed that with Na2EDTA 0.1 mol L−1 at pH 6 the obtained AuNPs
size were 229 ± 87 nm and 357 ± 89 nm for 24 h and 30 h reduction
time respectively. These particle sizes are clearly beyond the nanoscale
materials, with properties closer to metallic gold. Increasing the con-
centration of Na2EDTA to 0.2 mol L−1 the particles diameter dimin-
ished considerably to 41 ± 14 nm of diameter but increasing poly-
dispersity was also observed. The increase of pH of the reduction
reaction also produced nanoscale particles with diameters of
44 ± 13 nm and 28.5 ± 8 nm at pH 7 and 8 respectively.

3.2. Optimization of IMS

The response towards Salmonella was evaluated to assess the effect
of different IMS configurations with the AuNP monolayer on the sensor
surface. The experimental results show that the amplitude of the im-
munosensor response to ST decreased (SI Fig S4.1A) as extraction time
of Au(III) to the PVC membrane increased (0.5–3 h), suggesting that
increasing this experimental parameter produced a higher amount of
AuNPs and a more effective barrier to the marker ion diffusion from the
membrane to the bulk solution (Fig. 2B and D).

A reduction time of 24 h was already assumed by other authors as
optimal to obtain good surface coverage by AuNPs [29]. Indeed, no
improvement in potentiometric response was observed when longer
reduction times were employed. Although an amplification of the signal
was observed but the reproducibility between electrodes response was
poor (SI Fig. S4.1B). Correlating these results with the SEM images an
increase in the number of AuNPs in large agglomerates (Fig. 2C and D)
and an increase in average AuNPs diameter (SI Fig. S3.2) and poly-
dispersity was observed upon increasing reduction time.

Similarly, in the potentiometric study of the effect of the Na2EDTA
solution pH, the electrodes subjected to a reduction step at pH 7 showed
the best performance as compared with similar sensors involving the Au
(III) reduction at pH 6 or 8 (SI Fig. S4.2).

Based on these observations we can assume that the presence of
irregular and agglomerated distribution of AuNPs were decisive in the
effectiveness degree of antibody load and consequently antigen con-
jugation.

Considering the antibody size [32], usually 10–15 nm, an AuNPs
size of 52 ± 14 nm was chosen to reduce the immobilized antibody
steric hindrance and AuNPs aggregation. This optimum particle size
corresponded to extraction during 1.5 h and reduction with 0.1 mol L−1

Na2EDTA at pH 7 for 24 h < Furthermore, particles prepared under
these conditions showed moderate polydispersity and good coverage of
the polymeric membrane (c and d in SI Fig. S3.1).

Fig. 3. (A) Cyclic voltammograms of different modified electrodes and; (B) bare electrode in PBS (0.1 mol L−1 pH 7.4, without NaCl) and in 1 mmol L−1 [Fe(CN)6]3-/4−

solution probe with KNO3 0.1 mol L−1 as support electrolyte. (C and D) Nyquist plots of EIS at high (C) and low frequencies (D): PVC membrane/GCE (black square);
AuNPs polymer inclusion membrane PIM/GCE (red circle); Antibody anti-Salmonella loaded into AuNPs-PIM (Ab/PIM/GCE) (blue triangle) and; after incubation of Ab/
PIM/GCE with Salmonella (1000 cells) (pink triangle); all in 0.1 mol L−1 KNO3 containing 2.5 mmol L−1 of [Fe(CN)6]3-/4- probe; electric circuit representative of the
developed IMS into a GCE electrode (inset in the figure). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)



After antibody immobilization some electrodes were treated with
BSA. The signal of the BSA modified electrodes was amplified at least
four times, although the response relative standard deviation between
electrodes was worse (SI Fig. S7.1). The oriented conjugation of BSA
and its negative charge contribution to membrane potential at neutral
pH can explain the signal amplification. Therefore, its presence also can
hide some antibody active spots and increase the steric hindrance be-
tween them [33]. Because of the duality of the effect of the BSA, this
modification step was excluded in further experiments, considering the
pretreatment protocol used (see Section 2.5), which excludes in ad-
vance the presence of common interferers, and consequently non-spe-
cific interactions with AuNPs.

3.3. IMS characterization

3.3.1. Cyclic voltammetry
An electrochemical study using the [Fe (CN)6]3-/4− redox couple as

molecular probe was performed to observe and characterize the surface
changes of different layers immobilized onto GCE. Fig. 3(A and B)
shows CVs of [Fe (CN)6]3-/4- after each assembly step. As it is possible to
verify, when it was used a bare GCE a redox peak was observed whose
anodic peak potential (Epa) was + 0.32 V with a peak intensity of
15.83 µA and a cathodic peak potential (Epc) at + 0.17 V with a peak
intensity of − 15.5 μA. A good reversibility with a peak to peak se-
paration of 0.15 V was observed. The same experiment was performed
using a PIM/GCE and a displacement of the [Fe(CN)6]3-/4− redox po-
tential to more positive values was observed (Epa at + 0.60 V), fur-
thermore a 98% reduction of electrochemical signal (ipa decreased to
0.3 µA) was obtained, exhibiting an irreversible response. These results
clearly demonstrate that the PIM was effectively immobilized onto GCE
surface and it blocks the diffusion of the redox couple towards the GCE
surface and drastically decreased the current response. The slight dif-
fusion rate of the [Fe(CN)6]3-/4- from the solution to the electrode
surface was probably promoted by the anionic exchanger in the PVC
membrane.

However, when AuNPs were assembled onto PVC/GCE (AuNPs-
PIM/GCE), the Epa of [Fe(CN)6]3-/4- shifted to + 0.27 V with an ipa of
0.435 µA. The observed increase of the ipa as compared to the PVC/GCE
electrode was attributed to an increase in surface area, promoted by the
AuNPs, which enhance the electron transference rate and promoted a
slight increase of the diffusion rate of the redox couple from the elec-
trolyte to the electrode surface. In AuNPs-PIM configuration the ki-
netics of charge transfer was independent of the thickness of the
modification layer on the GCE. In the cases of partially or almost
complete coverage/blockage of the electrode surface like Ab/AuNPs-
PIM/GCE or Salmonella/Ab/AuNPs-PIM/GCE, this effect is significant,
and the maximum current intensity decreases proportionally to the
thickness increasing of the modification layer. Specifically, after anti-
bodies adsorption the anodic peak intensity reduce almost 63% com-
paring with AuNPs-PIM/GCE, corresponding to almost 99% of elec-
trochemical signal reduction (bare GCE), confirming the antibody
assembling.

3.3.2. Electrochemical impedance spectroscopy
EIS technique employing [Fe(CN)6]3-/4- redox couple as probe

(2.5 mM) was used to characterize and verify layer by layer the effi-
ciency of the electrode modification, such as some information about
electrode surface electron transfer kinetics. These electrochemical re-
sponses were obtained through the differences in electron-transfer rate,
diffusion limited process and double-layer capacitance in electrode/
redox probe solution interface between the different assembling steps.

Fig. 3(C and D) represents the real and imaginary impedances
plotted against each other in a Nyquist plot representation. The several
figures correspond to the different electrode modification steps,
showing two distinct frequency regions. The semicircle portion, which
was observed at higher frequencies Fig. 3(C), was associated with a

process that was limited by electron transfer at the electrodes surface.
The linear features observed at lower frequencies Fig. 3(D) were at-
tributed to diffusion-limited electron transfer [34]. It was observed a
high increase in the resistance to the electron transfer, due to the PIM
layer (a non-conductive hydrophobic polymer) onto GCE [35]. The
drop-cast of the plasticized membrane creates an insulation layer on
GCE interface, although as it was observed in the CV only partial
blocking of electron transference was verified. A small redox peak can
be seen in this specific modification step plot after some time immersed
in the probe solution. In this case the electron transfer rate is limited at
first by the slow diffusion of the electrolyte solution trough the PIM plus
next step modifications and by the decreasing of active spots on GCE
surface. Some PIM membrane show micropores which act as small
double capacitive layers in parallel with expected kinetically controlled
charge-transfer reaction [36,37] (SI Fig. S3.1g).

In the high frequency region Fig. 3C, it can be noted too that the
initial part of semicircle disappears when the PIM was introduced on
the GCE surface and can be attributed to a combined effect of the
charge-transfer resistance at GCE electrode interface and the double-
layer capacitance [38]. This is characteristic of the presence of a non-
perfect capacitor and another constant phase element (CPE) like the
Open Finite-Length Diffusion (OFLD) in the electric circuit model (inset
of Fig. 3 D) [36,37].

So, as the modification layers’ thickness increases, the time required
to obtain the first visible register in our circuit model (AC voltage = +
0.375 V), should also increase if the electrode reaction occurs only at
the bare spots on the electrode surface. In this model, the charge-
transfer resistance is intrinsically connected with the resistance of ion-
conducting (pore resistance). Although when AuNPs were assembled,
the resistance decreases comparing to the previous configuration. The
phenomenon can be explained by the capacity of nanoparticles create
electron-conducting tunnels and their electrocatalytically properties,
enhancing the transference of electrons [16]. Parallel to this, the dif-
fusional part of the plot (straight line), presents a squeezed depressed
semicircle in the PIM configuration, which was associated to the ne-
gative net charge of AuNPs (see SI section S6) that increases the [Fe
(CN)6]3-/4- solution charge repulsion [39,40]. The immobilization of
antibody IgG anti-ST results in a significant increase of total resistance
due the formation of an additional insulating layer on the electrode
surface. With the insertion of the ST antigen the resistance decreases,
contrariwise what was expected, hypothetically due the more oriented
and surface detached position of the ST-Ab immune-complexes that can
facilitate the diffusion of the ions to the GCE [41]. This phenomenon is
according the literature, for other biomolecules specially the ones
conjugated by physical adsorption [42,43]. Additionally, in these two
last approaches the diffusion limited process is represented mostly as a
straight line. According to previous results, it can represent the neu-
tralization of carboxylic group's negative charges presents at the
AuNPs-PIM membrane and homogenization of electrode surface by
antibody adsorption.

3.4. Immunosensor performance

It was clear that the hydrophilic AuNPs layer formed on the PVC
membrane electrode enhances the potentiometric signal, probably by
the enlargement of the electrode surface area, ordered antibody density
and tunneling effect [16]. As suggested from electrochemical char-
acterization of the IMS, the AuNPs grow preferably close to the mem-
brane pores [29,44], so the antibody load and the immunocomplex
formation occurs mainly close to the electrode active spots, amplifying
the blocking effect caused by the phenomena, and consequently the
immunosensor sensitivity [15,16].

The dynamic potentiometric response curves of the immunosensors
presented in Fig. 4 A were obtained upon successive additions of ST
standard solutions (104, 106, 108 cells mL−1) to a stirred PB matrix,
after a steady-state potential was achieved. These curves illustrate the



effect of increasing surface blocking upon ST binding to the IMS on the
TPB flow from the internal to the bulk solution. A extrapolating from
Fick’ s first law, shows that once steady-state was achieved, -that is the
outward flux trough ISE membrane, the diffusional layer closer to IMS
surface and thought the aqueous are the same, - any potential changes

that arises is due to differences in diffusion and binding layer (named
all as aqueous layer, Fig. 1) or surface-confined layer thickness and
respective diffusion coefficients [17]. Taking this appointment, it was
expected that the signal attenuation that coming from convective stir-
ring was compensated by large Salmonella size (lengths from 2 to 5 µm).
The immunosensors show a rapid response and upon addition of the ST
cells a stable response is observed in less than 10 min.

In Fig. 4B the relation of EMF difference and the logarithm of ST
concentration was represented. The response curve shows a sigmoidal
shape as is frequently observed in biological processes. A calibration
curve (black dashed line in Fig. 4B) was calculated using the four-
parameter (4 P) regression model [45], quite used in biological re-
ceptor-ligand binding assays [46,47]. The calculated detection limit (set
out by Eq. 1 (n=3, 6 replica each)) of the developed immunosensor was
6 cells mL−1.

=LOD x a d
a d( ) 3

1
k1/

(1)

Comparing with other electrochemical label-free immunosensors in
the literature (Table 1) we achieved to a very good LOD, even some of
them accomplished lower values [11,48,49]. Specifically, Zelada-
Guillén et al. (2009) and Ranjbar et al. (2018) works reported LODs as
low as 1 cell mL−1 that was aligned to the legislated limits. Although, in
Zelada-Guillén et al. (2009) work a low ionic strength media was
needed to perform the analysis and the method applicability to real
samples was not stated. Instead, Ranjbar et al. (2018) presented the
applicability test in a complex sample, despite the multi-step sample
preparation and the high contamination levels tested. Likewise, the
assumed LOD was quite far from the lower limit of the linear range,
increasing the uncertainty at low contamination levels. Nevertheless,
biosensors presenting a LOD much lower than the infection levels for ST
(1000 cells mL−1), may be useful for screening purposes or as con-
firmation test of infection in human.

3.4.1. Regeneration and stability of the immunosensor
Reusing of an immunosensor is very appealing due the possibility of

application to many samples in a short period at a low cost relatively to
the disposable ones [54]. Accordingly, several regeneration reagents
which have already been successfully used by Park et al. [55].in 2000
were tested. After the regeneration step, the immunosensor response
was evaluated with a ST concentration of 12800 CFU mL−1. The best
results were achieved using glycine-HCl 0.1 M pH 2 but the response of
the immunosensor after the third cycle of regeneration drop to 53% of
initial value.

Fig. 4. A) Typical dynamic response curves of the immunosensors obtained in PB
0.01 M pH 7 for ST in response to the indicated concentrations expressed in cells
mL−1; B) Calibration plot (potential difference in reason of the log of ST con-
centration) in PB 0.01 M pH 7 showing the response of three different electrodes
constructed in the same conditions (n = 3). Baseline and standard deviation
(solid and dashed red lines. Error bars indicate the standard deviation of the three
immunosensors assayed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Label-free electrochemical biosensors for Salmonella spp. detection.

Transducer Nanomaterial Detection
Technique

Working range LOD Analysis Time Sample Refs.

Double-Walled
Electrode

CNTs CA 102–107 cells mL−1 8.9 cells mL−1 Total ≅ 6 h PBS [48]

GCE MSNTs I 103–107 cells mL−1 5 × 102 cells mL−1 in
PBS

30 min PBS [50]

GE – EIS – 500 cells mL−1 Total of 6 min PBS [51]
GCE AuNPs MWCNTs I 103–107 cells mL−1 in PBS 500/1000 cells mL−1

in PBS/milk
About 1 h PBS Milk [52]

SPE – EIS 103–108 cells mL−1 103 cells mL−1 Total ≅ 16.5 h
Analysis- 20 min

PBS Milk [53]

GCE SWCNT P 0.2–103 cells mL−1 1 cell mL−1 1 min PBS [11]
GCE Nanoporous gold EIS 6.5 × 102–6.5 × 108 cells mL−1 1 cell mL−1 About 40 min PBS Eggshell [49]
ISE AuNPs P 13–1.3 × 106 cells mL−1 6 cells mL−1 About 1 h for a

complete assay
PB Apple
juice

This work

Glassy Carbon Electrode (GCE); Gold Electrode (GE) Impedimetry (I); Magnetic silica nanotubes; (MSNTs); Single-walled.
Carbon nanotubes(SWCNT); Multi-walled carbon nanotubes (MWCNTs); Potentiometry (P); Chronoamperommetry (CA).
Screen-printed electrode (SPE).



The immunosensor stability was tested along the time by the cali-
bration of immunosensors with different lifetime after construction.
The storage was made without internal solution, at 4 °C in hydrated
atmosphere until use. After 10 days storage a decay to a third of the
initial response (34%) was observed.

3.5. Apple juice sample analysis

The results obtained in the analysis of samples with 10, 75 and 100
CFU mL−1 of ST were correlated with the calibration curve performed
in PB. The respective recoveries % are shown in Table 2.

The average recovery of ST was consistent in the range of con-
centrations 10–100 CFU mL−1 with an average value of 64.6. Despite
the low recovery rates achieved, the method reveals a good inter-
assay precision with a Coef.V (%) ≤ 5, demonstrating the applic-
ability of the developed immunosensor for screening purposes at low
ST concentration. As prospects to optimize the quantification po-
tential of the developed immunosensor in foodstuffs with complex
matrix, without a significant increase of the total time of analysis, it
is worth couple the immunosensor to immunomagnetic separation
methods.

4. Conclusions

AuNPs formed in-situ on a PIM has been successfully used as a
biocompatible sensing platform for bioreceptor conjugation and the
developed IMS also promoted the amplification of the measured po-
tentiometric signal in a label free biosensor with sensitivity close to
labelled approaches. The proposed label-free potentiometric im-
munosensor shows potential for on-site food control owing to the ea-
siness of the experimental procedure and the simplicity and portability
of the potentiometric instrumentation. A more effective separation
method, such as an immunomagnetic separation can be applied to
magnify the recovery of the immunological assay, to be applied to
complex matrixes. At this point the developed immunosensor can be a
simple, low-cost, disposable and useful tool for screening of ST in food
and water samples. The proposed potentiometric immunosensor stands
out from its conventional counterparts because it combines the feasi-
bility of miniaturized polymer membrane ISE and the specificity of
surface confined immune reactions to assemble a robust and sensitive
immunosensor without labels and resorting to a simple instrumenta-
tion.

Since the signal amplification was obtained through the developed
IMS, without resorting to redox labels or enzymatic amplification, this
reliable method can be easily applied to different bacteria-antibody
couple, simply changing the specific antibody and optimizing the
AuNP-PIM. Furthermore, the strategy presented in this work shows
potential for application to other bioreceptors as it allows to control,
particle size distribution and membrane surface coverage and the se-
lectivity of the PIM sensor towards the selected marker ion allows
working in several biological pH buffers.
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