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is work presents a novel molecularly imprinted polymer (MIP) for the indirect detection of bacteria,
targeting an outer membrane protein on a disposable device. Protein A (PA) was selected for this

rpose, as a representative protein of the outer surface of Staphylococcus aureus. The imprinted polymer
s assembled directly on a film of single walled carbon nanotubes (SWCNTs), placed on screen-printed
ctrodes (SPEs). The MIP material was produced by electropolymerizing 3-aminophenol in the presence
the protein template (PA) using cyclic voltammetry (CV). The proteins entrapped at the polymeric
kbone were digested by the action of proteolytic activity of proteinase K and then washed away to
ate vacant sites.
he performance of the corresponding imprinted and non-imprinted electrodes was evaluated by EIS
the effect of several variables, such as monomer and template concentrations, or thickness of imprint-

surface, was controlled and optimized by the number of CV cycles. The detection limit of the MIP-based
sors was 0.60 nM in MES buffer. High repeatability and good selectivity were observed in the presence

a model protein BSA. The sensor performance was also tested to check the effect of inorganic ions in
water. The detection limit observed was 16.83 nM, with a recovery factor of 91.1 ± 6.6%. The sensor
cribed in this work is a potential tool for screening PA on-site, due to the simplicity of fabrication,
posability, short response time, low cost, good sensitivity and selectivity.
creen-printed electrodes
isposable device
. Introduction

In our daily life, diseases and productivity losses caused by bac-
eria are very common, and Staphylococcus aureus (S. aureus) is the
esponsible for a spectrum of pathologic conditions, including cir-
umscriptive suppurations, bloodstream invasion, a variety of toxic
yndromes, and serious skin diseases [1]. S. aureus can produce
everal types (A, B, C, D, and E) of enterotoxins that cause gas-
roenteritis [2,3]. The presence of the bacterium in water is also
health hazard if the water is held at a temperature that allows

acterial growth, which permits synthesis of enterotoxins. Not sur-
risingly, S. aureus has several virulence factors including cytotoxic

emolysins, leukocidins, enterotoxins, teichoic acid, and protein A
1].
Protein A (PA) is a cell wall constituent [4] of S. aureus and is
covalently linked to the peptidoglycan structure of the bacterium.
Around 99% of S. aureus strains have PA on the cell wall [5] and
between 8 and 30% of it is secreted during the exponential growth
phase [6,7]. This extracellular protein can thus be detected and it
can be used as an indicator of the presence of the microorganism
in clinical or food specimens [5,8]. In this context, the detection of
protein A is of great importance and may constitute a simple way
to detect the presence of S. aureus in a given sample.

Surface proteins of pathogenic bacteria can serve as protective
antigens and malignity markers, though they can be technically
challenging to detect. Several biochemical and microbiological
techniques have been employed to detect bacterial surface pro-
teins, including fluorescent labeling [9], stable isotope labeling [10],
LC–MS coupled biotinylation [11], surface shaving approaches [12],
genome analyses and protein and antibody arrays [13] or enzyme-
linked immunosorbent assay (ELISA) [14]. The antigen/antibody

reaction is highly preferred in this context due to the high selectiv-
ity of the affinity reaction taking place between these biomolecules.
However, the use of natural antibodies for protein detection is
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xpensive due to the high cost of the material, the need for special
andling and storage, and the poor stability of the antibodies.

These constraints would be overcome by replacing natural
ntibodies by artificial receptors such as molecularly imprinting
olymers (MIPs), also known as plastic antibodies [15,16]. Although
he development of MIP materials is a technology from the 70s,
rotein and/or microorganism imprinting has faced many diffi-
ulties within time [17–21]. Few reports have been published for
icroorganism detection based on stamp imprinting. The most

emarkable ones need a pre-polymerization step to make a gel
hich can be then deposited by a controlled way over the electrode

urface [22–24]. The detection technique used is QCM (quartz crys-
al microbalance) [22,23] which is limited by externally induced

echanical vibrations and large overall footprint, and heat flow
easurements [24] which could be limited by temperature con-

rol. But most of the MIP materials obtained so far are used for
eparation and binding [25], and the detection of protein based
n imprinted materials is not so much explored yet, although it
emains as a promising field [18–21]. As far as we know molecu-
ar imprinting-based bacterial surface protein detection is still now

issing.
In MIPs, a polymeric network is assembled (2-D or 3-D) and

olded around a suitable template molecule (i.e. the target ana-
yte), which upon removal [26–28] yields nano/micro cavities of
pecific size, shape, and/or chemical functionality in a matrix.
uch molecularly designed cavities show affinity for the imprinted
olecule over other structurally and chemically related com-

ounds. Preparation of thin films by this method is very attractive
or chemical and biological sensing applications, due to long term
tability with respect to pH or temperature changes. Several strate-
ies have been used for the fabrication of MIPs, such as vinyl-based
26] or sol-gel polymerizations [27], that are chemically or physi-
ally initiated/sustained (i.e., by electromagnetic radiation or and
lectrical stimulus) [28]. Any of these may be achieved by surface
mprinting (2-D) and bulk imprinting (3-D). Usually electrochemi-
al imprinting offers the advantage of controlling the thickness of
he imprinting layer easily, by adjusting the time or the number
f cycles during polymerization. Electrochemical MIPs prepara-
ion is also a green synthesis process, since it is made without
sing any type of free radical formation agent [29], as most of the
onventional polymerization processes. Between the 3-D and 2-D
lectrochemical imprinting, the former offers a higher number of
ebinding positions, while needing less optimization procedures to
ontrol the surface polymerization thickness (which is the crucial
art of the imprinting stage in surface imprinting).

The production of an electropolymerized MIP film is however
onfined to the existence of suitable monomers. Many monomers
ave been used so far for this purpose [29]. In this regard, and hav-

ng in mind that a protein is being targeted, aminophenol would
e a good choice. The growth of an electropolymerized aminophe-
ol film is self-limiting, and therefore its thickness may be easily
ontrolled [28]. Furthermore, the presence of amino groups at the
mprinting polymeric matrix would attract the target protein by
ermselectivity during the sensing stage which would presumably
ontribute to an increased sensitivity and better detection ability.

In this paper, we used electrochemical bulk imprinting (3-D)
or the fabrication of MIPs over single walled carbon nanotubes-
ased disposable screen printed electrodes (SWCNT-SPEs) for PA
etection. The PA from the outer surface of S. aureus was mixed
ith 3-aminophenol monomers and electropolymerized by cyclic

oltammetry to entrap PA in the polymeric backbone. PA was
emoved in a later stage by proteolytic activity of proteinase K and

ubsequent electrochemical washing by cyclic voltammetry. Elec-
rochemical impedance spectroscopy (EIS) was employed to follow
the changes in the electrical features of the working electrode as
well as to detect PA with high selectivity and precision.

2. Experimental section

2.1. Apparatus

The electrochemical measurements were conducted with
a potentiostat/galvanostat from Metrohm Autolab and a
PGSTAT302N (Utrecht, The Netherlands), equipped with a
FRA module and controlled by Nova software. The SWCNTs-SPEs
were purchased from DropSens (Oviedo, Spain), and composed
by a working electrode made of carboxylated SWCNTs, a counter
electrode made of carbon and a reference electrode made of
silver; electrical contacts were also made of silver. The diameter
of the working electrode was 3.80 mm. The SWCNTs-SPEs were
connected to a portable switch box, also from DropSens (DRP-DSC),
allowing their interface with the potentiostat/galvanostat.

Fourier transform infrared spectroscopy (FTIR) measurements
were performed using a Thermo Scientific Smart iTR Nicolet
iS10, coupled to a SAGA smart accessory, also from Thermo Sci-
entific (Waltham, USA). Raman measurements were performed
in a Thermo Scientific DXR Raman spectrometer with confocal
microscopy (Waltham, USA), with a 10 mW 532 nm excitation laser.
Images of the materials were taken with an Environmental Scan-
ning Electron Microscope (ESEM) FEI Quanta 400FEG.

2.2. Reagents

All chemicals were of analytical grade and water was de-ionized
or ultrapure Milli-Q laboratory grade. Potassium hexacyanoferrate
III, potassium hexacyanoferrate II trihydrate, and sodium acetate
anhydrous were obtained from Riedel-deHäen; bovine serum albu-
min (BSA), and proteinase K from Fluka; 3-aminophenol (AP)
99%, and 2-(N-morpholino)ethanesulphonic acid monohydrate 98%
(MES) from Alfa Aesar; PA(from S. aureus) from Sigma Aldrich; and
potassium chloride (KCl) from Merck.

2.3. Solutions

Stock solutions of 2.38 × 10−5 mol/L PA were prepared in
HEPES buffer (1.0 × 10−4 mol/L, pH 5.0). Standards were obtained
by accurate dilution of the previous solution in MES buffer
(1.0 × 10−2 mol/L, pH 5.0, KCl 0.1 M) or in sodium acetate buffer
(1.0 × 10−2 mol/L, pH 5.0) depending on the study. Electrochemi-
cal assays were performed with 5.0 × 10−3 mol/L [Fe(CN)6]3− and
5.0 × 10−3 mol/L [Fe(CN)6]4− prepared in MES buffer. The selectiv-
ity study was made by a competitive assay in MES buffer and using
BSA in a concentration of 7.1 × 10−7 mol/L.

2.4. Electrochemical synthesis of molecular imprinted (MIP) and
non-imprinted polymer (NIP) films

Prior to electropolymerization, the SWCNTs-SPEs were cleaned
by chronoamperometry (1.7 V, for 60s, in KCl 0.1 M solution) and
later stabilized by cyclic voltammetry (−0.2 to 0.8 V, 10 cycles,
50 mV/s, in MES buffer). Then, 75 �L of a solution containing PA
2.38 × 10−6 mol/L and AP 1.0 × 10−2 mol/L in acetate buffer pH 5.0,
was casted onto the SPE to cover the three electrodes and polymer-
ization was performed by CV (between −0.2 and 0.8 V at a scan rate
of 50 mV/s) for a variable number of cycles. The resulting film was

thoroughly washed with de-ionized water and incubated next in
proteinase K (500 �g/mL in PBS pH 7.4) for 2.5 h at room tempera-
ture. The surface was then washed thoroughly with Milli-Q water
and subjected to electrochemical cleaning by 25 CV cycles in MES



Fig. 1. Schematic representation of the synthetic process. (A) Working area of
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the intercept farthest from the origin indicates the total resistance
WCNTs-SPE; (B) Imprinting stage after electropolymerization of AP along with PA
nd (C) Binding site formation after template removal by proteinase K.

uffer (potential range −0.2 to 0.8 V, scan rate 0.05 V/s). The overall
rocess has been presented schematically in Fig. 1.

In parallel, non-imprinted polymers (NIPs) have been synthe-
ized in a similar mode, but without presence of PA. Therefore NIPs
re similar than MIPs but without the cavities for the target analyte.

.5. Qualitative characterization of the films

All qualitative analyses were directly performed on the SPE
ithout any treatment. MIP films with PA and after PA removal with
roteinase K treatment, and NIP films at different stages of fabri-
ation were analysed by Raman spectroscopy, where the average
ignal-to-noise ratio (peak height/RMS noise) was set automati-
ally along 5 min of maximum measuring time, for a 5 mW laser
ower on the sample, and 50 �m slit aperture. FTIR analysis was
erformed before and after the electropolymerization of MIP and
IP film formation. The FTIR (from 400 to 4000 cm−1) number of

cans was set to 256, the resolution to 8, apodization of Happ-
enzel, Mertz Phase correction, and a background gain of 8. ESEM
nalysis was done at high vacuum and 1 × 105 magnification at
5 kV.

.6. Binding isotherm

The adsorption dynamics of MIPs and NIPs were studied by incu-
ating increasing concentrations of PA standards, prepared in MES
uffer, ranging from picomolar to micromolar level. The incuba-
ion time was set to 20 min at room temperature before adding the
edox probe for subsequent EIS measurements.

A Langmuir isotherm model (equation 1) was applied to the
xperimental data, where Rct is the normalized charge transfer-
ensity (k�/cm2), S the concentration of PA (in M) and Rct

máx is the
aximum charge transfer density observed (k�/cm2).The appar-

nt dissociation constant (KD in M) and the maximum binding
apacity (Rct

máx) were calculated from the fitting of the experimen-
al data to the model in equation 1. KD is the protein concentration
equired to provide half of the maximum response produced by the
evice.
ct = Rmá x
ct

1 + KD/ [S]
(1)
2.7. Electrochemical assays

The redox probes in all CV and EIS measurements were
5.0 mmol/L [Fe(CN)6]3−and 5.0 mmol/L [Fe(CN)6]4− prepared in
MES buffer at pH 5.0. In CV assays, the potential ranged from −0.5
to +0.7 V with a scan rate of 50 mV/s. In EIS, an open circuit potential
was set using a sinusoidal potential perturbation of 0.01 V ampli-
tude and 50 frequency values logarithmically distributed over a
frequency range of 0.1 − 100 kHz.

Calibration curves were performed by EIS measurements for PA
in the range from 23.8 pM to 4.76 �M level. At each concentration
level, 10 �L of PA standard solution in MES buffer was exposed to
the imprinted sensors for 20 min at room temperature. The values
of precision corresponded to the standard deviation of triplicate
experiments. Selectivity studies were conducted by checking the
response of a PA 7.1 × 10−7 mol/L solution prepared in MES buffer at
pH 5.0, with or without BSA (7.1 × 10−7 mol/L). Real sample analysis
was done by spiking PA in tap water diluted with MES buffer (1:3,
tap water/buffer).

3. Results and discussion

3.1. Electropolymerization and imprinting stage

For a successful imprinting, the selection of the polymer has
an important role depending on several parameters, such as the
degree of polymerization, the selected potential for electropoly-
merization, and the functional groups of the polymer with ability to
increase permselectivity. Polyaminophenol (PAP) exhibits several
advantages, including an easy control of the polymer thickness due
to a self-limiting growth, and a high degree of permselectivity [30].
The amine and hydroxyl functional groups linked to the aromatic
ring may also contribute to establish electrostatic interactions with
the target protein at the rebinding event, thereby contributing for
its stability at the rebound position, even after washing.

The electropolymerization was established by imposing consec-
utive CV cycles over the clean-SPE. In the first cycle, the current
increased in the direction of the oxidation potentials, evidencing
a peak at around 0.6 V. This peak indicated the oxidation of AP,
thereby allowing the occurrence of electropolymerization (Fig. 2A).
In the reverse scan, down to negative potentials, no peak was
present showing the irreversibility of the reaction. The subsequent
CV cycles showed a continuous decrease in the current of the sys-
tem, which confirmed the growing of a non-conductive layer.

The CV profiles of the iron redox probe obtained for the SPE
coated with the polymeric film (MIP or NIP) on top of the work-
ing electrode clearly confirmed the presence of a highly blocked
surface (Fig. 2B). The redox peaks of the iron probe at the clean
SPEs almost disappeared after formation of the polymeric layer.
This was coupled with a higher peak-to-peak potential separation,
also evidencing that the surface was blocked.

The electrical changes occurring at the SPEs by polymerization
were also followed by EIS. In general, the electrochemical proper-
ties occurring at the electrode-solution interface were related to
simplified Randles cell [31,32]. The circuit consisted of one resistor
(solution resistance, Rs) in series with one parallel circuit comprised
of a resistor (charge transfer resistance, Rct) and a capacitance of
double layer (Cdl) (inset, Fig. 2C) [31,33,34]. In this circuit, the
Nyquist plot consists of a single semicircle. Such semicircle inter-
sects the real axis (Z′) in two spots: the data point closest to the
origin indicates the resistance value of the solution (Rs), while
(Rct + Rs). Thus, the charge transfer resistance (Rct) corresponds to
the diameter of the observed semicircle. The clean SPE showed very
little Rct value, when compared to the polymeric modifications of
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he surface. As may be seen in Fig. 2C, the polymer on the surface
ause a huge increase of the charge-transfer resistance of a clean
PE. This was due to the non-conductive properties of the PAP.

In parallel, the control film (NIP) was synthesized without the
resence of PA during electropolymerization. The NIP polymer
ielded a lower Rct compared to MIP (Fig. 2C), and this differ-
nce could only be attributed to the presence of PA in the MIP
olymerization stage. As PA was within the growing polymer, two

nterrelated events occur: the presence of PA on the matrix changes
he electrical properties of the surface where the polymer is grow-
ng (when compared with AP growing alone in NIP), which is turn
ffects the polymer growth as the polymer is being formed by an
lectrical stimulus applied to the electrode surface. In other words,
he differences reflect the direct impact of the protein on the electri-
al properties of the surface and its indirect impact by promoting a
ifferentiated polymer growth by such different electrical features.

.2. Protein removal

PA biomolecules hanging at the surface of the imprinted poly-
er, and exposed to the solution, were removed as peptide

ragments by the proteolytic activity of proteinase K. The protein
emoval changed the typical electrical features of the redox probe,
s this additional element no longer existed at the surface. The
hanges of charge transfer resistance (Rct) are different in MIPs
nd NIPs after the action of proteinase K and the electrochemical
leaning (Fig. 2C).

When the NIP material was subject to proteinase K, the Rct value
f the iron redox probe decreased significantly. This was most prob-
bly related to the partial loss of polymer along this process, as
o protein existed to be digested. In this case, the enzyme could
ave partially digested the polymer lying at the surface, because
ne of its predominant sites of cleavage is peptide bonds near aro-
atic amino acids with blocked alpha amino groups, and the PAP

s likely to have many nitrogen and oxygen related groups linked
o aromatic groups.
But the MIP material increased its Rct value after proteinase K
ction. In a first glance, this seemed a strange behavior, because
he enzyme decreased the Rct of the control polymer and protein
emoval generally decreases the resistance of a given surface. How-
sequent modification steps in 5.0 mM [Fe(CN)6]3− and 5.0 mM [Fe(CN)6]4− , in MES
ndles circuit (inset).

ever, the effect of a given protein also depends of its protonation,
compared to the redox probe. If PA would be positively proto-
nated, the concentration of the iron redox probe at the surface could
increase by ionic interaction, thereby reducing the Rct, despite the
fact that a higher amount of a non-conductive compound existed
at the surface. Indeed, this was verified in practice, when different
concentrations of PA were incubated at the surface of a blank elec-
trode and the resistance decreased. Thus, the increase of the Rct in
the MIP layer after protein removal was a combination of opposite
events: a decrease caused by polymer loss and an increase caused
by protein loss.

3.3. Follow-up of the surface modification

3.3.1. Raman spectroscopy
Raman spectra were recorded for MIP and NIP materials at dif-

ferent stages of the assembly of the sensing surface. The spectra
obtained are shown in Fig. S1 (Supplementary Information), dis-
playing the typically observed G and D bands of carbon-based
materials.

The ID/IG ratio of the clean SWCNTs-SPE was 0.658. After poly-
merization without template (NIPs), the ID/IG ratio changed to
0.738 and after formation of MIPs the ID/IG ratio was 0.755. Overall,
an increase in the defect band D was observed after polymeriza-
tion, suggesting the modification of SWCNTs with a less organized
carbon material, and this change was not the same in MIPs than
in NIPs, accounting for the presence of the protein. Interestingly,
after the template removal by the proteolytic activity of proteinase
K, the ID/IG ratio decreased to 0.724 for MIPs. In the case of NIPs,
after the action of proteinase K (in this case there was no template
to remove) the ID/IG ratio was 0.735, almost similar to the ratio
without the action of proteinase K. The difference in the ID/IG ratio
for MIPs before and after the template removal, and the quasi con-
stant values in the ID/IG ratio for NIPs before and after the template
removal, is a strong evidence of the successful imprinting.
3.3.2. Fourier transformed infrared spectroscopy
The AP electropolymerization is expected to yield polymers

which contain phenyl, quinoid and benzenoid ring [35–37] and
the FTIR analysis was conducted directly over the SPEs directly



Fig. 3. EIS measurements of (A) MIPs and (B) NIPs based sensors and the corresponding calibration curves (C) in 5.0 mM [Fe(CN)6]3− and 5.0 mM [Fe(CN)6]4− , in MES buffer
pH 5, with different concentrations of PA; (D) Precision of MIPs-based device. The error bars correspond to ± the standard deviation of the three results.
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ig. 4. Graphical representation of the Langmuir isotherm plot: (A) comparison of
sotherm of MIPs after subtracted NIPs signal density.

ver the SPEs at before and after polymerization of sensors fab-
ication to find out their existence. The results are presented in Fig.
2 (Supplementary Information).

After polymerization, the MIPs and NIPs showed a characteristic
road peak at ∼3000–3700 cm−1 for the N H and O H stretching in
he polymeric network, which is absent in the clean SWCNTs-SPEs.
he peak position also changed from 1571 cm−1 (clean SWCNTs-
PE) to 1589 cm−1 (after polymerization) with high intensity and
road peak, which is the indication of a mixture of the C C and C N
tretching vibrations in the quinoid ring.

.3.3. Electron microscopy
The surface morphology was investigated by environmental

canning electron microscope at different stages of the MIP fabrica-

ion. The collected images are presented in Fig. S3 (Supplementary
nformation). The clean SWCNTs-SPE evidenced the presence of
arbon nanotubes well distributed within the carbon structure
nd several pores of different sizes, randomly distributed over
l density and maximum binding capacity (�Rct
máx) of MIPs and NIPs; (B) Binding

the surface. Such porous surface disappeared after assembling the
MIP layer on top of SWCNTs; the microscopic image of the MIP
evidenced a compact structure, with no pores and, apparently,
homogenous. After the template removal, the surface of MIP mate-
rials evidenced several pores, of small dimension. In addition the
MIP surface became more rough which could indicated the exit
of oligomer fractions of the polymer and/or polymer degradation
derived by the enzymatic action.

3.4. Analytical performance of the sensor

The analytical performance of the sensor was evaluated by incu-
bating the sensing surface (MIP or NIP) with a PA standard solution

of increasing concentration. For this purpose, a drop of standard
solution was casted on top of the working electrode and let stand
there for 20 min. During this period, PA rebinding was allowed.
After this, the electrode surface was washed and the three electrode



Fig. 5. Selectivity test of the sensor by competitive method; signal for (A) only PA,
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B) mixture of PA and BSA 1: 0.1 (in M), and (C) mixture of PA and BSA 1: 1 (in M).

ystem of the SPE covered with the standard iron redox probe for
lectrical reading.

Fig. 3 shows the EIS detection (ranging from pmol L−1 to
mol L−1) recorded for MIP and NIP-based electrodes. Fig. 3A and
showed the impedance responses upon the addition of different

A concentrations for the MIP and NIP-based devices respectively.
oth MIP and NIP devices displayed decreasing charge-transfer
esistances when the PA concentration increased (Fig. 3A and C).
his lowering of Rct with increasing PA concentration was prob-
bly related to the positive protonation of the imprinted surface
y the interaction of PA with the amino or hydroxyl groups of the

mprinted polymers, under the conditions in which the assay was
erformed. The imprinted polymer contains NH and OH groups
FTIR in Fig. S2 of the Supplementary Information), and probably
he electrostatic interaction of these groups with the PA functional
roups create protonation over the imprinted surface. Such interac-
ion between PA and MIP increased the density of positive charges
ver the receptor surface, which in turn increased the number of
egatively charged iron redox probe molecules attracted over the
urface.

For low level concentrations (up to 23.8 nM) the NIP-based
evices presented a random behaviour against increasing protein
(PA) concentrations (Fig. 3B and C). For higher concentrations,
he NIP Rct values start to decrease, thereby confirming the exis-
ence of non-specific binding of PA to the receptor surface. The MIP
urface displayed a similar behaviour, but the linear response was

ig. 6. EIS measurements of (A) MIPs based sensor and the corresponding calibration cur
extended over a wider range of PA concentrations, including lower
concentrations of protein.

The detection limit (LOD) of MIPs was 0.60 nM, considering
three times the standard deviation of the blank response. The pre-
cision of the MIP-based devices (results based on three different
measurements using three different devices), at different levels of
concentration is shown in Fig. 3D.

3.5. Binding isotherm

The isotherm based on EIS results of MIPs follows a hyper-
bolic response (Fig. 4A) approaching the typical behaviour of
antibody/antigen interactions [34]. The parametric data over the
Langmuir equation (�Rct

máx and KD, in Eq. (1) assesses the per-
formance of the sensor in terms of template rebinding. �Rct

máx

reflects the differences in the amount of PA bound to the sensor
surface and KD (the dissociation constant) shows the concentra-
tion of PA providing half of the maximum response (�Rct

máx), thus
measuring how well PA form complexes with MIPs and the affin-
ity with which it occurs. If the KD is low it indicates a large binding
affinity, as there action will approach the maximum response more
rapidly. On the contrary, a high KD indicates that the sensor does
not efficiently bind with PA.

In general, the MIP �Rct
máx and KD values should be distin-

guishable from control NIPs. Rct and Roct respectively indicates
normalized and baseline charge transfer resistance of the sensor,
and hence the signal density �Rct (where �Rct = Rct-Roct) repre-
sents the binding adsorption for each concentration of PA. The
signal density (�Rct per unit area of electrode) for MIPs increases
after each addition of PA (until a saturation) whereas for NIPs the
signal density is scattered at low concentration and it suffers from
non-specific binding at high concentration of PA (Fig. 4A). �Rct

máx

for MIPs is 13.34 k�/cm2 and for NIPs is 6.21 k�/cm2 (�Rct
máx of

MIPs is 2.15 times higher than the NIPs one). The dissociation con-
stant (KD) is 119 nM for MIPs. NIPs showed a random affinity at
low concentration of PA (inset in Fig. 4A) whereas the MIP signal
density was regularly increasing over all the range of concentra-
tions. The most interesting information from the binding isotherms
is found after subtracting the NIP signal density from the MIP sig-
nal: the subtracted signal density �RctSB (where �RctSB = �RctMIP-
�RctNIP) also follows a hyperbolic response (Fig. 4B) which reflects
the amount of specific binding that occurs with MIPs without con-
specific binding (KDSB) of MIPs is 23.8 nM with maximum specific
binding (�Rc tSBmáx) of 7.12 k�/cm2 what shows the difference
between MIPs and NIPs.

ves (B) in 5.0 mM [Fe(CN)6]3− and 5.0 mM [Fe(CN)6]4− by spiking PA in tap water.
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.6. Selectivity

The selectivity of the sensor was evaluated by EIS measurements
sing the competitive method [28]. In this case, the time and con-
itions were set as like the calibration of the sensors, and BSA was
hosen to check the interferences as a model protein. Negligible
nterference effect was found, with a signal variation of only 1.7%

hen the PA and BSA concentration ratio was 1:0.1, and 0.35%,
hen the PA and BSA concentration ratio was 1:1(Fig. 5).

.7. Application to real samples

Tap water, as a general source of bacteria, was selected as a
roof-of-concept for the detection of PA. We spiked PA in tap water
tap water four times diluted in MES buffer) and checked the perfor-

ance of the sensors. Using this matrix, the LOD is 16.83 nM (Fig. 6)
hich is a little bit higher than when detecting PA in pure MES

uffer. This probably indicates that some inorganic ions may have
ome impact on the sensors performance by electrostatic interac-
ion with the protein rebinding site or with the target protein.

We tested the recovery factors after spiking of PA in tap
ater. The spiked value was 2.38 �M and the recovered value
as 2.17 �M, what means a recovery value of 91.08% with a stan-
ard deviation (calculated from the propagation of errors from the
egression line) of 6.60%.

. Conclusions

In this paper we present a molecularly imprinting-based ana-
ytical device for the direct electrical detection of the PA from S.
ureus. This device concerns a simple and low cost assembly. It
isplays a good precision, selectivity, low detection limit, offering
lso the advantages of disposability, simple instrumentation and
asy preparation for the detection of PA from the outer surface of S.
ureus. This device can be seen as a first step for the detection of bac-
eria using molecularly imprinted polymer-based devices. Before
sing the device in field-conditions, further experiments are nec-
ssary to ensure its successful application to water holding bacterial
ontamination.
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