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g r a p h i c a l a b s t r a c t
� E. coli E2152 was successfully
imprinted in a polymer by 2-
aminophenylboronic acid and ani-
line co-electropolymerization.

� The bacteria template was entrapped
in the resulting molecularly imprin-
ted polymer in a single step.

� Thus prepared MIP film-based elec-
trochemical chemosensor deter-
mined E. coli E2152 up to
2.9 � 104 cells/mL.

� E. coli E2152 determination was se-
lective versus bacteria of other sur-
face properties.
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a b s t r a c t

We fabricated an electrochemical molecularly imprinted polymer (MIP) chemosensor for rapid identi-
fication and quantification of E. coli strain using 2-aminophenyl boronic acid as the functional monomer.
This strain is a modified Gram-negative strain of Escherichia coli bacterium, an ordinary human gut
component. The E. coli strongly interacts with a boronic acid because of porous and flexible polymers of
the cell wall. The SEM imaging showed that the bacteria template was partially entrapped within the
polymeric matrix in a single step. Moreover, this imaging confirmed E. coli K-12 cell template extraction
effectiveness. The prepared MIP determined the E. coli K-12 strain up to 2.9 � 104 cells mL�1. The
interference study performed in the presence of E. coli variants expressing different surface appendages
(type 1 fimbriae or Antigen 43 protein) or Shewanella oneidensis MR1, another Gram-negative bacteria,
demonstrated that the bacterial surface composition notably impacts sensing properties of the bacteria
imprinted polymer.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
r (M. Etienne), psharma@ichf.edu.pl (P.S. Sharma).

B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mathieu.etienne@univ-lorraine.fr
mailto:psharma@ichf.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2021.339177&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2021.339177
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aca.2021.339177


N. Yasmeen, M. Etienne, P.S. Sharma et al. Analytica Chimica Acta 1188 (2021) 339177
1. Introduction

One of the most recent food-related epidemic occurred in 2011
when a bacterial epidemic caused by enterohemorrhagic Escher-
ichia coli (EHEC) strains spread to Germany, and several adjacent
countries, leading to a European health crisis [1,2]. This epidemic
mainly affected children resulting in hundreds of death across
Europe [1]. Epidemiological studies have shown that the fatal in-
fections were caused by virulent strains of E. coli belonging to a rare
serotype defined by its ability to produce Shiga toxin [3,4] and its
enhanced propensity to adhere to the digestive mucosa [5]. Rapid
detection is a powerful strategy to prevent such an outbreak.

Several analytical methods using colorimetric analysis, poly-
merase chain reaction (PCR), enzyme-linked immunological assay
(ELISA), and mass-spectrometry techniques are already quite well
developed to quantify pathogenic and non-pathogenic microor-
ganisms [6e8]. However, replacing these laborious and expensive
molecular approaches with robust, convenient, and cost-effective
sensing systems remains the top challenge. The conventional
antibody-antigen host systems that determine pathogenic micro-
organisms lack specificity and stability towards the cell wall in
these microorganisms [9]. Moreover, the global mortality rate
because of pathogenic infections is rapidly growing worldwide.
Therefore, a massive improvement is required in pre-existing
sensing systems to limit infectious outbreaks [10]. The surface
properties of bacteria that promote adhesion and infectiosity could
also be derived for their detection by a sensor with an adequately
tuned sensitive surface.

The molecularly imprinted polymers (MIPs), sometimes
referred to as “artificial antibodies,” are now established as readily
accessible tools for identifying and quantifying macromolecular
compounds like proteins, membrane glycolipids, and even whole
bacteria cells [11,12]. MIP preparation is fast and inexpensive
[13e16], and the synthesis procedure defines MIP properties [17].
Therefore, a growing emphasis is on improving MIP chemosensors
design for selective targeting microbial surface functionalities
[18e20]. The main requirement is to generate in MIPs and control
the accessible imprinted cavities featuring recognizing sites.
Generally, that is accomplished in classical bulk imprinting using
cross-linking monomers in amounts sufficiently high to ensure the
MIP stability. However, another way around is the surface
imprinting, including the formation of thin nanofilms featuring a
high surface density of imprinted cavities and low heterogeneity
with geometrical constrictions fewer than bulk imprinting. This
strategy provides a high control over the imprinting, enabling the
effective template removal and binding of the target analyte in MIP
nanofilms [21e26]. The MIP thin film-coated electrodes were
recently excessively prepared to serve as electrochemical chemo-
sensors to determine the DNA, rRNA, surface proteins, and patho-
gens exotoxins [27e29].

However, these procedures for recognizing bacterial compo-
nents require a higher infectious dose and extra reagents for
sample processing, which increases the cost and time for adequate
diagnosis [30,31]. Therefore, the chemosensors sensing the whole
microorganisms are more desirable for rapid testing [31e33].
Indeed, the encapsulation of whole bacteria cells provides an effi-
cient way to imprint all microbial features present on the microbial
surface, including antigenic properties, genomic elements, as well
as all biochemical, electromechanical, and morphological features
potentially beneficial for the fast and effective determination of
specific microorganisms in a given sample [33].

In the present work, we aim to devise and fabricate an elec-
trochemical MIP chemosensor for rapid identification and quanti-
fication of specific E. coli K-12 strain using 2-aminophenyl boronic
acid (2-APBA) as the primary functional monomer and aniline (ANI)
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as the cross-linking monomer. We have used a modified Gram-
negative strain of Escherichia coli bacterium, an ordinary human gut
component. The E. coli strongly interacts with this conductive
polymer. That is because of porous and flexible polymers of the cell
wall structure. This bio-polymer feature is widely exploited for
sensing purposes [34]. MIPs prepared using (boronic acid)-
functionalized monomers gain attention mainly as a potential
synthetic alternative to classical antibodies [35]. Moreover, hy-
droxyl groups of boronic acid may covalently react with cis-diols of
the negatively charged glycoproteins to form five- or six-
membered cyclic esters in an alkaline aqueous solution. Besides,
these esters readily dissociate in an acidic solution [36e38]. Herein,
we incurred selectivity to the MIP film prepared by applying the 2-
APBA functional monomer reversibly binding glycan structures of
the E. coli K-12 cell surface (Scheme 1).

2. Materials and methods

2.1. Bacterial strains

The E. coli K-12 strains were constructed from Escherichia coli
MG1655 (E. coli genetic stock center CGSC #6300) by transforming
the red linear DNA gene inactivation method using the pKOBEG
plasmid [39]. All strains contained the gfpmut3 gene linked to the
bla ampicillin-resistance gene (ampR, 100 g/mL) to make them
fluorescent. In the present study, three mutants were used, vis.,
E2146, E2152, and E2498 expressing different surface appendages
of different scales [39]. The surface of E2152 is less developed, with
no type 1 fimbria and no antigen 43 (Ag43) protein. E2146 displays
external ultrastructure type 1 fimbriae of the 1- to 10-mm length,
and E2498 expresses a denser layer of the Ag43 protein with only
10-nm length. Shewanella oneidensis MR1 (ATCC 700550) was also
used as interference for this study.

Tryptic soy broth (TSB), Luria-Bertani (LB), lysozyme, Triton X
100, sodium hydroxide NaOH, potassium chloride KCl, potassium
hexacyanoferrate(III) K3[Fe(CN)6], potassium hexacyanoferrate(II)
K4[Fe(CN)6], Tris-HCl buffer (pH¼ 7.4), 2-aminophenyl boronic acid
(2-APBA) and aniline (ANI) purchased from Sigma Aldrich, were
used as received.

2.2. E. coli K-12 growth conditions

The E. coli K-12 strains were pre-grown overnight for ~12 h in
the LB broth at 37 �C and 160 rpm, in the presence of appropriate
antibiotics to select the strains. The next day, a fresh culture was
inoculated with that overnight pre-grown to an optical density of
~0.08, measured at 600 nm and then cultivated under the same
conditions. The cultured bacteria cells were collected by triple
centrifugation (5000 rpm for 10 min). Afterward, a pellet was
collected and re-suspended in a sterilized 1 mM KCl. The same
procedure was executed for the SWMR-1 strain except for the
change in growth medium conditions characteristic for the strain
used, i.e., the TSB broth at 30 �C.

2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) imaging and energy-
dispersive X-ray spectroscopy (EDS) spectra recording were per-
formed on a JEOL JMS-IT500HR microscope (JEOL, Japan) equipped
with the UltimMax 170 EDS detector (Oxford Instruments, UK). The
SEM images were taken with the 3e5 kV acceleration voltage at
current emission of 35 mA and aworking distance of 10mmwithout
coating the samples. EDS spectra were recorded for at least 30 s
with an acceleration voltage of 5 kV and a working distance of
10 mm.



Scheme 1. The flowchart of E. coli E2152 imprinting by electro-copolymerization of aniline and p-aminophenylboronic acid in 0.01 M KCl on 7-mm diameter disk glassy carbon
electrode.

Fig. 1. The multi-cyclic potentiodynamic curve for the glassy carbon working electrode
(0.38 cm2) in the 5 mL 0.01 M KCl solution of 2.5 mM 2-APBA, 10 mM ANI, and 200 mL
of E2152 suspension (5 � 109 cells mL�1) at a scan rate of 25 mV s�1. Currents decrease
in consecutive cycles.
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2.4. Atomic force microscopy

Atomic force microscopy (AFM) imaging of the as-prepared,
extracted, and E. coli bound MIP films were carried out using the
Peak Force Tapping (PFT) mode with SNL-C tips. Images were ob-
tained in the air using a Bioscope Resolve AFMmicroscope (Bruker).

2.5. Electrochemical polymerization

The electrochemical measurements were carried out with an
SP-50 BioLogic potentiostat. The three-electrode cell system was
used for simultaneous electropolymerizing and depositing (E. coli)-
templated MIP films. A 7-mm diameter glassy carbon disk elec-
trode, Pt wire coil, and an Ag/AgCl electrode (1 M KCl) were used as
the working (WE), counter (CE), and reference (RE) electrode,
respectively.

2.6. MIP film deposition

The E2152 strain was used as the template for molecular
imprinting. 2-APBA and ANI were used as the functional and cross-
linking monomers, respectively. The potentiodynamic technique
was used for the MIP thin film deposition on the WE by cycling the
potential between�0.20 and 1.10 V vs. Ag/AgCl at 25 mV s �1 in the
5-mL sample solution of 2.5 mM 2-APBA and 10 mM ANI mono-
mers, and 0.01 M KCl supporting electrolyte, with a 200-mL sample
of E2152 of optical density, OD 0.08 added.

3. Results and discussion

3.1. 2-APBA and ANI electropolymerization in the presence of E. coli
E2152 cells

The multi-cyclic potentiodynamic curve in Fig. 1 represents
electro-oxidation of the 2-APBA and ANImonomers in the presence
3

of the E2152 cells. A broad, irreversible anodic peak at ~0.85 V vs.
Ag/AgCl corresponds to the electropolymerization of 2-APBA [40].
The non-conducting reduced leucoemeraldine form conversion
into the conducting intermediate oxidized emeraldine form
commenced at 0.20 V vs. Ag/AgCl. Subsequently, it changed into a
fully oxidized pernigraniline form at 0.65 V vs. Ag/AgCl [41].
However, the appearance of only one anodic peak at 0.65 V vs. Ag/
AgCl in successive cycles indicates the emeraldine-base form
presence with a relatively low protonation and deprotonation rate
in a neutral solution [42]. The potential was continuously cycled 12
times to deposit an MIP film capable of bacterial cells adhesion and
entrapment in the polymer network.
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3.2. Imagining of bacteria-imprinted MIP film

Bacteria cells partial covering with a polymer film evidences
their successful imprinting. The AFM and SEM images clearly show
effective E2152 capturing within the polymer network after elec-
tropolymerization (Fig. 2 and S1). The polymer layers partially
covering the 3 mm long rod-shaped E2152with a diameter of 0.8 mm
are seen in the SEM (Fig. 2a, a', and S1) and AFM (Fig. 2b and b')
images. During the electropolymerization, the boronic acid resi-
dues interact with the bacterial outer membrane diol-containing
molecules, such as sugars [43]. That increases the cell adhesion to
the polymer surface [44]. This reversible covalent affinity helped
capture the bacteria cells within the MIP network during
imprinting. Hence, after bacteria template removal, the MIP film
was expected to recognize target bacteria by shape and size and
molecular interactions between its boronic groups and surface
glycoproteins of the bacteria.

Here the MIP film was prepared capable of recognizing bacteria
concerning their size, shape, and surface groups. For that, MIP film
prepared after 3, 6 and 12 electropolymerization cycles were sur-
face imaged. After three cycles, the bacteria still stayed on top of a
too-thin MIP film deposited (Fig. S2). After 12 cycles, overgrowth of
an MIP film around the bacteria was seen (Fig. 2a, a'). Therefore, 12
cycles were used for the MIP film deposition.

3.3. Bacteria cells removing from the MIP film for emptying
imprinted cavities

After MIP film preparation, several approaches were applied to
remove bacteria for vacating imprinted cavities. Mild approaches,
including soaking the bacteria-templated MIP film in an acidic or
alkaline solution, appeared ineffective. Therefore, the following
Fig. 2. (a, a') SEM and (b, b') AFM images of the glassy carbon electrode coated with the E.
bacteria (shown with arrows in the SEM images).
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multistep extraction procedurewas adopted. First, the MIP filmwas
2 h treated with 2 mg mL�1 lysozyme enzyme in PBS (pH ¼ 7.4) for
lysing the E. coli E2152 strain. The lysozyme helped break the
intermolecular bonding of boronic acid residues of MIP with gly-
coproteins on the E. coli surface. The electrode was then immersed
in 10% Triton X to remove the bacteria membrane debris and the
lysozyme enzyme excess from the MIP film surface. Afterward, the
MIP film was extensively rinsed with deionized water. Finally, it
was overoxidized at þ0.98 V vs. Ag/AgCl in 0.1 M NaOH for 20 min
(Supporting Information, Fig. S3) to remove the bacteria cells
completely. Each extraction step was monitored with SEM imaging.
Electrodes coated with the bacteria-extracted MIP films were
stored in 0.1 M PBS (pH ¼ 7.4) until further use. The SEM and AFM
images in Fig. 3a and 3a', and 3b show the complementary cavities
formed because of efficient bacteria template removal from theMIP
film. Worth mentioning, missing any extraction step resulted in no
bacteria extraction (Supporting Information, Fig. S4).

3.4. Electrochemical characterizing (E2152)-templated and
(E2152)-extracted MIP films

Further, electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry (DPV) were used to characterize the
(E2152)-templated and (E2152)-extracted MIP film. Fig. 4a, 4b, and
4c show changes in the charge transfer resistance and DPV peak
current, incurred by the presence of 5 mM K3[Fe(CN)6] and 5 mM
K4[Fe(CN)6] in 0.1 M PBS (pH ¼ 7.4), for the MIP film-coated elec-
trode before and after bacteria removal. The MIP film charge
transfer resistance determined from the Nyquist plot before bac-
teria extraction was high (Fig. 4a). Presumably, the E2152 cells
entrapment in the film blocked the electron transfer between the
redox probe molecules in the solution and the electrode substrate.
coli E2152 imprinted MIP film before washing. An MIP film was overgrown around the



Fig. 3. (a, a') SEM image at two different resolutions and (b) the AFM image of the bacteria (E2152)-extracted MIP film-coated glassy carbon electrode.

Fig. 4. The Nyquist plots for the (a) E2152-templated, and (b) E2152-extracted MIP film-coated electrode. (c) The DPV curves for the E2152-templated and E2152-extracted MIP
film-coated electrode. All experiments were performed using 5 mM K4[Fe(CN)6] and 5 mM K3[Fe(CN)6] in 0.1 M PBS (pH ¼ 7.4).
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In contrast, the charge transfer resistance of this film-coated elec-
trode with E2152 cells removed was relatively small (Fig. 4b). This
removal resulted in the MIP film poration, causing the oxidation
current of the redox probe to increase (Fig. 4c).

Moreover, insets to Fig. 4a and 4b propose equivalent circuits for
the MIP film-coated electrode before and after, respectively, E2152
extraction. The solid curves represent the best-fit curves based on
the proposed circuits. For the best simulation, two Randles circuits
were connected in series to represent the contribution of the
interface parameters, including bulk solution resistance (Rs),
double-layer capacitance (Cdl), contact capacitance (Cc), the charge
transfer resistance (Rct), and a Warburg diffusion element (W) for
the MIP film-coated glassy carbon electrodes. In the circuits, the Cdl
and Cc, in parallel, are connected with Rct to represent the faradic
transport processes and the charge transfer kinetics of the redox
probe ions transition at the polymer-electrolyte solution interface.
Moreover, because of expected porosity in the MIP film, the pseu-
docapacitive element, vis., the constant phase element (CPE),
5

represents the pure capacitive elements Cdl and Cc [45]. The
determined Rct value was 38.54 and 1.2 kU before and after
extraction, respectively, for the MIP coated electrodes. This
noticeable Rct decrease after extraction appreciably contributed
from encapsulated bacteria within the MIP film to double-layer
capacitance. Moreover, the significant change in Rct reflects the
considerable increase in the diffusion rate of redox probe ions in the
MIP-electrolyte interface because of the presence of MIP-imprinted
cavities.

3.5. XPS analyzing (E2152)-templated and (E2152)-extracted MIP
films

Surprisingly, the boron band is absent in the XPS spectrum of
the MIP film before bacteria extraction. However, this band appears
only after bacteria removal (Supplementary Information, Fig. S5),
confirming the boron presence in bacteria stamps. The bacteria
present in the filmmask the boron band. A possible explanation can
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come from the strong interaction of these residues with a bacterial
surface that would induce a concentration gradient between the
bacteria and the polymer; boron becoming then undetectable in
the XPS analysis before extracting the bacterial cells and emptying
the cavity (XPS depth of surface analysis is limited to ~10 nm).

3.6. Recognition efficiency of bacteria-templated MIP films

The MIP boronic acid residues are expected to interact with the
bacterial outer membrane cis-diol surface groups reversibly during
electropolymerization. This covalent affinity aids in capturing
bacteria cells within theMIP network during imprinting. Therefore,
it is anticipated that the MIP film after the bacteria template
removal would recognize the target bacteria by shape and size and
molecular interactions between MIP boronic acid residues and
bacteria surface glycoproteins. The E2152-extracted MIP film-
coated glassy carbon electrodes were used for E. coli determina-
tion by capacitive impedimetry (CI) under steady-state solution
conditions.

For the E. coli EIS determination under steady-state solution
conditions, the 100 mM Tris-HCl buffer (pH ¼ 7.4) was used as the
supporting electrolyte solution at the applied frequency and po-
tential of f ¼ 20 Hz and Eappl ¼ 0.60 V vs. Ag/AgCl, respectively. The
steady-state analysis first step is to attain the time-independent
capacitance to confirm stable electric double layer formation at
the electrode-solution interface. Afterward, the analyte is intro-
duced to the test solution. The E. coli binding inmolecular cavities is
mainly governed by electrostatic attractions of positively charged
E. coli surface groups and negatively charged porous MIP film
boronic acid residues. This E. coli binding affects the electric
permittivity of the electric double layer. Therefore, the capacitance
and phase angle change with successive addition of E. coli of
different concentrations (Fig. 5). The linear dynamic concentration
range for the E. coli analyte extended from 2.9 � 104 to
3.1 � 107 cells mL�1 with the calibration plot obeying a semi-
logarithmic linear regression equation of capacitance
[nF] ¼ 0.46(±0.04) [nF/log (cells mL�1)] � cE. coli [log (cells mL�1)] e
2.0(±0.19) (Supporting Information, Fig. S6). The correlation coef-
ficient was R2 ¼ 0.984 while the sensitivity was 0.46(±0.04) [nF/log
(cells mL�1)].

Moreover, E. coli E2152 binding was evidenced with SEM im-
aging of the E. coli E2152 extracted MIP film-coated electrode after
adding the bacteria cells (Supplementary Information, Fig. S7).
Expectedly, the cells mainly settled at the bacteria-imprinted cav-
ities instead of the unimprinted MIP film surface (Supplementary
Information, Fig. S7b). The bacteria binding was governed by the
boronic acid residue present in the cavities, possible to detect with
the XPS measurement only if the cavities were vacated (Supple-
mentary Information, Fig. S5).

Gram-negative pathogens, including multidrug-resistant E. coli
strains, are enclosed by an outer membrane, essential for cell
viability and a protective barrier against antibodies. This asym-
metric outer core comprises lipopolysaccharides (LPSs), phospho-
lipids, and lipoproteins, playing a crucial role in sensing and
antimicrobial activity [46]. The most abundant and vital structural
lipoproteins covalently bound to the peptidoglycan layer via the
ε-amino group are responsible for the outer core's stability and
integrity. In comparison, the glycolipids and phosphorylated oli-
gosaccharides (OS) are the major components of LPS making the
strain highly hydrophobic [47]. However, the E. coli E2152 outer
core is highly anionic because it is enriched with phosphate groups
and 3-deoxy-D-manno-octulosonic acid and lacks O-poly-
saccharide. Because of this highly anionic surface nature, the
boronic acid residues form cis-diol bonds with exposed glycolipids
to firmly encapsulate the whole bacteria cell within the film during
6

electropolymerization. Subsequently, the template-extracted MIP
gains a positive charge because of the MIP film overoxidation
during extraction in a highly alkaline solution (0.1 M NaOH). This
cationic surface of the MIP helps bind the negatively charged E. coli
E2152 into the imprinted cavities generated. Herein, this binding
was transduced with CI. However, to confirm this hypothesis, the
binding behavior of three interferences, namely, Shewanella onei-
densis MR-1 (SWMR-1) and two E. coli strains, E2146 (with type 1
fimbriae), and E2498 (with Ag43 protein) were studied under
steady-state conditions using the same test solution, namely,
100 mM Tris-HCl buffer (pH ¼ 7.4) (Fig. 6). The interferences of
known concentrations were separately added to the test solution
under the same conditions for CI determination, i.e., the frequency
and potential were kept constant at f ¼ 20 Hz and Eappl ¼ 0.60 V,
respectively. The obtained results showed that the bacteria surface
composition notably impacts the prepared MIP sensing properties.

As shown in Fig. 6, no changes in capacitance were found for the
E2498 interference. Presumably, this arises from the presence of an
additional dense peripheral thin layer of auto-transported adhesion
Ag43 protein, a product of the flu gene on the E. coli K-12 chro-
mosome, over the outer core of bacteria cell membrane [39]. E. coli
Ag43 is a short and rigid monomeric appendage composed of a C-
terminal integral outer membrane b domain that exports an N-
terminal passenger a domain [48,49]. Interestingly, Ag43 variants
display a twisted L-shaped b-helical structure that helps in the
auto-aggregation and cell-cell interactions via a molecular “Velcro-
type” mechanism [50]. At pH ¼ 7.4, the Ag43 domains aggregation
is at maximum [51]. Therefore, the drastic change induced on the
bacterial surface by this bacteria auto-aggregations and additional
coverage results in the lack of recognition that eventually appeared
as no CI analysis response. Simultaneously, capacitance and phase
angle pronouncedly changed for the E2146 mutant adsorption on
the E2152-extracted MIP film. The E2146 mutant is composed of a
rod-shaped 100- to 200-nm thick layer of partially bent fimbriae.
Moreover, the repeating fimbriae subunits with lectin group end-
ings play an essential role in biofilm formation and bacterial viru-
lence [52]. The unwinding of these tiny fimbriae extensions
increases with the pH increase and reaches a pronounced
maximum elongation at pH ¼ 7.4 [53]. This surface modification is
much less dense than that with Ag43 expression of E2498 [39].
Therefore, it seems that the appreciable binding of E2146, compa-
rable to E2152, might correlate to the more limited surface modi-
fication compared to E2498.

The third interference selected was Gram-negative SWMR-1,
commonly known as metal-reducing bacteria externally sur-
rounded by extracellular polymeric substances [54]. The EPS
mainly comprises polysaccharides (~90%), including galactose,
glucose, mannose, N-acetyl glucosamine, and glucuronic acids with
smaller protein ratios, nucleic acids, and amyloid formations
[55,56]. A very minute change in capacitance and phase angle
values for just one higher concentration of SWMR-1 depicts that
the binding is most likely dependent on the arrangement of
exposed surface proteins and also on the surface charge density of
binding agents, which in the case of Gram-negative SWMR-1 is
smaller compared to E. coli K-12 strains [57,58].

During the imprinting of microbes, their surface groups play a
role. Therefore, the proper selection of functional monomers was
crucial in generating functionally adapted cavities. The excess of
cross-linking monomer maintained the shape of the cavities after
template removal from the MIP and helped functional monomers
positioning in microcavities. Moreover, bacteria binding was
controlled via electrostatic and hydrophobic interactions and
reversible covalent bonding with boronic functional groups. That
way, boronic diester saccharides complexes were formed. An SEM
image (Fig. 3a) showed a well-defined fingerprint left after



Fig. 5. The time dependence of changes of (a, b) capacitance and (c, d) phase angle after addition of E. coli E2152 of different concentrations to 100 mM Tris-HCl buffer (pH ¼ 7.4)
measured at the (a, c) E2152-templated MIP and (b, d) NIP film-coated electrodes under steady-state solution conditions. Electrodes were kept at the potential of þ0.60 V vs. Ag/
AgCl and frequency of 20 Hz.

Fig. 6. Histograms of capacitance changes of the MIP film-coated glassy carbon elec-
trode after addition of 3.2 � 105 cells mL�1 of E2152, E2498, SWMR-1, or E2146 to
100 mM Tris HCl buffer (pH ¼ 7.4) under steady-state conditions. The electrode was
kept at a constant potential of 0.60 V vs. Ag/AgCl and frequency of 20 Hz for capaci-
tance measurements.
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removing the imprinted E. coli single bacterium. Because of the
presence of boronic functional groups and the size and shape of the
cavities generated, the template entrapment by combined size-
shape discrimination and affinity recognition was possible. All
strains other than the template bacteria yielded low capacitance
7

change, thus pointing out the unique recognition characteristics of
cavities generated during molecular imprinting.
4. Conclusions

An E. coli E2152 strain was successfully imprinted in a polymer
using electrochemical polymerization. 2-Aminophenyl boronic acid
was used as the functional monomer, along with aniline as the
cross-linking monomer. The SEM images showed that the bacteria
template was fully entrapped in the resulting molecularly imprin-
ted polymer (MIP) matrix in a single step without any additional
laborious steps. The adopted three-step procedure of generating
MIP cavities appeared successful. Then, SEM imaging confirmed
that the template extracting procedure was effective. The target
E. coli E2152 strainwas determined byMIP film-coated electrode up
to 2.9� 104 cells mL�1. The interference study results indicated that
the cell surface compositions mainly governed their binding
behavior.
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