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Abstract

Foodbome diseases caused by bacterial pathogens pose a widespread and growing threat to public health in the world. Rapid
detection of pathogenic bacteria is of great importance to prevent foodborne diseases and ensure food safety. However, traditional
detection methods are time-consuming, labour intensive and expensive. In recent years, many attempts have been made to
develop alternative methods for bacterial detection. Biosensors integrated with molecular imprinted polymers (MIPs) and various
transducer platforms are among the most promising candidates for the detection of pathogenic bacteria in a highly sensitive,
selective and ultra-rapid manner. In this review, we summarize the most recent advances in molecular imprinting for bacterial
detection, introduce the underlying recognition mechanisms and highlight the applications of MIP-based biosensors. In addition,
the challenges and future perspectives are discussed with the aim of accelerating the development of MIP-based biosensors and

extending their applications.
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Introduction

Foodborne diseases due to consumption of food contaminated
with harmful chemicals or microbes have been considered as
the most vital food safety issues and pose threat to the public
health. According to the World Health Organization (WHO),
there are a projected 600 million cases of foodborne illnesses
accompanied with 420,000 deaths annually [1]. In the USA, it
is estimated that the cost due to foodborne illnesses is over $50
billion annually [2]. The most commonly reported foodborne
pathogenic bacteria (e.g., Escherichia coli, Listeria
monocytogenes, Salmonella) 3] are responsible for more than
91% of foodborne outbreaks in the USA [4]. Thus, develop-
ment of rapid and sensitive methods to detect and identity
foodborne pathogenic bacteria is of great importance.
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Detection of foodborne pathogenic bacteria mainly relies
on laboratorial tests such as conventional culturing method
[5], polymerase chain reaction (PCR) [6] and enzyme-linked
immunosorbent assay (ELISA) [7]. Although these methods
have a high sensitivity and specificity, their application is still
limited because they are time-consuming, labour intensive
and expensive. Recently, molecular imprinting technology
coupled with biosensor has been realized as a promising ap-
proach to detect pathogenic bacteria because it can detect tar-
get bacteria in a portable sensing system with a quick response
and high specificity.

Molecular imprinting polymers (MIPs) are recognition ma-
terials prepared by polymerization of monomers, crosslinkers
and other necessary constituents (i.e., initiators and porogens)
in the presence of the target analyte called “template” [8].
After the removal of the template, free cavities that conserve
the size, shape and chemical functionality [9] of the analyte
are created, allowing specific recognition of the target analyte.
In contrast to natural receptors such as antibodies or enzymes,
MIPs are highly physically and chemically stable and can be
reused for a long period. Therefore, MIP-based sensors have
been employed for the detection of a large variety of chemical
and biological hazards in food products, ranging from small
molecules (mycotoxins [10, 11] and illegal food additives [12,
13]) to macromolecules (allergenic proteins and bacterial
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exotoxins) [14, 15] and even larger analytes (pathogenic bac-
teria and viruses) [16—18].

A series of reviews in the literature comprehensively
discussed the fundamental aspects of molecular imprinting
[19-21]. Reviews on the application of molecular imprinting
technology in macromolecule and cell imprinting can also be
found [22, 23]. However, to the best of our knowledge, MIP
coupled with biosensor for the detection of pathogenic bacte-
ria has not been reviewed yet. Numerous studies regarding
bacterial imprinting have been conducted [24-28] and need
to be summarized to get the up-to-date knowledge of this
innovative detection method.

This review gives an overview of current trends in the
development of MIP-based biosensors for the detection of
foodborne pathogenic bacteria. Recognition mechanisms of
MIP and its interaction with bacteria are introduced first.
Then, we summarize various bacterial imprinting methods
with an emphasis on surface imprinting. After that, key appli-
cations of MIP-based biosensors to detect pathogenic bacteria
are highlighted. Finally, we propose the remaining challenges
and limitations of current imprinting methods as well as future
directions to improve molecular imprinting technology that
can assist the detection of pathogenic bacteria.

Principle of MIPs in bacterial recognition

MIPs, known as “artificial receptors” or “plastic antibodies”,
are functional porous materials with tailor-made binding sites
that can selectively recognize template and discriminate it
from the co-existing structural analogs. These binding sites
are prepared by polymerization of crosslinkers and the pre-
polymerized complex (i.e., functional monomers and tem-
plate). During the process of pre-polymerization, functional
monomers and template co-assemble through covalent/non-
covalent interactions [19]. The polymerization process

Functional monomer

(usually heating or UV initiated) starts upon the addition of
the crosslinker. Therefore, pre-polymerized complex will be
immobilized in the highly cross-linked matrix, resulting in
“freezing” of the orientation of functional groups of the tem-
plate. After removal of the template, the binding sites that
memorize the geometry and functional groups of target ana-
lyte will be generated. Then, the recognition of target analyte
will be achieved through a combination of complementary
size and morphology as well as chemical interactions (i.e.,
covalent, non-covalent and semi-covalent interactions [29])
(Fig. 1). The formation of chemical interactions requires spe-
cific intermolecular distance; therefore, recognition site that
has similar geometrical properties to the template can facilitate
this process. At the same time, the arrangement of functional
groups can rule out non-specific binding that based on size
and shape similarity.

In contrast to small molecules, bacteria are complexes that
contain a large variety of molecules. Therefore, it is challenging
to design specific covalent bindings. In addition, covalent inter-
action requires precise binding and association of the target,
resulting in a longer response time. To achieve easier binding
and dissociation between MIPs and bacteria, non-covalent inter-
actions [30] such as hydrogen bonds, electrostatic affinity, ionic
and hydrophobic interactions, van der Waals forces, and 7t
interactions are preferred [23]. Since these chemical interactions
occur between functional groups of monomer and molecules on
the cell surface, the selection of appropriate monomers that have
complementary functional groups is of great importance.
Bacteria are negatively charged with different functional groups
(e.g., hydroxyl, carboxyl, phosphoryl and amide) existing on the
cell surface [31]. Thus, electrostatic interaction and hydrogen
bonds are the most common chemical interactions that can be
used to build recognition sites. Taking advantage of electrostatic
interaction, various cationic monomers have been used by sev-
eral researchers to develop polymers with high affinity and se-
lectivity to bacteria. For instance, the charge heterogeneity of
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Fig. 1 Principle of molecular imprinting for bacterial recognition
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bacterial surface was encoded into polymer matrix using cationic
monomer (methacrylatoethyl trimethyl ammonium chloride) and
zwitterionic monomer [3-dimethyl (methacryloyloxyethyl) am-
monium propane sulfonate] [28]. During self-assembly, cationic
monomer interacted with negative groups on bacterial surface
while zwitterionic monomer filled in the gap between the recog-
nition sites. Possessing chemical information of the template, the
polymer could differentiate target bacteria from three other dif-
ferent bacterial species, indicating its high affinity and selectivity.
Recently, Giir and co-authors used Cu(Il)-bounded Au nanopar-
ticle as the monomer to imprint £. coli [32]. The specific recog-
nition was achieved by electrostatic interaction between Cu(Il)
and negative groups of bacterial surface. In addition to electro-
static interaction, a large variety of monomers with functional
groups (e.g., amino, hydroxyl, vinyl, carbonyl and carboxyl)
have been selected to form hydrogen bond with molecules on
bacterial surface. Methacrylic acid is a frequently used hydrogen
bonding monomer because carboxyl group can act as hydrogen
donor and acceptor at the same time [33]. Taking advantage of
this, Razavilar and co-workers developed a MIP using
methacrylic acid as the functional monomer for the detection of
Salmonella enterica serotype Typhi [17]. Another functional
monomer, dopamine, can form hydrogen bond with bacteria
due to the existence of amino groups [34]. Recently,

Fig. 2 Representative imprinting
strategies for bacterial a
recognition. a Whole cell
imprinting. b Cell membrane
molecular imprinting

Bezdekova and others prepared magnetic particles coated with
polydopamine (PDA) for the detection of Staphylococcus aureus
[35]. The obtained polymer particles could specifically bind tar-
get bacteria, indicating their high bacterial affinity and selectivity.

Molecular imprinting methods in sensing
pathogenic bacteria

According to the size of the template, different imprinting
strategies such as bulk imprinting and surface imprinting can
be selected to prepare MIPs. For bulk imprinting, cavities
(recognition sites) are distributed all over the polymer matrix
[36], which favours the absorption and release of small mol-
ecules. However, this approach is not suitable for bacterial
imprinting because the analytes are large in size and could
be hindered in the highly cross-linked matrix. Therefore, sur-
face imprinting is more appropriate for bacterial imprinting.
Currently, surface imprinting can be divided into two cat-
egories according to the recognition unit of bacteria (Fig. 2).
One is the cell membrane molecular impinging that selectively
imprints cell membrane subunits, such as glycans and proteins
[23]. In contrast, whole cell imprinting method imprints whole
cell membrane instead of specific molecules, which conserves

Bacteria
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more surface information of the template [23]. Currently, the
creation of bacterial recognition sites in most MIPs is achieved
by using whole cell imprinting method. Both advantages and
disadvantages of different imprinting methods are compared
in Table 1 [37-39].

Whole cell imprinting
Microcontact/stamp imprinting

Microcontact imprinting has been extensively used to prepare
MIPs that can detect different types of pathogenic bacteria
[16, 40—42]. The processing procedure is straightforward:
(1) to deposit bacterial suspension onto the top of a flat solid
support substrate (stamp); (2) to deposit a thin layer of viscous
prepolymer onto the surface of transducer; (3) to bring the
stamp into contact with the polymer and cure the sandwich
construction; and (4) to remove the stamp and template.
Therefore, the obtained cavities on the surface of the polymer
matrix can be used for bacterial recognition. A typical stamp
imprinting procedure is shown in Fig. 3a.

Stamp imprinting method was first introduced to imprint yeast
(Saccharomyces cerevisiae) cells on the surface of thin polyure-
thane layer by Dickert and Hayden in 2001 [44]. With the de-
velopment of imprinting technology, this method was success-
fully applied for bacterial imprinting by Zare’s group [45].
Taking this a step further, Idil and co-workers [41] developed a
capacitive biosensor with a stamp-imprinted gold electrode to
detect E. coli. The stamp was prepared by depositing E. coli
suspension onto the 3-aminopropyltriethoxysilane-modified
glass slide. Subsequently, this stamp was brought into contact
with the polytyramine gold electrode covered with reaction mix-
ture (2-hydroxyethyl methacrylate, ethylene glycol
dimethacrylate, N-methacryloyl-L-histidine methyl ester-Cu (II)
complex, o-of-azoisobutyronitrile) and polymerized under UV
light. After treated with phosphate-buffered saline and lysozyme,

Table 1 Comparison of different molecular imprinting methods.

the surface of prepared gold electrode was characterized by cy-
clic voltammetry, atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Using cyclic voltammetry, the suc-
cessful insulation of gold electrode was confirmed. In addition,
the results obtained from AFM and SEM indicated that the im-
printing process was successful. The linear relationship between
changes in capacitance and E. coli concentration was obtained
from 1.0x10°~1.0x10” CFU/mL, with a limit of detection (LOD)
of 70 CFU/mL.

A further advancement in stamp imprinting is the use of
artificial stamp. Latif and co-authors [46] prepared an artificial
stamp by casting uncured polydimethylsiloxane (PDMS) onto
the surface of bacteria-imprinted polyurethane. After poly-
merization, a replica stamp of E. coli was obtained, and it
was used for further imprinting. Even though the recognition
sites were prepared using replica stamp instead of bacterial
stamp, they can distinguish between E. coli W strain (ATCC
9637) and E. coli B strain (EC 11303). There are a variety of
bacteria that are highly pathogenic and not suitable for direct
imprinting; therefore, not needing to apply real pathogenic
bacteria is the main advantage of artificial stamp. In addition,
artificial stamp is more robust compared to natural bacterial
cells and can be used to produce numerous MIPs by using a
single stamp.

Drop coating

Drop coating (sediment imprinting) is a fast surface imprint-
ing approach using sedimentation by gravity and it has been
applied in imprinting fragile bioanalytes, such as cells.
Generally, the prepolymer is deposited and spin coated on
the support substrate, after which the template solution is
dropped onto the prepolymer, resulting in the generation of
recognition sites. This method was first developed by Seifner
and others to imprint red blood cells on the surface of a thin
polyvinylpyrrolidone layer [47]. Recently, an example of

Imprinting methods Advantages

Disadvantages Reference

Whole cell imprinting

Microcontact imprinting Easy operation; wide application

Drop coating

Suitable for some fragile templates

Not suitable for some [37]
fragile
or large templates

Pickering emulsion interfacial Wide application [38]
imprinting
Electropolymerization Superior adherence to transducer surface; speed of preparation; [39]
possibility of aqueous preparation; control of layer thickness and
morphology
Colloidal imprinting Act as disinfection unit
Cell membrane molecular imprinting  Similar to natural antibody; suitable for large template Difficult to discover [37]

stable
imprinting unit
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Fig. 3 Schematic illustration of
surface imprinting methods. a
Stamp imprinting. b Pickering
emulsion interfacial imprinting
(Reproduced with permission
from [43], copyright 2014, John
Wiley and Sons). ¢
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quartz crystal microbalance (QCM) sensing system using drop
coating for E. coli detection was presented by Samardzic and
co-authors [48]. In their experiment, diphenylmethane-4,4'-
diisocyanate, poly-(4-vinylphenol) and phloroglucinol were
dissolved in tetrahydrofuran, and this mixture was then pre-
polymerized at 70 °C for 15 min to form a gel-like oligomer.
The oligomer was spin coated onto the electrode to form a
layer of 300 nm height, onto which the bacterial suspension
was dropped coated. After polymerization for 48 h, the tem-
plate was removed by immersing the electrode in water for an
hour. Using AFM imaging, cavities and trapped E. coli could
be observed on the imprinted polyurethane, indicating the
successful imprinting of the target. The MIP was used as the
recognition element in the QCM sensor and real-time detec-
tion for E. coli was achieved by monitoring the changes in the
frequency. The detection limit was 1.6 x 10® cells/mL and this
sensor also showed a high selectivity towards the imprinted
template (E. coli B strain) and a very close bacterial strain
(E. coli W strain).

Spieker and co-authors implemented this technique into a
QCM sensor for the detection of Bacillus cereus [49]. In this
study, the affinity of five different polymers (polystyrene,
polyacrylate, polyvinylpyrrolidone, polyacrylamide and poly-
urethane) towards B. cereus was screened at first. After im-
printing, the number of recognition sites on the surface of
polymer film was observed by light microscope. Taking these
two factors into consideration, polyurethane with the highest
affinity and the greatest number of recognition sites was used

for imprinting. MIPs prepared by stamp imprinting and drop
coating were observed using light microscope. Bacteria were
more evenly distributed on the stamp-imprinted polyurethane,
indicating that stamp imprinting was superior to drop coating
in this condition.

Pickering emulsion interfacial imprinting

Pickering emulsion is a particle-stabilized emulsion, which is
either oil-water or water-oil [50]. Bacteria tend to assemble at
oil-water interface. Taking advantage of this, Shen and co-
workers [43] developed an imprinting method by using tem-
plate bacteria as the stabilizer in the emulsion polymerization
process (Fig. 3b). After imprinting, the polymer beads could be
used to capture and detect bacteria. In this study, negatively
charged bacteria templates (E. coli and Micrococcus luteus)
were assembled with the positively charged prepolymer that
contains vinyl groups, and the obtained bacteria-prepolymer
complexes were used as the stabilizer to form a stable emulsion
(crosslinkers in water). Polymerization was then initiated by
free radicals, resulting in the combination of prepolymer and
polymer beads. After the removal of bacteria template, recog-
nition sites were left on the surface of polymer beads. Zhao and
others developed a similar system in which L. monocytogenes-
imprinted water-soluble CdTe quantum dots (QDs) were
formed using Pickering emulsion polymerization method
[50]. Both N-acrylchitosan and QDs were used to form a com-
plex via amide bond, which was obtained through the
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interaction between amino bond in N-acrylchitosan and carbox-
yl group in the functionalized QDs. Positively charged N-
acrylchitosan-QD complex was assembled with negatively
charged L. monocytogenes, and the resulting network was used
to stabilize the Pickering emulsion in which the oil phase con-
tains crosslinkers (trimethylolpropane trimethacrylate and
divinylbenzene) and initiator (benzoyl peroxide). Two phases
were mixed well through vigorous manual shaking, after
which, a stable emulsion was formed and used to form solid
polymer beads. The obtained beads were washed with 10%
acetic acid, 1% sodium dodecyl sulphate (SDS), water and
methanol to remove L. monocytogenes. Numerous recognition
sites were formed on spherical-shaped MIPs (polymer beads). In
addition, a MIP-based sensor was used to monitor the fluores-
cence intensity so as to detect and quantify L. monocytogenes.
The limit of detection was 10* CFU/mL and further confirmed in
real food samples (milk and pork), in which the visible colour
changes were observed along with the increased concentration of
L. monocytogenes.

Electropolymerization

Electropolymerization is a process that electroactive monomers
are polymerized in the presence of the template [S1], forming a
uniform MIP layer on the surface of the electrode. The template
bacteria are doped into the polymer matrix, and the recognition
sites remain on the surface of the electrode after the removal of
the template. Therefore, MIPs obtained using this method are
coupled with electrochemical sensor platform for the detection
of target analyte. This imprinting method is highly useful because
the thickness of the film can be easily manipulated by controlling
the electrochemical conditions, such as the number of cycles,
scan rate and potential range [52]. Electroactive materials with
different conducting abilities such as conductive polymers, insu-
lators or non-conductive polymers [52] can be used for
electropolymerization. Rebinding of the analyte will change elec-
tron transfer behaviour between the recognition sites and elec-
trode [53], resulting in changes in capacitance and/or resistance
that can be easily monitored. A schematic overview of this pro-
cedure is shown in Fig. 3c.

One of the first approaches to integrate electropolymerization
into bacterial imprinting was proposed by Tokonami and co-
workers in 2013 [54]. In this study, negatively charged
Pseudomonas aeruginosa were introduced into a polypyrrole
layer on the surface of the electrode, which was incorporated
with a QCM sensor. To achieve the successful removal of the
template, this film was pretreated with lysozyme and octyl phe-
nyl ether and then overoxidized in sodium hydroxide solution
(0.1 M). This system could detect P. aeruginosa in the range of
10°~10° CFU/mL in sterilized water within 3 min. However,
after application in real food sample (apple juice), the linear range
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decreased to 107-10° CFU/mL, which might be due to the inter-
ference of sample matrix components (e.g., sodium and
carbohydrate).

In another study, E. coli O157:H7 were imprinted on PDA
using electropolymerization method, and the resulted film was
integrated into an electrochemiluminescence (ECL) biosensor
for selective capture of the analyte [34]. To quantitatively
detect the bacteria, E. coli O157:H7 polyclonal antibodies
tagged N-doped graphene quantum dots were used and they
could specifically bind to E. coli O157:H7 on the surface of
the electrode. In the presence of K,S,0g, an ECL signal could
be generated and detected. A good linear relationship between
ECL intensity and E. coli O157:H7 concentration was obtained
between 10" and 10" CFU/mL, with the LOD of 8 CFU/mL.

Colloidal imprinting

Colloidal imprinting is a method that bacterial cells can be
imprinted by encapsulation in inorganic shells [55]. This process
is achieved by depositing silica layer on bacterial surface using
sol-gel process. Therefore, the obtained silica shell can maintain
the size and shape of the template. After fragmentation, shell
fragments that possess antibody-like ability can be used for bac-
terial recognition. Borovicka and co-workers reported the first
example of colloidal imprinting for creating yeast imprints [56].
In this study, detection of yeast cells could be visualized by
tagging silica shells with 3-aminopropyltriethoxysilane and rho-
damine B isothiocyanate as well as staining the yeast cells with
perylene. The same group further developed “photothermal col-
loidal antibody” by depositing gold nanoparticles before the for-
mation of the silica layer [57]. The obtained imprints could se-
lectively destroy the yeast cell in a non-toxic way without using
antimicrobials.

Recently, Zhang and co-authors fabricated artificial anti-
bodies using surface imprinting method and then set up a
sandwich ELISA for the detection and disinfection of
S. aureus [58]. Capture antibodies (cAbs) were prepared by
electrochemically polycondensation and detection antibodies
(dAbs) were fabricated through colloidal imprinting. After
encapsulation of S. aureus using silica, the surface of the shell
was then deposited with CeO, nanoparticles. The templates
were removed by calcination, after which the hollow
shells were cracked by ultrasonic treatment. The ability
of these artificial antibodies to recognize S. aureus was
evaluated using sandwich ELISA. The target pathogen
was captured by cAbs and then recognized by dAbs.
Successful detection could be visualized by the occur-
rence of blue colour and the amount of S. aureus could
be indicated by the changes in colour intensity. Moreover,
the captured bacteria could be disinfected in situ by elec-
trochemical oxidation.
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Cell membrane molecular imprinting

The inherent properties of bacteria such as large molecular
size, complexity of the components and heterogeneous shapes
limit the binding affinity of whole cell imprinting method. In
contrast to whole cell imprinting, cell membrane molecular
imprinting method uses the most characteristic components
on the cell surface instead of the whole cells. This method
mimics the natural antibody-antigen interaction [19, 59] that
uses epitope to recognize its receptor; as a result, the obtained
MIPs can detect the analyte. A representative structure of
S. aureus, namely protein A (SpA), was selected as the im-
printing template by several researchers for the detection of
S. aureus. Xue and co-workers prepared SpA-imprinted poly-
acrylamide gel beads (SpA-IPGB) using inverse-phase sus-
pension polymerization method [60]. SEM results showed
that SpA-IPGB had spherical shape with numerous
macropores on the side surface, indicating the successful re-
moval of the template. Both binding capability and selectivity
of the obtained gel beads towards SpA were evaluated by
comparing the amount of SpA and its analogs in the solution
before and after measuring the absorption by a UV spectro-
photometer. In addition, plating assay showed that SpA-IPGB
had a high recognition ability and specificity towards
S. aureus compared with other types of bacteria (e.g., E. coli
and Streptococcus thermophilus), with an absorption quantity
of 10°~10* CFU/g of gel beads.

Recently, Khan and others designed an electrochemical bio-
sensor based on MIP for the detection of SpA [61]. In their
experiment, SpA was electropolymerized with 3-aminophenol
using cyclic voltammetry and the polyaminophenol film was
formed on top of single-walled carbon nanotube film that was
attached to the screen-printed electrodes. The electrochemical
impedance spectroscopy was used to evaluate the electrochemi-
cal conditions of polymerization, after which the number of cy-
clic voltammetry cycles was adjusted to get the optimal film
thickness. After imprinting, the template was successfully re-
moved using proteinase K and the cavities on the surface could
be used to selectively capture SpA. This sensor reached a LOD
of 0.60 nM in 2-(N-morpholino)ethanesulphonic acid
monohydrate buffer. A relatively higher detection limit of
16.83 nM was determined in tap water, indicating that inorganic
ions could interfere with the performance of this sensor. The
successful development of this sensor demonstrated its potential
in the detection of S. aureus.

Analytical detection methods coupled
with molecular imprinting systems

A biosensor is an analytical device that is capable of capturing
bioanalytes and producing measurable signal for detection and
quantification. Recognition and transduction elements are two

major components of a biosensor [62]. Bioreceptors such as
antibodies, aptamers and bacterial phages are used as recog-
nition units. Due to its superior sensitivity, selectivity and
stability, MIP has been widely used for the construction of
biosensors. The analytical properties between these types of
biosensor and MIP-based biosensor are compared and sum-
marized in Table 2 [30, 63—66]. For MIP-based biosensor, the
target analyte can be recognized and captured by imprinted
cavities (recognition element), after which the transducer will
transfer the biochemical information to quantifiable output
signals. MIP-based biosensor can be classified into optical,
piezoelectric, electrochemical biosensors [67] according to
the signals generated by the transducer. A variety of MIP-
based biosensors for the detection of pathogenic bacteria have
been summarized in Table 3.

Optical biosensor

Optical biosensors have been extensively used for the detection
of pathogenic bacteria due to its high sensitivity, accuracy, sim-
plicity and cost-effectiveness. The specific biorecognition
events on the surface of the optical transducer result in changes
in absorption, transmission, reflection, refraction, phase, fre-
quency or polarization of light [74]. Generally, optical biosen-
sors can be divided to label-free and label-based modes [75].
For a label-free detection, generation of optical signal is based
on direct interaction of analyte complex and the transducer. For
a label-based mode, the analyte needs to be labelled first and
optical signal could be measured using a colorimetric, fluores-
cent or luminescent method [75]. In recent years, optical bio-
sensors coupled with different transducers have been used to
detect bacterial pathogens. Among these, surface plasmon res-
onance and fluorescence are more frequently used due to their
outstanding sensitivity.

Fluorescence biosensor

MIP-based fluorescence biosensor monitors the changes in
fluorescence signal (brightness, characteristic wavelength, an-
isotropy and lifetime) during biomolecular interaction be-
tween the analyte and MIPs [76]. Usually, fluorescent inten-
sity is measured and the intensity is proportional to the con-
centration of the analyte, thus realizing quantification of the
target. Based on the non-fluorescent characteristic of bacteria,
indirect fluorescence detection [19] is used for detection and
quantification of the analyte.

One method is to label the analyte using a fluorescent dye
and monitor the changes in fluorescence intensity at specific
excitation and emission wavelength. Shan and co-authors
manufactured polypyrrole-coated microspheres imprinted
with E. coli O157:H7, in which specific binding of the analyte
was confirmed by monitoring the changes in fluorescence
intensity in bacterial supernatant [77]. E. coli O157:H7 was

@ Springer



4588

Zhang J. et al.

@ Springer

Comparison of natural recognition elements with MIPs.

Table 2

Reference

Storability Response time®

Stability

Sensitivity Specificity

Recognition element

[63]
[64]
[63]

Low to medium
Medium to high

High

Low to medium

Medium to high

Low to medium
High

High

Antibody
Aptamer

Low to medium

High under certain

Low, prone to

Medium to high

Enzyme

conditions

High
High

interferences

Low

[63]

Low to very high
Low to high

Low

Very high
High
High

Mammalian cells

[65, 66]
[30]

High

High

Bacterial phage

MIP

Medium to very high

Long term storage without loss in

Stable in a variety of conditions (pH,

Varies, medium to high

performance (several months to years)

temperature, ionic strength, solvents)

# The speed of the assay mainly depends on the transducer

labelled with fluorescent dye, namely 5'-bi-1H-benzimid-
azole, which could preferentially bind to bacterial double-
strained DNA. The imprinted microbeads absorbed E. coli
O157:H7 from bacterial suspension, reducing the fluores-
cence intensity of the supernatant. In addition, the imprinted
microspheres could distinguish E. coli O157:H7 from sero-
type E. coli O157:HNM because of its high selectivity. Taking
this a step further, the same group optimized the imprinting
method based on bacteria-imprinted 96-well microplates,
which enabled rapid and high throughput detection of E. coli
O157:H7 [78]. In this study, E. coli O157:H7 was labelled
with SYTO 9 and fluorescence intensity for each well was
monitored. Recently, Bezdekova and others coated PDA layer
on the surface of magnetic particles for specific detection of
S. aureus [35]. Bacteria bound to the particle were stained
with propidium iodide, wherein the changes in fluorescence
intensity could indicate bacterial adsorption as well as bacte-
rial concentration in the sample (Fig. 4). The developed mag-
netic particles were applied to detect S. aureus in milk from
cow with mastitis, leading to a low detection limit of 1 x

10° CFU/mL.

Another method is to incorporate fluorophores/fluorescent
monomer into the polymer matrix [19]. Therefore, the fluo-
rescent characteristics of the polymer will be changed upon its
interaction with the analytes. The unique optical properties of
QDs and gold nanoparticles make them attractive and these
two materials have been used by several researchers for the
development of fluorescence biosensors. Zhao and colleagues
fabricated a polymer with CdTe QDs as the recognition ele-
ment for a fluorescence biosensor using Pickering emulsion
polymerization method [50]. Visualized quantification of
L. monocytogenes was achieved by measuring fluorescence
intensity of bacterial solutions with different concentrations.
Chen and others developed a ECL biosensor based on PDA
layer and nitrogen-doped graphene quantumdots (N-GQDs)
[34]. E. coli O157:H7 was first captured by PDA and then
detected by polyclonal antibody—labelled N-GQDs.
Quantification of £. coli O157:H7 was achieved by measuring
ECL signal generated by N-GQDs with K,S,0g. Based on the
ability of gold nanoparticles to separate excitation and emis-
sion wavelengths, Gtiltekin and colleagues fabricated a fluo-
rescence biosensor for the detection of B. cereus spores [79].
As the main component of bacterial endospores, dipicolinic
acid (DPA) could specifically bind to the recognition site.
Therefore, the number of spores could be quantified by mea-
suring the changes in fluorescence intensity.

Surface plasmon resonance biosensor

Surface plasmon resonance (SPR) biosensor is a label-free
optical sensor that can offer real-time quantification of the
analyte based on the detection of refractive index changes
[75] at the surface of a conductive interface [19]. SPR
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Fig.4 Molecular imprinted polymer (MIP)-based fluorescence biosensor
for the detection of pathogenic bacteria. a Fluorescence intensity of MIPs
or non-imprinted polymers versus Staphylococcus aureus concentration
(I) or binding time (II). Schematic procedure for imprinting is shown at
the right side of the figure. b Detection of S. aureus in buffer (I, II), milk

biosensors have been employed to detect various pathogenic
bacteria [80, 81-83] and the recognition element for these
biosensors is mainly antibody. Recently, Giir and co-
workers prepared a MIP-based SPR nanosensor for the detec-
tion of E. coli [32]. The sensing process was achieved by the
interaction between E. coli and gold nanoparticles on the sur-
face of gold SPR chip (Fig. 5a). The authors examined the
response of the sensor by using different concentrations of
E. coli (0.5 x 10'=1 x 10* CFU/mL) and the changes in refrac-
tive index were proportional to cell concentration (Fig. 5b).
Taking advantage of surface-imprinted chip and SPR technol-
ogy, this method achieved a low detection limit at I CFU/mL.
In addition, different bacteria solutions (S. aureus, Klebsiella
pneumoniae and P. aeruginosa) were applied to the biosensor
to assess its selectivity towards the analyte. As expected, the
addition of E. coli produced a much greater response than any
other bacteria species. In another study, Percin and others
developed a SPR nanobiosensor for selective detection of
Salmonella enterica serotype Paratyphi A using microcontact
imprinting method [42]. N-Methacryloyl L-histidine methyl
ester-Cu(Il) complex and SPR chip were separately used as
the recognition and transduction elements in the sensing
system, providing high selectivity and sensitivity to this
device. The linear range between 2.5 x 10° and 15 x 10°
CFU/mL was obtained with a LOD of 1.4 x 10° CFU/mL.
The ratio of SPR response (2R) for S. Paratyphi A-MIP
and -NIP SPR chips was 81, indicating the successful im-
printing. This SPR sensor also had a high specificity for S.
Paratyphi A against other bacteria, including E. coli,
S. aureus and Bacillus subtilis.
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non-imprinted or S. aureus surface imprinted magnetic particles
(Reproduced with permission from [35], copyright 2020, Elsevier)

Electrochemical biosensor

Electrochemical biosensors are devices that contain electro-
chemical transducers and transform the biochemical interac-
tion between analyte and recognition element into measurable
electrochemical signals. Electrochemical biosensors can be
separated into amperometric, potentiometric, impedimetric/
capacitance and conductometric subgroups based on the mea-
surement mode and response signals [62]. Among electro-
chemical biosensors, amperometric and impedimetric/
capacitance sensors are the most commonly reported sensor
types due to their outstanding properties in terms of rapid
response, high sensitivity, cost-effectiveness and ease of pro-
duction. Amperometric biosensors operate under conditions
of constant potential and measure current variations due to
oxidation or reduction of an electroactive species [84]. In
impedimetric/capacitance-based detection, the changes in di-
electric constant or resistance can be measured when
biorecognition takes place on the surface of the electrode.
Mugo and colleagues prepared a capacitive sensor based
on layer by layer assembly for rapid detection of E. coli K12
[68]. The electrochemical transducer was fabricated by depos-
iting polyaniline-doped phenylboronic acid onto the surface of
multi-walled carbon nanotube/cellulose nanocrystal
nanoporous conductive film. The transducer was then coated
with E. coli-imprinted poly(methacrylic acid) and the whole
construction was used as working electrode in the sensing
system (Fig. 6a). The impedance decreased along with the
concentrations of E. coli ranging from 0 to 6.22 x 10° CFU/
mL, with an LOD of 8.7 + 0.5 CFU/mL (Fig. 6b). Depending
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Fig. 5 MIP-based surface plasmon resonance (SPR) biosensor for the
detection of pathogenic bacteria. a Schematic illustration of a MIP-
based SPR biosensor for the detection of Escherichia coli. b
Concentration dependent real-time sensorgram of MIP-based SPR

on its high sensitivity for the detection of E. coli in spiked
orange juice (3.84 x 10° and 9.6 x 10° CFU/mL), this sensor
demonstrated a significant potential to detect E. coli in real
beverage samples. In another study, Lahcen and others report-
ed the development of overoxidized polypyrrole film for se-
lective recognition of B. cereus spore. This film was then
integrated onto the surface of carbon paste electrode so as to
establish an electrochemical biosensor [73]. In this study, cy-
clic voltammetry was used to monitor the process of
electropolymerization as well as specific binding of
B. cereus spores. Under optimized polymerization conditions,
current intensity of the redox probe decreased significantly
along with the increased number of spores ranging from 107
to 10° CFU/mL. This is ascribed to the binding of spores in
polypyrrole film that blocks electron transfer between
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biosensor (I) and comparison of non-imprinted and E. coli surface
imprinted biosensors towards E. coli (II) (Reproduced with permission
from [32], copyright 2019, Elsevier)

working electrode and redox probe. Based on the hypothesis
that phage-imprinted cavities could resemble phage receptors
and recognize phage and host bacteria, Ertiirk and co-workers
made use of microcontact imprinting to construct a MIP-based
capacitive biosensor for the detection of E. coli phage and
E. coli [69]. The changes in total capacity offered a satisfac-
tory linearity with E. coli phage and E. coli concentrations at
1.0x 10'-1.0 x 10° PFU/mL and 1.0 x 10°-1.0 x 107 CFU/
mL and with LOD values of 10 PFU/mL and 100 CFU/mL,
respectively.

Piezoelectric biosensor

Quartz crystal microbalances (QCMs) have been used as the
transduction element in biosensors based on measuring changes

@ Springer
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Fig. 6 a Schematic illustration of MIP-based electrochemical biosensing
system. b Cyclic voltammetry of E. coli imprinted electrode at different
bacterial concentrations (I) and linear relationship between capacitance

in resonance frequency of the quartz crystal resonator in response
to mass changes caused by specific binding of the analyte to the
recognition element [51]. MIP-based QCM sensor is prepared by
depositing MIP layer onto the surface of QCM. This biosensing
platform has been widely used for the detection and quantifica-
tion of different types of bioanalytes [85, 86—88]. Detection of
pathogenic bacteria based on QCM biosensor has been reported
by several groups. For example, Tokonami and others combined
QCM with P. aeruginosa-imprinted polypyrrole film to con-
struct a QCM sensor [54]. To improve the ability of MIP to
capture P. aeruginosa, the authors used dielectrophoresis to con-
centrate the analyte in the vicinity of the recognition sites. This
design exhibited excellent sensitivity and it could detect
P. aeruginosa at 10> CFU/mL within 3 min. Furthermore, this
MIP-based biosensor demonstrated a high selectivity because it
could discriminate P. aeruginosa from a bacterial mixture. Latif
and co-authors used a MIP film developed by stamp imprinting
of polyurethane on the surface of a QCM to sense E. coli and
B. subtilis [46]. The frequency of the sensor decreased immedi-
ately upon exposure to different concentrations of E. coli, dem-
onstrating the high sensitivity of this device. In the meanwhile,
germination process of B. subtilis spore was monitored by the
QCM sensor, in which the frequency continuously decreased
because more B. subtilis were included in the cavities as the
function of time. In another study, Yilmaz and co-authors pre-
pared QCM and SPR biosensors by microcontact imprinting for
the detection of E. coli (Fig. 7a) [72]. A linear response was
obtained in the range of 0.5-4.0 and 0.5-3.0 McFarland for
QCM and SPR sensors, respectively. The number of bacteria
could be determined by comparing the turbidity of bacterial sus-
pension to that of a series of McFarland standards. The matched
McFarland value could then be used to represent bacterial
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concentration. The sensitivity of the developed sensor was inves-
tigated by comparing response time and detection limit towards
the analyte. QCM sensor had a shorter response time within 56 s
and a lower LOD of3.72 x 10° CFU/mL, indicating that QCM is
superior to SPR in terms of sensitivity (Fig. 7b).

Thermal sensing platforms

Heat-transfer method (HTM) has been used to develop biosensor
platforms in combination with MIPs for detection of neurotrans-
mitters [89, 90], drugs [91] and microorganisms [70, 92]. The
changes in thermal resistance can be measured when target mol-
ecules bind to MIP layer at solid-liquid interface (Fig. 8) [92, 93].
Taking advantages of this label-free detection method, Grinsven
and co-authors developed a biomimetic sensor integrated with a
polyurethane surface-imprinted aluminium chip for the detection
of E. coli [70]. The designed sensor platform showed a high
selectivity and was able to distinguish live E. coli from dead
E. coli as well as S. aureus. In addition, the authors monitored
the response of this sensor by using different bacterial concentra-
tions in the range of 1.0 x 10* to 1.0 x 10’ CFU/mL and dem-
onstrated the high sensitivity of this platform (Fig. 9a). The de-
tection limit was reported to be 3.5 x 10* CFU/mL. HTM has
various favourable traits such as simplicity, cost-effectiveness
and straightforward data interpretation. However, the inherent
noise of this platform may affect the thermal signal, resulting in
a relatively high detection limit [92]. To have a better sensitivity
for the detection of E. coli, the same group utilized thermal wave
transport analysis (TWTA) method to construct a thermal sens-
ing system with the same imprinting method [92]. TWTA exam-
ines the changes in phage and amplitude for thermal wave in-
stead of thermal resistance, resulting in a less response time and a
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Fig. 7 a Schematic illustration of the preparation of SPR and quartz
crystal microbalance (QCM) sensors using microcontact imprinting
method. b Real-time responses and calibration curves of SPR (I, II) and

higher sensitivity compared to HTM [94]. Nine bacteria species
were used as the templates to prepare the MIP layer. A measur-
able phase shift in the propagated wave was observed when
analytes specifically bound to the surface of the polyurethane-
coated aluminium chip (Fig. 9b). This biosensor exhibited a high
sensitivity (LOD: 1 x 10* CFU/mL) and high selectivity towards
the analyte. It could distinguish the target bacteria in the presence
of 99-fold excess of mixed bacterial solution. In another study,
Cornelis and co-workers proposed a new strategy to improve the
performance of HTM sensor by replacing the heating unit with a
planar meander-type metallic structure, which served as both a
heater and a temperature sensor [71]. In this study, a surface-
imprinted polyurethane stainless steel chip was used as the rec-
ognition element. Using the modified HTM method, E. coli was
determined with a detection limit of 100 CFU/mL and a working

Time(min) CE.coii (McFarland)

QCM (11, IV) biosensors at different E. coli concentrations (Reproduced
with permission from [72], copyright 2015, Elsevier)

range between 107 and 10° CFU/mL in both phosphate-buffered
saline and apple juice. Moreover, this biosensor showed a high
specificity to E. coli O157:H7 as other bacteria (i.c., Citrobacter
freundii, Hafnia alvei, Serratia marcescens and E. blattae) did
not produce any significant change in the sensorgram.

Challenges and future perspectives

To date, great advances have been achieved of using MIPs as
specific recognition element for the detection of pathogenic bac-
teria. However, this technique remains a scientific challenge and
a practical problem of great importance. To address the existing
problems and make this method a truly practical approach, a few
recommendations are proposed.

—  Flow

Temperature
control

Measuring chamber

SIP layer
Chip substrate

Copper

Heating element

Fig. 8 Schematic illustration of MIP-based thermal sensing platform used for bacterial detection (Reproduced with permission from [92], copyright

2017, American Chemical Society)
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Fig. 9 a Detection of E. coli based on heat-transfer method. Real-time
thermal resistance upon exposure to solutions with different E. coli
concentrations (I) and the calibration curve of thermal resistance
changes versus the concentration of bacterial cells (II) (Reproduced
with permission from [70], Copyright 2016, American Chemical
Society). b Detection of E. coli based on thermal wave transport

First, the intrinsic properties (e.g., large size, fragile and com-
plex structure, fluidity and poor stability in organic solvents) of
bacteria make the molecular imprinting process more challeng-
ing compared to that of small molecules. Researchers have im-
plemented new imprinting strategies, such as stamp imprinting
and cell membrane molecular imprinting, together with novel
MIP materials (e.g., nanoparticles, quantum dots) to improve
the selectivity and sensitivity of bacteria-imprinted polymers.
The uniqueness of each target requires tailor-made polymer
and imprinting method so that rational design for MIPs at mo-
lecular level is of great importance, which is currently absent in
the literature. The interaction between polymer and bacteria are
assumed to be non-covalent, such as hydrogen bond, electrostatic
affinity, as well as ionic and hydrophobic interaction. Therefore,
the underlying mechanisms of bacterial recognition by MIPs
need to be further elucidated.
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analysis. Real-time temperature response upon exposure to solutions
with different E. coli concentrations (I) and the calibration curve of
phase shift changes versus the concentration of bacterial cells (II)
(Reproduced with permission from [92], copyright 2017, American
Chemical Society)

Second, food matrices are complex systems containing vari-
ous molecules that can affect bacterial detection especially when
bacteria appear at relatively low concentrations. These molecules
derived from food matrices can be absorbed to the recognition
sites, changing the physical/chemical properties of the recogni-
tion element, thereby reducing the selectivity and sensitivity of
the receptor. In many previous studies, MIP-based sensors were
applied for bacterial detection in buffer solutions rather than real
food samples. Thus, the capability (e.g., sensitivity, selectivity) of
these platforms to detect pathogenic bacteria in food commodi-
ties remains largely unknown. Additional studies need to be
performed to test the impact of food components on the perfor-
mance of MIP-based sensing platforms.

Lastly, only a few studies used cell membrane molecular
imprinting to prepare MIPs for bacterial detection, wherein pro-
tein was selected as the template. However, protein has poor
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stability and is easy to lose its spatial structure during the harsh
imprinting process, resulting in rearrangement of functional
groups. Therefore, other stable molecules such as glycans and
epitope peptides on the cell membrane that can be chemically
synthesised are promising candidates for molecular imprinting.
To identify appropriate glycans and epitope peptides for imprint-
ing process, more studies on cell biology are required to fully
understand the structure and components of bacteria cell
membrane.

Conclusion

Pathogenic bacteria in agri-food system generate a great con-
cern to food industry and public health, calling for rapid de-
tection methods and innovative controlling strategies.
Mimicking natural molecular recognition events, molecular
imprinted artificial receptors have been used as the recognition
elements in biosensing systems for bacterial detection. Along
with rapid development of molecular imprinting technology,
various imprinting methods have been developed to generate
bacteria-imprinted polymers. These methods can be divided
into whole cell imprinting and cell membrane molecular im-
printing according to the template used (whole cell or specific
cell membrane molecule). The selectivity of MIPs prepared by
whole cell imprinting is reliant on both chemical recognition
and physical recognition, while the ones prepared by cell
membrane molecular imprinting are mainly based on chemi-
cal interaction. Different optical, electrochemical and piezo-
electric biosensors have been integrated with MIPs to con-
struct biosensors for bacterial detection. High sensitivity and
selectivity of the MIP-based platform demonstrated the great
potential to detect bacteria in various systems, including food
commodities. MIP-based biosensors can be used for industrial
and commercial applications for bacterial detection.
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