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a b s t r a c t

Molecular imprinting technology has been widely applied to various fields, owing to unique features of

structure predictability, recognition specificity and application universality. Microorganism imprinting

has attracted significant interests attributing to the high selectivity, simplicity rapidity, and excellent

stability as well as low cost and eco-friendliness. Herein, we purpose to review the recent advances of

MIT for microorganism analysis, concerning imprinting methods, analytical detection methods and

typical applications. Various imprinting methods including direct and indirect imprinting for

microorganism-MIPs preparation are comprehensively summarized. MIPs based biosensors containing

fluorescence, electrochemical, piezoelectric and surface plasmon resonance for analytical detection of

microorganisms is highlighted. Representative applications of microbiological imprinting are discussed,

involving detection and quantification of bacteria, identification of bacterial species, and determination

of yeast growth status. Finally, we propose the remaining challenges and future perspectives to accel-

erate the development and utilization of MIT in microorganism analysis and thereby push forwards

microorganism identification and determination.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Microorganisms, a kind of microscopic organism, exist in its

single-celled form or in a colony of cells, and usually include bac-

teria, viruses, fungi, and some small protozoa, microalgae, etc.

Microorganisms are prevalent in our daily lives, from our skin to

our plates, going through all our electronic devices, and are widely

studied in many fields [1]. It is estimated that 10% of crops are lost

due to plant diseases caused by microorganisms worldwide every

year, which can lead to considerable financial losses for farmers and

even social problems especially in developing countries [2]. In

clinical trials, microorganisms are a significant threat to human

health, especially since the advent of antibiotic resistance and the

exit of many pharmaceutical companies based on antibiotic

research and development [3]. Waterborne diseases are typically

caused by enteric microorganisms such as bacteria, viruses and

protozoa, which are basically transmitted by the fecal-oral route

[4]. Among food-borne microorganisms, Salmonella, Listeria mon-

ocytogenes and enterohemorrhagic Escherichia coli are responsible

for several million cases of diseases worldwide each year [5].

Pathogen contamination is a permanent problem in awide range of
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fields, and researchers are required to recognize and detect them as

quickly as possible, which is critical to preventing the outbreak of

pathogenic diseases [6]. Therefore, the identification and deter-

mination of microorganism becomes increasingly imperative and

significant.

Currently, laboratory-based biochemical methods for microor-

ganism analysis are mostly performed by means of classical

microbiology methods. Initially, analytical methods were mainly

limited to standard antibody assays and nucleic acid-based assays,

such as polymerase chain reaction (PCR) and hybridization onto

blotted membranes [7]. These methods are primarily based on the

detection of specific nucleotide sequences within the pathogen

genome or on the detection of pathogen-specific surface epitopes

using antibodies [7,8]. However, traditional methods have a variety

of drawbacks. Firstly, these methods generally require high tech-

nical skills and sample preparation procedures, including massive

sample cleanup and biomolecule purification [9]. Moreover, current

assays are usually label-dependent, which limits them to some

specialized laboratories with advanced read-out facilities [10], thus

bringing about a risk that humans will be exposed to a contami-

nated environment for a longer time. Therefore, it is an emergent

desire in this field to design novel, rapid and reliable analytical

detection methods for microorganisms.

Consequently, artificial receptors capable of selectively binding

target compounds with high affinity are being designed and

fabricated extensively, which are similar to that of the corre-

sponding natural bio-receptors [11]. Among them, molecularly

imprinted polymers (MIPs) created by molecular imprinting tech-

nology (MIT), have attracted strong interest owing to the unique

features of structure predictability, recognition specificity and

application universality. MIPs are synthetic polymeric materials

with specific recognition sites complementary in shape, size, and

functional group to template molecules [12]. MIPs are easily syn-

thesized from various polymers and can be tailor-made for specific

analytes at a low cost. As versatile materials, MIPs stand out for

their template flexibility, and higher physical robustness and

thermal stability than other natural counterparts [13,14]. Thus MIPs

have aroused extensive attention in the fields of sample pretreat-

ment, chromatographic separation [15,16], chemical and biological

sensors [17] and so on. To date, a number of studies on a variety of

small molecules [18,19], proteins [20], and ions [21] based on MIPs

have been rapidly carried out. More excitingly, microorganism

imprinting was first proposed in 2001 by Dickert et al. [22] using

yeast as a template via surface imprinting of polyurethane; this was

considered as the most promising branch of MIPs. Furthermore,

microorganism imprinting and cell imprinting have recently

emerged as research hotspots. As synthetic receptors, MIPs can be

devised for a range of microorganisms. For example, Redeker et al.

[23] introduced a novel bacterial identification assay based on

thermal wave analysis through surface imprinted polymers. The

results indicated that the sensor was able to detect bacteria in urine

in physiologically relevant concentrations as low as

3 � 104 CFU mL�1. Dulay et al. [24] reported a biosensor with high

sensitivity and selectivity based on the low cost preparation of

organosiloxane (OSX) polymers imprinted with E. coli-GFP (green

fluorescent protein). The unique shape and chemical fingerprint of

the targeted inactivated E. coli-GFP were imprinted into bulk

polymers by stamp imprinting. So, for microorganism analysis, the

MIPs based strategy has gained much popularity owing to that the

MIPs, compared with natural antibodies, have greater stability and

larger sensitivity ranges, and they are also able to adapt to extreme

conditions [25].

Among different imprinting technologies, the performance of

the surface imprinting of microorganism is usually superior to

other modalities [26], by controlling templates to locate at the

surface or in the proximity of materials' surface to create more

effective recognition sites. Numerous research results have proven

the potential of imprinting these large and complex microorgan-

isms by surface imprinting. Tawil et al. [27] reported that phage

immobilized on gold coated with L-cysteine conjugated and 11-

mercaptoundecanoic acid, which was very efficient for infecting a

population of host bacteria. And atomic force microscopy obser-

vations revealed that cavities on gold electrode surface were of a

similar diameter and depth as those of the phage capsid. However,

excitedly, the characterization of the physical processes of bacte-

riophage interaction with functionalized Au surfaces and the sta-

bility of the resulting complexes is of critical importance to

biosensor applications. In Yongabi's research [28], their analysis

determined that cell imprinting created selective binding sites on

the surface of the imprinted polymer layer, which matched the

cell's shape and size in the form of binding cavities. The study

demonstrated that the incorporated phospholipids could signifi-

cantly enhance cell adhesion to the surface imprinted polymers.

Meanwhile, a series of excellent reviews have given thorough

accounts of MIT and MIPs. For example, Chen et al. [25] compre-

hensively reviewed the recent advances in molecular imprinting,

including versatile perspectives and applications, concerning novel

preparation technologies and strategies of MIT, and highlighted the

applications of MIPs for sample pretreatment, chromatographic

separation and chemical and biological sensing. Nonetheless,

microorganism imprinting is not specifically mentioned. As well as,

most of these reviews have placed more emphasis on the funda-

mental aspects and characteristic applications of MIPs and MIT. For

instance, Ozin et al. [29] aimed at the key aspects of imprinted

silica-based materials as demonstrated by judiciously controlled

systems, looking first at control on the micrometer scale in bulk

phase materials, and then on the nanometer scale in templated

mesoporous materials. Li et al. [30] primarily concerned some key

issues involved in the imprinting of macromolecules, as well as the

similarities and differences between small molecules and macro-

molecules imprinting. Zhang et al. [31] focused on the design and

utilization of molecular imprinting fluorescent sensors, especially

new preparation strategies, detection mechanisms and sensing

applications. However, none of the reviews aforementioned

comprehensively involve the development status, applications and

trends of microorganism imprinting. To the best of our knowledge,

there are few reviews on MIT related to the recognition and

detection of microorganisms.

This review, therefore, focuses on the MIT for microorganism

analysis, with an emphasis on recent advances within 2012e2018.

Firstly, we summarize the imprinting methods for microorganism,

including both direct and indirect imprinting. Secondly, we high-

light pathogenic analytical detection methods coupled with MIP

systems, including fluorescent, electrochemical, piezoelectric and

surface plasmon resonance (SPR) biosensors. Thirdly, we discuss

the applications of microbiological imprinting in diverse fields,

focusing on the detection and quantification of bacteria, the iden-

tification of bacterial species and the determination of yeast growth

status changes. Finally, we propose the remaining challenges and

future perspectives for improving the applications of MIT in

microorganism analysis.

2. Imprinting methods of microorganism

Microorganism imprinting, which use microorganism

(including bacteria, viruses, yeast and cells) as template, is a kind of

molecular imprinting. According to different imprinting materials,

microorganism imprinting can be classified into sol-gel materials,

electrochemical deposition materials and polymer materials. Ac-

cording to different imprinting methods, microorganism

M. Jia et al. / Trends in Analytical Chemistry 106 (2018) 190e201 191



imprinting can be introduced into both direct and indirect

imprinting, and the characteristics of these different imprinting

methods of microorganism are summarized in Table 1.

2.1. Direct imprinting

The simplest method to achieve high selectivity in microor-

ganism imprinting is direct imprinting, which needs to imprint the

most characteristic component of a microorganism. Direct

imprinting can be classified into three main types, i.e., stamp

imprinting, film imprinting (drop-coating imprinting, thin film

imprinting, and imprinting with modified polymers) and sacrificial

layer imprinting. A schematic of the procedures of these three

methods is shown in Fig. 1.

2.1.1. Stamp imprinting

Stamp imprinting is a common imprinting method due to its

simplicity and convenience. As shown in Fig. 1, firstly, the target

analyte is spread on the surface of small stamp, and then the sol-

vent is removed by different ways according to the different solvent

types. The solvent without buffer solutions can be wiped off by

drying the surface, while the solvent containing buffer solutions

must be dislodged by spin coating; otherwise, crystallization of the

buffer solutions will cover the template molecules. Afterward, the

stamp is pressed onto the surface of the prepolymer. However, one

of the most important parameters that must be optimized is the

viscosity of the prepolymer. When the stamp is being pressed onto

the surface of the prepolymer, the prepolymer must be soft enough

to generate imprinted cavities. Meanwhile, the prepolymer can't be

excessively soft; otherwise, the stamp may sink into the prepol-

ymer and would be difficult to take out from the cured prepolymer.

Darder et al. [32] developed electrochemical sensors using

solegel biohybrids as an active phase, and the preparation of algal-

based hybrid materials is shown in Fig. 2(A). Scanning electron

microscopy (SEM) and atomic force microscopy (AFM) results car-

ried out with the Anabaena solegel material, showed that algae

could be removed from the polymeric network, and leave traces

that had the algae's peculiar three-dimensional shape. As shown in

Fig. 2(B), using contact-less dielectric micro sensors, Ertl et al. [33]

reported the development of a microfluidic biochip containing in-

tegrated MIPs, and continuously monitored viral contamination

with high sensitivity and selectivity. The integration of MIPs was

accomplished by pressing the virus stamp into the copolymer of

vinylpyrrolidone and methacrylic acid, the copolymer was spin-

coated at a layer height of 200 nm on the device.

However, stamp imprinting is not suitable for very fragile

template molecules, such as blood erythrocytes and sensitive pro-

tein [34]. Additionally, the selectivity of MIPs is greatly compro-

mised for large and asymmetric template molecules because the

analyte is difficult to capture in the same orientation as the

template.

2.1.2. Film imprinting

With the development of microorganism imprinting, film

imprinting has rapidly emerged, including drop-coating

imprinting, thin film imprinting and imprinting with modified

polymers. The drop-coating method can be used for imprinting

very fragile biological samples, such as cells. A high-concentration

prepolymer is spin-coated on the surface of the support vector,

and one of the polymer monomers can be used as a solvent, so that

no further dilution is required. After that, the template molecule is

immediately dropped onto the polymerizing film. A few minutes

later, the precipitated template molecule will leave an imprint trace

on the membrane. Seifner et al. [34] use drop coating with eryth-

rocytes as templates to yield polymer coatings with selective

recognition sites towards red blood cells.

For the preparation of MIPs in the form of a thin film, a micro-

organism coated glass slide is pressed against a prepolymerized

polymer film coated slide [24]. Cohen et al. [35] produced organi-

cally modified silica films by the sol-gel procedure (Fig. 2(C)), and

used them to imprint whole cells of different microorganisms for

devising a probe for concentrating and identifying microorganisms

in water and other liquids. The microbes selected to test this pro-

cedure were gram-positive bacteria: Deinococcus radiodurans

(D. radiodurans), Escherichia coli (E. coli), Sphaerotilus natans

(S. natans) and Bacillus subtilis (B. subtilis). The high adsorption af-

finity of these films with each of the test microorganisms made

them promising candidates for rapid and selective detection of

these microorganisms in liquids.

Imprinting with modified polymers, which is similar to thin film

imprinting, means there are some modified polymers to protect

template when imprinting, for example, polymer brushes. As

shown in Fig. 2(D), Zdyrko et al. [36] described an original approach

for surface protein imprinting employing grafting of polymer

brushes. The disadvantage of film imprinting is that the vast ma-

jority of the methods used to distinguish templates depend on size

effects rather than surface chemical properties. Additionally, film

imprinted can be used only for a sufficiently large template because

the template needs to be thicker than the surrounding polymer

film.

Table 1

Advantages, disadvantages and template molecules of various technologies and strategies of MIT for microorganism analysis.

Imprinting methods Advantages Disadvantages Template molecules Ref.

Direct

imprinting

Stamp imprinting Easy operation; widely application Not suitable for some fragile

or large templates

From small molecules to

whole cells

[32]

Film imprinting Easy operation; suitable for fragile

samples

Size effect is used to distinguish most of

samples,

rather than the surface chemistry, used for

large enough samples.

Large samples and

fragile sample

[34]

Sacrificial layers

method

Aim at specific affinity between certain

non-polymeric materials and template

Complicated operation; incompatible

relation between polymers and templates

Template with specific

affinity

with some non-polymeric

materials

[37]

Indirect

imprinting

Substructures

imprinting

Epitope similar to natural antibody;

suitable for large template

Hard discovery process

of epitope

Large template [40]

Artificial template Use repeatedly; suitable for samples

which are not easy to operate

Complicated operation; multiple imprinting

steps

Virus, dangerous templates [42]

Artificial antibody

replicas

Suitable for large template; use

repeatedly

Complicated operation; multiple

imprinting steps; require natural antibody

Large template [45]

M. Jia et al. / Trends in Analytical Chemistry 106 (2018) 190e201192



Fig. 1. Schematic procedures for three types of directing imprinting.

Fig. 2. (A) Schematic routes followed for the preparation of algal-based hybrid materials [32]. (B) Picture of the microfluidic biochip, consisting of a glass bottom containing contact-

less dielectric microsenors and a 400 nm thick SiNx/SiO2 passivation layer [33]. (C) Schematic representation of whole cell imprinting of ormosil thin films through an SG procedure

[35]; (D) Concept of the artificial antibody. Polymer brush (b) forming cavities (a) complementary to the protein shape. Chemistry at the cavity bottoms (c) can selectively recognize

imprinted proteins [36].

M. Jia et al. / Trends in Analytical Chemistry 106 (2018) 190e201 193



2.1.3. Sacrificial layer method imprinting

The sacrificial layer method imprinting combines the advan-

tages of surface imprinting for easy removal of the template and the

advantages of integral imprinting to produce more binding sites. As

shown in Fig. 1, this method is mainly achieved through the sol-gel

process. We can see from the third way in Fig. 1, a sacrificial layer

covalently bound to the formed polymer is added between the

sample and the prepolymer, which can prevent the reaction be-

tween the sample and the polymer monomer and introduce new

functional groups. Starosvetsky et al. [37] produced organically

modified silica thin films by the sol-gel method. The thin films were

imprinted with two bacterial strains as whole cells in order to

develop an easy, fast and specific probe to detect and specifically

identify these microorganisms when present in water samples. The

films also showed high selectivity toward the imprinted template

and were able to discriminate between two very close bacterial

species (E. coli and S. typhimurium). The sacrificial layer method is

convenient for the situation in which the template can react with

the monomer; however, this method usually requires complicated

operation such as preparation and washing of the sacrificial layer

compared with film imprinting.

In addition to the above methods, there are also some other

methods that can achieve direct imprinting, such as orientation

imprinting [38] and polymer microbes [39] etc.

2.2. Indirect imprinting

Direct imprinting is a convenient method that is widely applied

in microorganism imprinting. However, the selectivity of direct

imprinting is not suitable for some target microorganisms, such as

cells, unstable molecules and some viruses, which are large in size,

structurally complex, have poor stability in organic solvents and

thus are danger. If the processing procedures are overly difficult,

direct imprinting cannot be easily achieved. Indirect imprinting

does not use the target analyte directly, but rather uses other

molecules, part of the target analyte or artificial antibody replicas

that can achieve similar selectivity to direct imprinting.

2.2.1. Substructure imprinting

A simple way to achieve the selectivity for a biomolecule is to

imprint the most characteristic structure of this molecule, which is

called substructure imprinting. This method is analogous to antigen

recognition by antibody, where an ‘‘epitope’’ of the immunogenic

protein is the binding site of antibody, rather than the whole pro-

tein. Large imprinted sites can be seen as general nanopores that

would have more interactions with a series of other small peptides,

which may hinder or frustrate imprinting effect, thus reducing

selectivity. Therefore, small biomolecule tend to make better

imprinting sites. Khan et al. [40] presented a novel MIP for the

indirect detection of bacteria by targeting an outer membrane

protein on a disposable device. They selected Protein A (PA) as a

representative protein of the outer surface of Staphylococcus aureus.

The MIP was assembled directly on a film of single-walled carbon

nanotubes (SWCNTs) and placed on screen-printed electrodes, and

the MIP material was produced by electro polymerizing 3-

aminophenol in the presence of PA using cyclic voltammetry

(CV). The proteins entrapped in the polymeric backbone were

digested by the action of the proteolytic activity of proteinase K and

then washed away to create vacant sites. The detection limit of

these MIP-based sensors was approximately 0.60 nM inMES buffer.

The sensor performance was also tested to check for any effects

from inorganic ions in tap water. The detection limit was 16.83 nM,

with a recovery rate of 91.1 ± 6.6%. The sensor described in this

work is a potential tool for screening PA from Staphylococcus aureus

on-site.

In regard to the production of MIP for large biomolecules, due to

the large size of the target biomolecules, the obtained MIP often

lacks binding sites within the polymer interior. Substructure

imprinting as an alternative strategy needs to be developed to limit

recognition to the surface of the polymer [41]. The disadvantage of

substructure imprinting is that the substructure that appears on

the surface of the target analyte should be confirmed first. How-

ever, this is usually not apparent and as the synthesis of sub-

structures is not easy, this is hard to realize in practice.

2.2.2. Artificial template imprinting

For very complex templates, such as a whole cell, the cell mass

and volume may fluctuate greatly. Furthermore, if the template

microorganism is pathogenic or unfit for culturing, the investigator

may wish to avoid touching it as much as possible. Fortunately, the

main advantage of the artificial template imprinting approach is

that artificial templating has a very high reproducibility, and its

artificial templates can be used repeatedly to replace the real

microorganism. Fig. 3(A) [42] schematically depicts the preparation

process for artificial template. Firstly, the natural template is

imprinted onto a soft polymer. After removing the template, the

remaining holes are filled with another polymer, and the second

polymer becomes a man-made template. Reusable natural tem-

plate replica can be obtained by separating the two polymers.

Sykora et al. [43] used a virus-like particle (VLP) of Norovirus

(NorVLP) from the predominant genotype II strain 4 (GII.4), and

demonstrated that a virus recognition nanomaterial could be pre-

pared by using VLPs as a safe substitute for the imprinting of a

human pathogenic NorVLP. First, they immobilized the template

virus on amino silica nanoparticles (SNP) using glutaraldehyde as

cross linker. Next, they used silane self-assembly and poly-

condensation reactions to form the organosilica recognition layer.

Finally, the template was then removed to free the imprinted sites.

However, the preparation of an artificial template is difficult and

time-consuming.

2.2.3. Artificial antibody replicas

Natural antibodies used as biorecognition elements suffer from

numerous shortcomings, such as expensive long-term processing,

limited chemical or environmental stability [44]. Artificial antibody

replicas based onmolecular imprinting are an attractive alternative

to naturally antibodies [45,46], and their mechanical and chemical

robustness are ideal. Artificial antibody replicas can also be pro-

duced by self-assembly processes without the need for time-

consuming complex synthesis. Additionally, the monomeric

building blocks used are often readily available by mass production

[47]. Artificial antibody method is based on natural antibodies and

the imprinting matrix has a similar epitope. First, polymer particles

are prepolymerized and precipitated in the presence of the anti-

body. After removing the natural antibodies, the nanoparticles

generate a structure complementary to the template, which can be

repeatedly used. And then these polymer nanoparticles are affixed

to a glass plate, these glass plates were used for secondary

imprinting to obtain imprinted polymer films of antibodies on the

surface of glass plates, which is similar to stamp imprinting.

Hu et al. [45] investigated the role of the aromatic interactions in

target recognition abilities of artificial antibodies. They employed

refractive index sensitivity of plasmonic nanostructures as a

transduction platform for monitoring various steps in the

imprinting process, and quantified the target recognition abilities

of the artificial antibodies (Fig. 3(B)). The sensitivity of the artificial

antibodies with aromatic interactions exhibited protein-dependent

enhancements. Selectivity and sensitivity enhancement due to the

presence of aromatic groups in imprinted polymer matrix was
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found to be higher for target proteins with higher aromatic amino

acid content.

By taking advantage of imprinting technology, Zhang et al. [48]

fabricated artificial antibody-microbial imprinted AgeTiO2 mate-

rials for microbial inactivation. In their designed artificial antibody,

the AgeTiO2 composite was endowed with pathogen recognition

ability for the sake of lowering the toxic side effect. As presented in

Fig. 3(C), the artificial antibody was fabricated in a facile and green

method. Due to the induced shape and size targeting elements, the

imprinted materials can bind specifically to microbes by matching

their shape and size, and can kill them under visible light irradia-

tion with very low cytotoxicity toward mammalian cells. However,

the operating processes of this method are more sophisticated and

require specific antibodies against the analyte.

3. Analytical detection methods coupled with MIP systems

3.1. Fluorescence biosensor

Fluorescence biosensors are an analytical device that uses

immobilized biosensor materials such as enzymes, antigens/anti-

bodies, aptamers, nucleic acids, liposomes, cells and microorgan-

isms, as recognition elements and uses fluorescence signals as a

signaling unit [49,50]. As the fluorescent biosensor has a nonde-

structive mode of operation, high signal generation and reading

speed, fluorescence detection technology has become the most

commonly used method in the field of bioanalysis [51,52], even in

tumor diagnosis [53]. These biosensors can detect microorganisms

rapidly based on fluorescence, thus the incorporation of fluores-

cence into molecularly imprinted sensors has been widely

researched.

Traditional fluorescent labels, for instance organic dyes, are

often easily photobleached and exhibit narrow absorption and

broad emission spectra with long tails, thus resulting in low

detection sensitivity. Fluorescent nanoparticles can overcome the

shortcomings of traditional fluorescent labels, achieve strong

fluorescence signals, greatly improve the sensitivity, and function

in a wide range of applications [54e56]. Liu et al. [57] prepared a

novel fluorescent conjugated polymer nanoparticle (NP), and these

materials would have good potential application as a suitable

fluorescent probe for targeted cancer cell imaging. They modified

poly ( fluorene-alt-benzothiadiazole) (PFBT) with phenylboronic

acid (PBA) groups as binding sites for sialic acid (SA) molecules, and

the SA molecules were easily removed from the NP surface by

adjusting the surrounding pH followed by dialysis. A cell imaging

assay clearly indicated that SA-imprinted NPs can selectively bind

with SA overexpressed in DU 145 cancer cells (Fig. 4 (A)).

Liang et al. [58] designed a fluorescent sensor based on virus-

molecular imprinted polymers (virus-MIPs) for specific recognition

and highly sensitive detection of Japanese encephalitis virus (JEV).

The virus-MIPs were anchored on the surface of silica microspheres

modified with a fluorescent dye, pyrene-1-carboxaldehyde (PC).

With the virus acting as an energy donor and PC acting as the energy

acceptor, the fluorescence intensity of PC could be enhanced by the

principle of fluorescence resonance energy transfer (FRET). The

enhanced fluorescence intensity was proportional to the concen-

tration of virus in the range of 24e960 pM, with a limit of detection

(LOD) of 9.6 pM, and the relative standard deviation was 1.99%. As

presented in Fig. 4(B), Chen et al. [59] developed an electro-

chemiluminescence (ECL) biosensor for Escherichia coli O157:H7

quantitative detection based on a polydopamine (PDA) surface

imprinted polymer (SIP) and nitrogen-doped graphene quantum

dots (N-GQDs). The uniform PDA SIP film for E. coli O157:H7 was

established successfully with a facile route. The dopamine and target

bacteria were electropolymerized directly on the electrode. After

removal of the E. coli O157:H7 template, the established PDA SIP can

selectively recognize E. coli O157:H7. The linear relationships be-

tween the ECL intensity and E. coli O157:H7 concentrations were

obtained from 101 colony-forming units (CFU)mL�1 to 107 CFUmL�1

with a limit of detection of 8 CFU mL�1.

Fig. 3. (A) The preparation process of an artificial template [42], (B) (a) Schematic illustration showing the steps involved in molecular imprinting of gold nanorods with different

monomers. (b) TEM image of gold nanorods (scale bar is 50 nm). (c) Vis-NIR extinction spectra of aqueous suspension of gold nanorods. The inset shows the histogram of long axis

length of gold nanorods obtained from TEM images [45]; (C) Schematic diagram outlining the fabrication procedure of the microbial imprinted AgeTiO2 material and the principle

of microbial inactivation by the artificial antibody [48].
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3.2. Electrochemical biosensor

Electrochemical sensors consist of a sensitive membrane that

identifies the analyte and converts the biomass into an electrical

signal [60]. There are two types of sensors, namely, current-type

sensors and potential-type sensors. Current-type sensors are

based on the detection of biological recognition or chemically

reactive substances in the chemical reaction, which provide the

driving force and detect current changes over time through the

fixed electrode potential of an active electron transfer reaction. The

potential-type sensor converts the biometric reaction into an

electrical signal, this signal is proportional to the logarithm of the

concentration of the active substance produced or consumed dur-

ing the biometric reaction. Biosensors incorporate trace biological

samples, such as functional proteins, nucleic acids, cell organelles,

or even whole living cells. The biological samples are immobilized

on the surface of a physicochemical transducer, and the transducer

is able to transfer specific interactions of the immobilized biological

samples with its corresponding binding analyte into measurable,

concentration-dependent electrical signals [61].

Electrochemical biosensors combine selective biochemical

recognition with the high sensitivity of electrochemical detection

to acquire practical availability. The positive features of electro-

chemical biosensors are high sensitivity, ease of miniaturization,

and cost-effectiveness. Therefore, they arewidely used in biosensor

field [62]. Namvar et al. [63] provided a proof of concept for the

fabrication of microbial imprinted films from conducting polymer

composite membranes for the detection of Bacillus subtilis endo-

spores. The imprinted films were submerged in spore suspensions

to absorb the spores and were heat activated at 70 �C for 10 min

prior to transferring to an electrochemical cell containing germi-

nation activators and it was possible to detect 102 CFU/mL using the

assay format. Zhang et al. [64] manufactured a cell imprinted with

artificial antibodies to set up a sandwich enzyme-linked immu-

nosorbent assay (ELISA) for pathogen detection. The constructed

ELISA could be used for target pathogen detection with high

Fig. 4. (A) Schematic illustration of the preparation of SA-Imprinted NPs and mechanism [57]; (B) Schematic presentation of the fabrication procedure of biosensors and the

detection process [59]. (C) Optical images of the captured living S. aureus (a) and electrochemically disinfected S. aureus (b) stained by calcein-AM (green) and PI (red) (scale bar ¼

10 mm). (c) SEM images of the captured S. aureus cells before (left) and after (right) electrochemical treatment (scale bar ¼ 1 mm) [64]., (D) Scheme of sedimentation imprinting (a),

Scheme of in situ polymerization of molecularly imprinted polymers for larger analytes (b), more detailed scheme for in situ polymerization (c) [71]. (E) Affinity-based sensor assays

for virus detection [78]. (F) Schematic representation of microcontact imprinted SPR and QCM sensor surfaces [79].
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sensitivity and selectivity. The captured antibody can disinfect

pathogens in situ through an electrochemical technique, and the

influence of electrochemical treatment is shown in Fig. 4(C). In

addition, the detection limit was approximately 500 CFU/mL, which

is much lower than that of traditional ELISA methods.

3.3. Piezoelectric biosensor

Quartz crystal resonators are very steady and accurate oscilla-

tors that have been successfully used for frequency measurements

in electronic devices, but also form the basis for quartz crystal

microbalance (QCM) sensors. Piezoelectric immunosensors use

QCM as a signal conversion element, and transfer the mass change

produced by the binding of the antibody to the bacteria into a

frequency signal. QCM sensors are composed of a thin quartz disc

with electrodes plated on it. When an oscillating electric field is

applied across the disc, an acoustic wave with a certain resonance

frequency is induced. The disc can be coated with a sensing layer

according to the analyte to be detected. The change in mass, which

occurs when the analyte accumulates on the surface of the disc

leads to a change in resonance frequency, and the resonance fre-

quency change can then directly correlate with biomolecular in-

teractions. QCM sensors offer advantages such as high sensitivity,

real-time output, simplicity of use, and the required instruments

are inexpensive and simple [65]. In most electrochemical experi-

ments, mass changes arise as material is deposited or lost from the

working electrode. It is meaningful to monitor those changes syn-

chronously with the electrochemical response [66].

Many possible applications for QCM systems have been

described in the fields of food [67], environment [68], and clinic

analysis [69], etc. Samardzic et al. [70] developed a sensor based on a

MIP coatedQCM as themass sensitive transducer. Theywere able to

reach a limit of detection of 1.6*�108 cells/mLwithin a fewminutes.

Then, Schnettelker et al. [71] presented an approach to synthesize

MIPs for E. coli in situ on a suitable transducer surface. TheMIP layer,

which is generated directly on a QCM surface, showed enhanced

selectivity towards E.coli and provided sensor responses within

3 min. This technique can inherently be generalized, and thus it can

be applied to a wide range of analytes, as is shown in Fig. 4(D).

QCM is a high resolution mass sensitive transducer that can

measure a change in the mass of a target analyte by monitoring

variations in the vibration frequency of the quartz crystal in real

time [72,73]. The combination of the QCM technique with MIPs

provides label-free, selective, sensitive, low cost, simple and stable

detection systems [74].

3.4. SPR biosensor

Over the last twenty years, SPR technique for sensing applica-

tion has attracted much attention due to their compact design, low

cost and label-free sensing, etc [75]. The SPR sensor technology

takes advantage of surface plasmon waves, which are electromag-

netic waves that can be excited by light on gold sensor surfaces.

When p-polarized light is incident on ametal-dielectric interface in

the Kretschmann configuration at an angle greater than the critical

angle, due to matching of wave vectors of evanescent wave (occurs

owing to total internal reflection) and surface plasmon wave, some

fraction of energy of the incident light is transferred to the surface

plasmons for its excitation which leads to the surface plasmon

resonance phenomenon [76,77].

In recent years, the SPR technique along with MIPs has been

used for the detection of various analytes. Altintas et al. [78]

developed an MIP targeting the bacteriophage MS2 as a template

using a novel solid-phase synthesis method (Fig. 4(E)). A high af-

finity between the target and the artificial ligand was found, and a

regenerative MIP-based virus detection experiment was investi-

gated using a new SPR biosensor that provides an alternative

technology for the concrete detection and removal of waterborne

viruses. In addition, Denizli et al. [79] summarized the QCM and

SPR, as shown in Fig. 4(F), with a microcontact imprinting tech-

nique with supplementary cavities for chemical recognition ability

against E. coli were obtained on the sensor surface.

Additionally, as listed in Table 2 [57,58,62,63,78,80e86], we

summarized different biosensors for microorganism detection by

coupling with various MIP systems.

4. Application of microbiological imprinting

4.1. Detection and quantification of bacteria

Before the occurrence of serious safety issues, detecting the

presence of microorganisms in both unprocessed and final prod-

ucts is extremely significant. However, bacteria and viruses are very

small microorganisms (in the range of 1e3 mm and 30e700 nm,

respectively) and conventional bacterial identification and count-

ing methods are time-consuming and usually require multistep

sample pretreatments before testing [83,87]. As already shown in

previous studies, different types of microorganisms can also be

detected and quantified by methods based on MIPs.

Yilmaz et al. [79] selected E. coli as a model bacteria and

developed a new label-free rapid and selective detection method

via micro contact imprinting. The whole cells were imprinted on

both optical and mass sensitive devices for the rapid detection of

bacteria from water sources. The amino acid based recognition

element, N-methacryloyl-l-histidine methylester (a polymerizable

form of histidine) was used in their study to obtain similar recog-

nition as in natural antibodies. Besides, QCMMIP-based biosensors

have been used for detection of the plant pathogen Tobacco mosaic

virus at 100 ng/mL [88].

Table 2

Summary of different biosensors coupled with MIP systems for microorganism detection.

Target microorganism Sensor type Sensitivity Response time Ref.

Cancer cells Fluorescence 0.071 mg/mL 30 min [80]

Japanese encephalitis virus Fluorescence 9.6 pM 40 min [57]

E. coli O157:H7 Fluorescence 8 CFU/mL e [58]

Bacillus endospores Electrochemical 102 CFU/mL e [62]

Staphylococcus aureus Electrochemical 500 CFU/mL e [63]

Prostate Specific Antigen Electrochemical 2.0 ng/mL e [81]

E.coli QCM 3.72 � 105 CFU/mL 56 s [78]

Campylobacter fetus QCM 103 CFU/mL 170 min [82]

Tobacco mosaic virus QCM 100 ng/mL 30 min [83]

Cowpea mosaic virus SPR 12.5 mg/mL e [84]

Fusarium culmorum SPR 0.06 pg e [85]

Puccinia striiformis SPR 104 CFU/mL 45 min [86]
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Borovicka et al. [89] produced a colloid analog of antibodies,

which recognize the shape of target cells, by fabricating silica shell

fragments templating the cell surface. To form core-shell particles,

as shown in Fig. 5(A), they created such shell fragments by

depositing silica through a sol-gel process onto the surface of target

cells, followed by their fragmentation via mild ultrasonic treatment

and further removal of the cells' cores through a bleaching process.

After laser irradiation, the localized heating around the AuNPs kills

the microbial cells of matching shape. They confirmed the cell

shape-specific killing by photothermal colloid antibodies in a

mixture of two bacterial cultures of different cell shape and size.

Tokonami et al. [90] developed a label-free and selective E. coli

identification film by surface imprinting the bacteria on the surface

of overoxidized polypyrrole, which could detect bacterial within

the range of 103e109 CFU/mL within 3 min, as shown in Fig. 5(B).

4.2. Identification of bacterial species

According to bacterial surface chemical structure, bacteria are

generally classified into two groups: gram-positive and gram-

negative bacteria. Cell culture remains a standard technique for

identifying bacterial species; however, it usually requires 24e48 h,

depending on the growth speed of the target bacterium [91].

Tokonami et al. [91] successfully developed bacterial templates on

the surface of an overoxidized polypyrrole film using both gram-

negative and gram-positive bacteria, in which bacterial surface

chemical structures are exactly transferred at the molecular level.

The preparation for the bacterial template on the polymer layer is

shown in Fig. 5(C). The unique combination of MIPs with bacterial

cavities and the dielectrophoresis technique allowed detection of

bacterial in a label-free format within 5 min, without any bacterial

Fig. 5. (A) (a) Fabrication of the photothermal colloid antibodies (PCAs) by templating AuNP-coated cells with silica and subsequent silica shell fragmentation and bleaching of the

cell templates with Piranha solution. (b) Experimental setup illustrating the principle of action of PCAs with integrated AuNPs on their inner surface in a suspension of two types of

microbial cells of different morphology. PCAs recognize and bind only to bacteria of matching shape, which are killed selectively by photothermal effect after laser irradiation while

the other bacteria in the mixture remain viable. Gray color signifies dead cells [89]. (B) Schematic illustration of electrode arrangement for bacterial detection with OPPy film [90].

(C) Schematic illustration for the preparation of a sensor film with bacterial cavities [91] (D) AFM image and section analysis of a polyurethane MIP of an artificial stamp mimicking

growing yeast cells showing grown species and some buds [92].
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pretreatment. And it has achieved specific identification of E. coli,

P. aeruginosa, B. subtilis, and S. aureus via precise transfer of the

bacterial surface structure to the OPPy film.

4.3. Determination of yeast growth status

As baker's yeast has different stages of growth during its

reproductive cycle, the size and shape of the cells changes, but the

chemistry on their surface remains essentially constant. However,

the individual growth stages can be distinguished by the mass

sensitive QCM detecting the weight of the microorganism.

Seidler et al. [92] presented an effectivemeasuring system based

on a 4-electrode QCM and adapted it in liquid phasemeasurements.

Surface imprinting with different growth stages of S. cerevisiae

finally led to a biomimetic chemosensor appropriate to monitor the

growth development of this significant microorganism. Fig. 5(D)

shows an AFM image of the polyurethane-layer sensitive to cells of

this growth stage generated by artificial stamp. Molecular

imprinting with such master stamps can mimic native yeast cells in

G0 and early S phase, indicating that different growth stages can be

distinguished by the sensors, which is potentially interesting for

monitoring fermentation processes.

5. Conclusions

In this review, the current status of MIT for microorganism

analysis is summarized, overviewing different imprinting methods

for microorganisms, highlighting sensing analytical methods

coupled with MIT, and discussing representative applications of

microorganism imprinting. Although developed methods may also

be used as a universal protocol to imprint microorganisms for their

sensing detection by different kind of sensors, and many advances

are promising, microorganism imprinting still faces some chal-

lenges. For instance, the free binding of a microorganism analyte to

a molecular cavity is essential for the effective application of the

MIPs materials to either separation or sensing. Additionally, varia-

tion in the morphology and mass of microorganisms is not an easy

question to solve. Surface imprinting of microorganisms is an

effective method that can improve their binding efficiency, but still

urgently requires improvement. The adsorption of microorganism

on sensor surfaces allows the adsorbed layer to be used as a

“stamp” for themanufacture of imprinted thin layers materials, and

the template microorganism can be immobilized in a particular

orientation. Accordingly, the specificity and affinity of the imprin-

ted analytes can be substantially ameliorated. As we all know, the

detection of microorganisms at very low concentrations in complex

matrices is a challenging task, especially when aiming for point-of-

caremonitoring. Therefore, higher sensitivity and higher selectivity

are desirable, which requires to ingeniously devise/synthesize su-

perior MIPs for microorganism with high specificity accompanying

with rational coupling to sensing technologies.

The remaining challenges also bring out promising opportu-

nities and trends in MIT for microorganism analysis. Miniaturiza-

tion of the techniques and devices is probably a restriction point

when attempting integration of the microorganism imprinting

systems as a path to further improve analytical performance.

Miniaturized separation techniques such as CEC, micro-LC, capil-

lary-LC and nano-LC have become popular in recent decades and

indicate a good alternative to conventionally and commonly

employed chromatographic approaches. Besides, these techniques

furnish higher separation efficiency, shorter analysis time and rapid

optimization of experimental conditions. The realization of more

portable devices, with a reduction in the logistical challenges, is

also a result of miniaturization [93]. Future trends in microor-

ganism analysis will continue, particularly with developments on

increasing the stability, selectivity, and cost-effectiveness of MIPs

and novel integrated devices, which will not only lead to applica-

tions in microorganism analysis and viruses-caused diseases ther-

apy, but also greatly enrich the research connotations of MIT.
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