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Abstract

:

Effective molecular recognition remains a major challenge in the development of robust receptors for biosensing applications. Over the last three decades, aptamers and molecularly imprinted polymers (MIPs) have emerged as the receptors of choice for use in biosensors as viable alternatives to natural antibodies, due to their superior stability, comparable binding performance, and lower costs. Although both of these technologies have been developed in parallel, they both suffer from their own unique problems. In this review, we will compare and contrast both types of receptor, with a focus on the area of environmental monitoring. Firstly, we will discuss the strategies and challenges involved in their development. We will also discuss the challenges that are involved in interfacing them with the biosensors. We will then compare and contrast their performance with a focus on their use in the detection of environmental contaminants, namely, antibiotics, pesticides, heavy metals, and pathogens detection. Finally, we will discuss the future direction of these two technologies.
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1. Introduction


Biomimetic binders have come to the forefront of biotechnology as a potential replacement of animal derived antibodies and they have seen widespread use in a large number of different applications, including as transduction elements in biosensing devices (Scheme 1) [1]. The two main classes of biomimetic receptors, namely aptamers and molecularly imprinted polymers (MIPs) have garnered the most interest by researchers over the last two decades. In particular, researchers have applied both of these technologies in the detection of environmental contaminants to address the current gap for reliable ligands that are capable of binding small molecule contaminants. Aptamers are ssDNA or RNA recombinant oligonucleotides that form distinct conformational shapes, which are complementary to the target molecule. MIPs are synthetic polymers, which contain complimentary cavities (recognition sites), which can rebind to the template molecule. When comparing antibodies to both aptamers and molecularly imprinted polymers, the latter two technologies have shown distinct advantages (Table 1). MIPs and aptamers are both, in general, more stable when compared to natural antibodies, demonstrating extended shelf lives. Both technologies show comparable binding performance to natural antibodies or even outperform them in some instances. Aptamers can be modified in several different ways to improve functionalities, such as replacing the phosphate backbone to improve their bioavailability, resist nuclease enzyme degradation, or increase the non-natural interactions of DNA/RNA with the analyte molecule [2,3]. For example, we can introduce hydrophobic interactions by adding a hydrophobic moiety to the aptamers either through post SELEX modification or during selection, which can enhance the specific binding performance [4]. This is critical, as DNA/RNA is mostly hydrophilic in nature and, as such, the contribution of hydrophobic interactions in unmodified aptamers is minimal. Additional functionality can be introduced to aptamers through the tagging at the 5′ or 3’ends with functional molecules, such as fluorophores or biotin [5]. The ability to modify aptamers is especially important when applying aptamers in in vivo applications, such as drug therapeutics and drug delivery, where unmodified aptamers are particularly susceptible to enzyme degradation. It could also be crucial to modify aptamers for use in environmental monitoring of environmental samples, where DNA/RNA is susceptible to degradation, due to a number of environmental parameters [6].



In the case of MIPs, different functionalities can be introduced via the inclusion of functional monomers into the pre-polymerisation mixtures or performing additional polymerisation steps [7]. Unlike antibodies, both aptamers and MIPs show good stability and extended shelf lives. MIPs can also be synthesized as a bulk material, nanocomposite, thin film, or act as nanomaterials in their own right (nanoMIPs) [8,9,10].



This tailorability of both MIPs and aptamers makes them particularly useful and versatile as biomimetic binders in biosensors and as capture agents for sample pre-treatment applications, including food monitoring and environmental monitoring.



In this review, we aim to compare and contrast the various key performance criteria of MIPs and aptamers, as receptors for sensors in the environmental monitoring of pollutants with a focus on antibiotic residues, heavy metals, and pathogens as a representative cross section of targets for both technologies. We will also discuss the future directions of both these technologies. The review covers the developments of the last 5−10 years of aptamer and MIP development with selected examples of environmental contaminants, where MIPs and aptamers have both been utilized in biosensors.



1.1. The Development of Aptamers and MIPs


The methods used to synthesize MIPs and aptamers are completely different in terms of the considerations used for their development. Aptamers are selected from a random library of oligonucleotides containing a random region of 20−60 nucleotides with a constant region that is located on both sides in a combinatorial approach known as Systematic Evolution of Ligands by Exponential enrichment (SELEX) or in vitro selection. This method involves repeated rounds of partitioning, amplification, and regeneration of target bound ssDNA or RNA [11]. After a certain number of rounds (8−20 rounds), an enriched library containing about 103 unique sequences is achieved and sequenced to identify binding nucleic acid candidates.



MIPs are synthesized via molecular imprinting, whereby the target is incubated with functional monomers to form non-covalent interactions in the pre-polymerisation mixture. Upon subsequent cross-linking, a cavity is formed and the removal of the template leaves a recognition site for the target molecule to rebind. More classical methods involved the so called covalent imprinting, where the template is attached to a monomer via a reversible covalent bond. Upon imprinting, the template is removed [12]. This technique is no longer commonly used, with researchers opting for the non-covalent imprinting strategies. MIPs can be synthesized into a number of different morphologies, including bulk materials, nanomaterials, nanocomposites, or thin films [13,14,15]. Traditionally, MIPs were formed using bulk polymerization as a sorbent for solid-phase extraction via the formation of large size MIP monoliths. These monoliths were then grounded up into smaller particles and packed into the column. Subsequent methods for imprinting MIP based nanoparticles and nanomaterials have gained prominence and allowed for small nano-sized MIPs with good yields and controllable sizes, such as solid-phase synthesis, emulsion, and precipitation polymerization [16,17,18]. For larger targets, epitope imprinting has shown promise as a viable way to imprint larger templates [19]. When compared to aptamers, MIPs can be rationally designed in a bottom-up mannor using a number of techniques, including computational modelling and experimental methods [20,21].



Aptamers, on the other hand, can only undergo rational design after their selection (post-selection modification) [22].



Both technologies have shown limitations in the methods used for their development, which has hindered their commercial development. However, a number of companies have started selling both of these technologies. In terms of the commercialization of aptamers, several companies are offering aptamer selection services and aptamer based immunoassays [23]. In addition, aptamers have been successfully developed as therapeutics in their own right [24]. In terms of MIPs, a number of companies have been established, such as PolyIntell, Biotage, Supelco to sell MIPs for solid phase extraction, and MIP Diagnostics in the UK, offering custom MIP based receptors development services. Furthermore, Wheatley SPI, LLC recently developed a MIP based commercial test device, called SAFE-T®, for the detection of explosives [25].



A scan of the literature for both MIPs and aptamers for different types of target suggest that they show contrasting binding performance [26]. For instance, the development of MIPs targeting small molecules is now considered routine, while the selection of aptamers for small molecules is more of a challenge due to the difficulty in separating small molecule-aptamer binding complexes from the DNA library. This is due to the lack of mass-transfer (lack of size difference between bound and unbound DNA) upon binding of the small molecule. Although it is worth noting that structure switching protocols (Reverse SELEX) have overcome this problem through the docking of the DNA library onto a solid phase [27]. Upon binding of the small molecule target, to any sequences within a library, the aptamer undergoes a change in conformation and elutes off the solid phase. It is also worth noting that the binding affinities displayed by aptamers against small molecules can vary between targets but have demonstrated high specificity [28]. The development of chemically modified aptamers for small molecules is further complicated by their poor PCR efficiency, with only a handful of chemically modified aptamers being developed for small molecules to date [29]. In addition, the PCR bias effect can also reduce the chances of screening high affinity binders [30]. This occurs because, during repeated rounds of selection, certain sequences become over represented in the final sequence data due to certain sequences being easier to amplify. A number of non-SELEX based methods have been developed that can overcome this issue [31].



MIPs, on the other hand, can suffer from high non-specific binding in the sample matrix as well as template leakage, which means that some of the template is not removed after synthesis, leading to false positive results [32,33]. However, the use of dummy templates has helped to prevent template leakage [34]. It is worth noting that the methods used to measure the binding properties and binding models used for both aptamers and MIPs are completely different [35,36,37]. A reverse in binding performance is seen as we increase the size of the target molecule, whereby the binding affinities for aptamers generally increase while MIPs start to suffer from performance issues in terms of specificity, due to the lack of compatible monomers and increased chances of non-specific binding [38,39]. This non-specific binding is due to the large surface area available around the MIP material, which can act as sites for non-specific interactions with the sample matrix and structurally related analytes and the lack of accessibility on the MIP surface for larger templates, such as cells and proteins. It is also worth noting that aptamers selected against whole cell or virus targets using either the whole cell-SELEX or SELEX against the target membrane antigens can suffer from significant non-specific binding, due to the large number of possible membrane protein antigen binding sites available on a pathogen that may be common across several species [40]. As aptamers fold into three-dimensional (3D) conformations, which can be dependent on a number of parameters, such as temperature, and salt concentration, their performance can vary if the buffer conditions used deviate from the original buffer conditions used during the selection. The same can be said for MIPs, where the choice of organic solvent (porogen) can drastically affect the final MIP performance and structural properties of the MIP molecules [41].



Comparing the methods used to develop both MIPs and aptamers, the SELEX methodology appears to be more convoluted, time consuming, and costly when compared to the synthesis of MIPs, which just requires a synthesis step, template removal step, and binding validation. Their development is often achieved through a trial and error approach to find the optimal monomer to template to cross linker ratios, although the use of rational design in MIP development is becoming increasingly important [42]. On the other hand, once aptamers have been successfully selected and the sequences elucidated, the cost of their production rapidly decreases due to relatively cheap costs of DNA synthesis. This is in comparison to MIPs, which always require an equimolar amount of template to form the molecular recognition sites on the MIPs.



Interestingly, researchers have looked at combining the properties of MIPs and aptamers to improve upon their binding properties to overcome some of the issues that are associated with them [43,44].




1.2. Interfacing Aptamers and MIPs to the Sensor Surface


One of the most important considerations for the development of a biosensor is how to attach the recognition element to the sensor surface. The ability to attach different tags to aptamers at the 5′ or 3′ end, including biotin, thiol groups etc., has made their bio-conjugation to the sensor surface relatively straight forward via coupling reactions annealing to a DNA probe or adsorption [45]. On the other hand, the conjugation of MIPs is more challenging. MIPs can either be formed on the surface of the sensor as a film or mixed with a nanocomposite material in the case for electrochemical based methods, which use electro polymerization methods [8,46]. In some cases, additional polymerisation to attach functional groups to the outside of the MIP can be performed, as is the case for solid-phase synthesis prior to conjugation [47,48]. However, there is little control over where these functional groups are on the MIP.





2. Aptamers and MIPs in the Detection of Small Molecule Contaminants


2.1. Antibiotics


The accumulation of antibiotic residues in the environment has become an increasing concern, due to the increasing likelihood that microbials develop antibiotic resistance to our frontline drugs and can accumulate in wildlife. Aptamers and MIPs have both been utilised as receptors in biosensors, which target antibiotics in environmental samples. Out of all the biosensors, developed for antibiotic detection, tetracycline based antibiotic analytes have been the focus of the majority of MIP and aptamer based biosensors. Recently, Dong et al. demonstrated the use of a photoelectrochemical aptasensor for the detection of tetracycline in environmental samples [49]. Aptamers were immobilized onto Au/BiOI composites via a sulphur gold bond and transduction was achieved through the generation of photoelectrons. The sensor demonstrated a detection limit of 0.2 ng L−1 (450 fM). In comparison, Clarindo et al. synthesized MIPs for tetracycline, which was ground up and mixed with graphite-polyurethane composite electrode. The subsequent developed sensor demonstrated in the detection of tetracycline in different samples achieved a detection limit of 0.555 µM [50]. MIPs and aptamers have both also been demonstrated in fluorescence based optical sensors for the detection of tetracycline based antibiotics. In 2016, researchers developed a hybrid MIP/quantum dot/mesoporous silica based nanocomposite for the detection of tetracycline through fluorescence quenching, which demonstrated a detection limit of 15.0 ng mL−1 (0.0337 µM) [51]. In contrast, fluorescence based aptasensors are often simpler in design, due to the ability to tag the fluorophore directly onto the aptamer or the reliance on the displacement of DNA as a basis for the signal transduction. For example, in 2015, researchers demonstrated the detection of tetracycline while using a simple triple helix molecular switch for the detection of tetracycline in tap water, achieving a detection limit of 2.09 nM [52]. In addition to tetracycline based antibiotics, aptamers and MIP based sensors have both been developed for other types of antibiotics, such as amoxicillin [53,54]. In the case of kanamycin, Geng et al. even demonstrated the synergistic combination of MIPs and aptamers for the detection of kanamycin while using fluorescence quenching [55]. Overall, there has been a lot of interest in the development of both MIPs and aptamers in the detection of antibiotic residues and both technologies seem to show comparable performance in terms of sensitivity and selectivity.




2.2. Pesticides


The overuse of pesticides has become a major source of environmental contamination in water sources [56]. As such, the number of aptamer and MIP based biosensors for the detection of pesticides reported in the literature has grown in recent years [57,58]. However, the availability of aptamers targeting pesticides is limited to date, due to the challenges that are associated with selecting small molecules.



A higher number of biosensors utilizing MIP based receptors have been reported for the detection of pesticides, partly due to the convenience of synthesizing MIPs. Recently, Weerathunge et al. demonstrated the use of a nanozyme based sensor and aptamer for the detection of chlorpyrifos down to 11.3 ppm (32 µM) [59]. The nanozyme, based on Ag nanoparticles were found to catalyze the 3,30,5,50-tetramethylbenzidine (TMB) substrate, leading to a colour change. Upon adsorption of the aptamer, the catalysis of the reaction switches off. This catalytic function of the nanozyme can be switched on through the presence of chlorpyrifos, which causes the aptamer to elute off the nanozyme. In comparison, a recent report demonstrated the use of a MIP based electrochemical sensor for the detection of chlorpyrifos [60]. Multi-walled carbon nanotube doped molecularly imprinted silica nanospheres were synthesized and applied onto a glassy carbon electrode and achieved a detection limit of 100 fM. In the case of pesticides, MIPs have clearly shown better performance when compared to aptamers, although this difference might be due to differences in the performance of different biosensor platforms. It is also worth noting that there is a lack of aptamers available for pesticides meaning that the majority of examples of biosensors for pesticide detection has focused on the utilization of MIP based receptors rather than aptamers.




2.3. Heavy Metals


Heavy metal contamination has been a global environmental issue because of its toxicity and widespread uses. Because heavy metals are not biodegradable, they can bioaccumulate into organisms and humans under the biological amplification of the food chain. The permitted limit of heavy metals in water sources is typically in the low ng/L concentration range, so that the monitoring of these pollutants in the water environment remains an on-going challenge for environmental chemistry. Both aptamers and ion-imprinted polymers (IIPs), as highly selective receptors, would be good candidates for the detection of trace amounts of heavy metals. In this part, we review recent developments in aptasensors and IIP-based sensors used for the detection of heavy metals (Table 2 and Table 3).



2.3.1. Cadmium Sensing


Cadmium contamination in drinking water is mainly caused by cadmium released from the steel and battery industry to the environment via wastewater. The kidney is the main target organ that is affected by cadmium toxicity. The maximum contaminant levels of cadmium in drinking water was defined as 3 µgL−1 and 5 µgL−1 by the World Health Organization (WHO) and United States Environment Protection Agency (EPA), respectively [61,62]. Colorimetric methods are attractive analysis approaches for Cd2+ detection, because of their simplicity, short detection times, and low cost. In this regard, Huang et al. introduced a IIP-paper platform as a detection element for colorimetric detection of Cd2+ ions [63] without complex sample pretreatment and expensive instrumentation. Firstly, thin print paper was oxidized by hydrogen peroxide to introduce enough hydroxyl groups and is then grafted with a reversible addition-fragmentation chain transfer (RAFT) agent. Finally, polymerization took place on the surface of the print paper by the RAFT strategy while using cadmium ions as the template, methylacrylic acid and polyethyleneimine as the monomers. Recently, a colorimetric method based on aptamer-functionalized gold nanoparticles for specific recognition of Cd2+ was developed [64]. By introducing Cd2+ ions, the amount of free aptamer decreased because of specific interaction between aptamers and Cd2+ ions, which led to the lower stability of the AuNPs and resulted in the color change in the solution. A self-developed smartphone-based colorimetric system was employed to capture the colorimetric image of AuNPs solutions before and after adding Cd2+ and to analyze colorimetric change, which fulfils the quantitative detection of Cd2+.




2.3.2. Lead Sensing


Lead is one of the most well-known toxic heavy-metal elements, and chronic exposure can affect the central nervous system, which leads to brain damage in children and kidney damage in infants and children [90]. Therefore, there is an urgent need for the health of human beings to develop a highly sensitive and selective technique for the trace detection of Pb2+ in drinking water. Various electrochemical methods have been used for lead detection, because of the simplification, sensitivity, and cost-effectiveness of these methods. Recently, special recognition elements, like Pb2+-specific DNAzymes and Pb(II)-IIP, have been employed to further improve the selectivity of electrochemical detection platforms. As an example, Xu et al. [67] developed an electrochemical aptasensor that was based on G-rich lead-specific aptamer (LSA) as the recognition element of Pb2+ and AgPtNPs/MIL-101(Fe) as signal probes and electrocatalytic enhancers for the detection of Pb2+. The selectivity of the sensor was improved by the special interaction between Pb2+ and G-rich LSA. Additionally, an electrochemical aptasensor for Pb2+ detection was designed using thionine (TH) as the signaling molecule and graphene (GR) as the signal-enhancing platform [79]. Recently, the Dahaghin group [88] fabricated a new IIP, grafted onto Fe3O4 NPs, and then applied them as modifiers to design a Pb-selective voltammetric sensor. IIP was synthesized using 2-(2-aminophenyl)-1H-benzimidazole, 4-vinyl pyridine, Pb(NO3)2, ethylene glycol dimethylacrylate, and AIBN as the lead-binding ligand, functional monomers, template, cross-linker, and initiator, respectively. Attaching the IIP on the modified nano-scale magnetic particle led to enhanced adsorption capacity and the relative respective surface area. Fluorescence probes based on fluorescent nanoparticles as a detection method has attracted a lot of attention for lead detection, because of their low background, improved optical properties, and facile chemical functionalization and modification. In this regard, Zhang et al. introduced a turn-on fluorescent biosensor for the selective detection of Pb2+ using C-PS2.M-DNA-templated silver nanoclusters (Ag NCs) [70]. This DNA template consists of two segments: one is the Ag NCs-nucleation segment at the two termini and the other is the aptamer segment of Pb2+ in the middle of DNA template. In the presence of Pb2+ ions, the interaction between Pb2+ and the aptamer leads to a conformational change in the aptamer and causes the two darkish DNA–Ag NCs to aggregate together, resulting in the fluorescence switch-on detection of Pb2+. Recently, a dual reference ion-imprinted ratiometric fluorescence probe for the simultaneous detection of Ag+ and Pb2+ was reported [89]. Carbon dots (CDs) and gold nanoclusters (AuNCs) were employed for the fluorescence signal output to monitor Ag+ and Pb2+, respectively. Functional groups on the surface of fluorescence nanoparticles were employed to form a chelate with the template ions during the polymerization in order to enhance the conversion efficiency from molecular recognition into a fluorescence signal output.




2.3.3. Mercury Sensing


Mercury is present in the inorganic form in surface water and groundwater and its toxic effects are mainly seen in the kidney. The maximum contaminant levels of inorganic mercury is defined as 6 µgL−1 and 2 µgL−1 by WHO and EPA, respectively [61,62]. Electrochemical techniques have been widely applied as powerful tools because of their attractive properties, such as simple instrumentation and rapid response. An electrochemical sensor based on RGO–IIP (RGO= reduced graphene oxide) for the selective detection of trace mercury ions in water samples was fabricated by Ghanei-Motlagh‘s team [83]. They synthesized IIP on the RGO surface as a supporting material through the surface imprinting technique to overcome the problems, which are caused by bulk polymerization methods, such as incomplete template removal and template leakage. Recently, a gold inkjet-printed impedimetric platform for the aptamer-based detection of Hg2+ with high stability under harsh conditions was reported [68]. In this biosensor, once Hg2+ binds selectively to the N3 of thymidine, creating a bridge between two thymidine residues and form a base-pair, the secondary conformation of the poly(T) ssDNA aptamers immobilized on the electrode surface changes into a “hair-pin” like structure.



Fluorescent based assays as another attractive technique have shown promise for mercury detection. As an example, Hande et al. [86] first synthesized fluorescent N-[4-(2-Oxo-2H-chromen-3-yl)-thiazol-2-yl]-acrylamide (OCTAA) monomers with very good chelating properties as it gets quenched with various metal ions. Subsequently, they applied OCTAA to fabricate a Hg(II)-IIP based fluorescent sensor for the selective detection of mercury. Recently, a fluorescent aptasensor that was based on magnetic separation and the formation of T-Hg2+-T base pairs was designed [75]. Aptamer functionalized magnetic beads (AMB) were formed by the immobilization of aptamers on the surface of magnetic beads. It was reported that the fluorescence signal of the detection solution was enhanced in the presence of Hg2+ ions, because of the release of higher amounts of the signal transduction probe (STP) for the detection solution after magnetic separation. Therefore, the quantitative detection of mercury ions can be achieved by the fluorescence signal intensity of STP. The direct binding of metal ions with the signal probe can effectively eliminate the heavy metal-fluorescence quenching effect, so the sensitivity of the presented sensor improved because of the avoidance of the direct binding of Hg2+ with STP. Aptasensors and IIP based sensors have both shown comparable performance for the sensitive and selective detection of heavy metals. Besides the sensitivity and selectivity, the regeneration of the sensors is crucial in practical applications [91]. However, despite the high performance of the reported aptasensors towards the detection of heavy metals, only a few of them have incorporated the regeneration of the analyte [79]. In contrast, it seems that the regeneration of IIP based sensors is not a challenging issue, because they could be easily reproduced using the procedure, which has already been employed to remove the template in the IIP synthesis procedure.





2.4. MIPs and Aptamers in the Detection of Large Pathogen Contaminants


Sensitive and rapid detection of environmental pathogens, mainly for virus and bacteria, is important to address the drug resistance issues and prevent the outbreaks of pathogenic diseases from water sources. The most common practices to quantify pathogens are polymerase chain reaction (PCR) and bacteria culture tests [92,93]. However, these methods are complex, require multiple-steps, and are labor intensive with long assay-times (>1 day). The integration of MIPs and aptamers with biosensor devices as the bio-recognition elements for the detection of environmental pathogens (e.g., foodborne and waterborne) has been shown to be flourishing measures, due to their remarkable advances accredited to their excellent recognition specificity, ease of synthesis, low cost, and eco-friendly nature [94,95,96].



2.4.1. Bacteria Detection


The most frequent waterborne and foodborne bacterial illnesses are caused by Escherichia coli (E. coli) O157:H7, Campylobacter spp., Legionella spp., Giardia, Bacillus cereus, Cryptosporidium, Salmonella spp., Yersinia enterocolitica, Enterococcus faecalis, and Shigella [97,98,99]. The development of whole cell imprinted-based sensors is somewhat challenging. Cytosensing based on the cell shape recognition does not always provide an acceptable specificity due to the high degree of cell plasticity to easily undergo morphology changes under small influences. Moreover, the micrometer size of the cells and their three-dimensional features make it difficult to fabricate a very selective and rigid monomer [100]. Therefore, one critical element would be choosing the right monomers for the fabrication of highly selective and specific platforms. For instance, Spieker et al. developed a MIP-based biosensor for the detection of Bacillus cereus [101]. They screened the affinity of Bacillus cereus on different polymers of polyacrylate (PA), polystyrene (PS), polyacrylamide (PAA), polyvinylpyrrolidone (PVP), and polyurethane (PU), and found that the developed sensor showed a remarkable selectivity and linear response when PU was coated on the quartz crystal microbalance (QCM). The proposed sensor could detect 9.6 × 107 cells/mL with a linear response from 9.6 × 107 to 7.7 × 108 cells/mL. Although a very simple 60 nt aptasensor had already been developed by Ikanovic et al. for the optical detection of Bacillus thuringiensis spores as low as 103 cfu/mL with linear range of 103–106 cfu/mL, using core-shell zinc sulfide cadmium selenide quantum dots (QD) [102]. In another study, four different materials of Poly(vinyl alcohol)/N-methyl-4(4′-formylstyryl)pyridinium methosulfate acetal (PVASbQ), Epon1002F, and polyurethanes with/without 10% OH excess were analyzed for the establishment of E. coli surface imprints. From the atomic force microscopy (AFM) pictures presented in Figure 1, the proper formation of E. coli imprints on the commercially available Epon1002F is evident. Additionally, the best sensing performance was attributed to the same material with an LOD of 1.4 × 107 cfu/mL and linear detection range of 7.3–0.4 × 107 cfu/mL [103]. On the other hand, recently, a very sensitive fluorescence-based aptasensor was reported for the detection of E. coli in pork samples down to 10 cfu/mL and a linear range of 58–58 × 106 cfu/mL [104]. Although the aptasensor was more sensitive, the surface imprint technique was a faster approach and it was based on a commercial resin, making it a more practical approach. Choi et al. and Crapnell and co-workers reviewed more details regarding the monomer types [46,105].



By combination of electrochemistry and optical methods, a more sensitive sandwich assay for the quantification of E. coli O157:H7 was developed, while using an electrochemiluminescence (ECL) technique. A polydopamine (PDA) surface imprinted polymer was electropolymerized on the glassy carbon electrode (GCE) in the presence of the target bacteria. After the template removal, sandwich assay was formed by means of nitrogen-doped graphene quantum dot-conjugated antibody to give rise to a linear detection range of 10 to 107 cfu/mL and detection limit of 8 cfu/mL [106].



Likewise, Hua and co-workers used aptasensors and photoelectrochemical techniques to detect E. coli in milk samples with ultra-sensitivity down to 0.66 cfu/mL and a linear response from 2.9 to 2.9 × 106 cfu/mL [107]. The high performance of the fabricated biosensor was attributed to the synergetic role of three-dimensional graphene hydrogel-loaded carbon quantum dots (C-dots/3DGH) and graphene-like carbon nitride (g-C3N4). Even though both approaches showed ultra-sensitivity, the use of an antibody in the imprinted technique would add cost to the fabrication process, whereas the aptasensor required laborious nanostructure synthesis routes.



The substructure or epitope imprinting approach has been introduced, which involves recognition of particular cell surface components, such as glycomoieties, proteins, lipids, etc., in order to address the challenges of the whole cell imprinting [108]. For example, Saylan et al. have recently reported a novel strategy from which, instead of the whole microorganism, the extracted surface proteins of the bacteria Enterococcus faecalis were imprinted on a nanopolymer (Figure 2). They could successfully detect this human fecal contamination in drinking water with an LOD of 3.4 × 104 cfu/mL and linear detection range of 5 × 104–5 × 108 cfu/mL [109]. Nonetheless, the method needs more study to increase its sensitivity. To this end, regarding the bacteria detection, aptasensors have shown better performance than those of the imprinted techniques. Although, when compared with aptamers, the higher tailorability of MIPs to be molded as the solid films, particles, nanostructures, etc., together with their greater surface functionalization ability, would lead to inevitable progress in the development of high-throughput MIP-based sensors in the near future.




2.4.2. Virus Detection


Major environmental viruses are known to be hepatitis A and E viruses, norovirus, astrovirus, and rotavirus [97,110]. Virus imprinting has shown very promising outcomes for the diagnosis of virus-associated diseases [38]. However, the application of aptasensors for environmental viruses is still in its infancy despite the flourishing outcomes for virus detection using aptamers [111]. The most studied aptasensors are associated with norovirus, which is the main foodborne virus and the major cause of acute gastroenteritis worldwide [112].



A study by Altintas et al. demonstrated the great capability of a MIP-based plasmonic biosensor to selectively quantify the waterborne bacteriophage-M2 with a high degree of sensitivity [113]. First, MIP nanoparticles were polymerized on the bacteriophage-M2, which was immobilized onto a functionalized glass bead. Subsequently, the imprinted MIP nanoparticles were detached and used for the functionalization of the SPR chips for further target detection. This method provided a good LOD of 5 × 106 pfu/mL (converted from the equivalent molarity) and a linear range of 0.33−27 pmol. The proposed sensor also demonstrated a rigid regeneration capability for sequential analysis of the target virus to represent a proper methodology for the detection and purification of water pathogens. Zhang et al. proposed another simple and sensitive method for the immediate detection of hepatitis A virus (HAV) [114]. Virus-magnetic-MIPs were fabricated by self-polymerization of dopamine on magnetic Fe3O4 nanoparticles in the presence of HAV, as illustrated in Figure 3. Later, the HAV was removed to form the sensor probe. Rebinding the target HAV with magnetic-MIPs was followed by changes in the RLS intensity. The proposed strategy could rectify the difficulties of MIP-based virus detection systems in the elution process. The proposed method has a significant capability to be a universal platform for various types of virus, given its high specificity, low LOD of 6.2 pM, and good linear range of 0.02 nM to 1.4 nM.



On the other hand, in 2013, a DNA aptamer against murine norovirus was synthesized and used for the development of a simple, label-free, and fast electrochemical device to detect norovirus (LOD = 10 aM) in meat juice samples (Figure 4) [115]. The synthesized aptamer (AG3) displayed a high affinity down to the picomolar range for norovirus with a million-fold higher affinity than a morphologically similar virus (feline calicivirus). The fabrication and detection simplicity, low cost, and fast response of the proposed biosensor represents the promising potential of the aptasensors for on-site monitoring of the foodborne viruses. Although, its narrow linear detection range (20 aM to 120 aM) was a restriction to be addressed.



In another study, Escudero-Abarca et al. developed another specific DNA aptamer for GII.2 norovirus. Using aptamer magnetic capture (AMC) coupled with RT-qPCR assay, they successfully detected 10 RNA per sample of lettuce [116]. The capture efficiency of the developed aptamers were within the range of 2.5–36% with nanomolar affinities being reported. Later, Kim et al. used the same aptamer that was developed by Escudero-Abarca et al. and fabricated a very sensitive chemiluminescence-based biosensor for the direct quantification of GII.2 norovirus in tap water as low as 80 ng/mL with a linear detection range of between 0.16–10 μg/mL [117]. The developed assay was based on the association/dissociation of the aptamer from the virus capsid and quenching/emission of light in the presence of 3,4,5-trimethoxylphenylglyoxal (TMPG) and tetra-n-propylammonium hydroxide (TPA). The enhanced chemiluminescence was attributed to the five extra guanines at the 5′ end of the aptamer. The developed biosensor can be implemented for the analysis of different foodborne pathogens, such as salmonella, vibrio, and listeria.



In spite of the sound performance of the reported aptasensors, they are limited to one environmental virus, which reflects the complex and very difficult procedures of the aptamer selection. In contrast, the capability of MIPs to develop specific bio-recognition elements for numerous virus types can pave the way for the fabrication of various sensors for virus detection in real samples.






3. Conclusions and Future Directions


The use of MIPs and aptamers as robust receptors for environmental monitoring has shown promise as a possible replacement for other natural based bio-receptors, such as antibodies and enzymes. The literature has shown comparable growth in the number of publications focusing on the use of MIPs and aptamers in the detection of environmental contaminants, although it is interesting to note that these sensors often show a wide range of detection limits, selectivities, and concentration ranges. This might be due to systematic errors between sensor platforms and labs. Both technologies have demonstrated contrasting benefits and drawbacks when demonstrated in the application as recognition elements for the detection of analytes of different masses. This means that there is currently no perfect receptor for biosensor development. For the aptamers field, there is a need to move away from the selection of unmodified aptamers and focus on the development of modified aptamers, which would increase the repertoire of binding interactions for aptamers. However, the lack of simplified, cost effective selection methods for modified aptamers remains a significant bottleneck and, currently, the use of modified aptamers has been largely limited to the fields of drug therapeutics and biomedical fields. For MIPs, significant challenges remain for the development against larger targets, such as proteins and whole cells, which suffer from a lack of available water-soluble functional monomers while still showing significant non-specific binding and lack of access for large templates to their respective recognition sites. Currently, epitope based imprinting and solid phase imprinting have shown great potential as methods for synthesizing MIPs for pathogens. The lack of large-scale commercial development has been the biggest single drawback of both MIPs and aptamers in the last decade. Nevertheless, this is slowly changing with the increase in the number of companies that offer MIPs and aptamers. If we are to see the widespread adoption of these two technologies in this area, then, in general, we need to have at our disposal new simplified methods to develop both these types of technology to see their further commercialization and the eventual replacement of animal derived antibodies.
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Scheme 1. Aptamer and molecularly imprinted polymer (MIP) for environmental pollutant detection. 
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Figure 1. (a) Surface imprinting and a typical quartz crystal microbalance (QCM) curve for sensor response upon E. coli addition, (b) atomic force microscopy (AFM) pictures of four different imprinted polymers. Reprinted (adapted) with permission from [103]. Copyright (2017) Chemical Society American. 






Figure 1. (a) Surface imprinting and a typical quartz crystal microbalance (QCM) curve for sensor response upon E. coli addition, (b) atomic force microscopy (AFM) pictures of four different imprinted polymers. Reprinted (adapted) with permission from [103]. Copyright (2017) Chemical Society American.
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Figure 2. Scheme of MIP fabrication and sensing mechanism. Reproduced with the permission from [109]. 
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Figure 3. Schematic of the virus-magnetic-MIPs assay reproduced from [114]. 
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Figure 4. Schematic of the aptasensor for electrochemical detection of norovirus. Reproduced with the permission from [115]. 
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Table 1. Antibodies vs. MIPs vs. Aptamers.
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Antibodies

	
MIPs

	
Aptamers






	
Methods for Development




	
Immune response in animal host:



	
Several Months



	
Expensive



	
High immunological response needed



	
Any target (in vivo)



	
Animals needed






	
Molecular imprinting:



	
Several weeks



	
Cheap



	
Trial and error or rational design



	
Small molecule template (organic solvents), protein and cells (aqueous solution)






	
SELEX:



	
Several weeks



	
Expensive



	
Combinatorial Screening with Post SELEX modification



	
Any target (aqueous solution)









	

	
Production

	




	
Immune Response in Animals:

	
High batch-to-batch variation



	
Amino acid interactions



	
Limited functionality



	
End labelling possible



	
Low yields



	
Antigen required every time






	
Molecular Imprinting:

	
Moderate batch-to-batch variation



	
A large number of Functional monomers and interactions available



	
High functionality and tailorability



	
Non-specific labelling



	
Template dependent yield and cost



	
Template removal required






	
Solid-phase synthesis:

	
Low batch-to-batch variation.



	
Hydrogen bonding, electrostatic and G-Quadruplex structures



	
Functionality through chemical modification of structural DNA/RNA



	
End labelling possible



	
High Yields



	
Cheap to synthesize



	
Template free synthesis



	
Cheap to synthesize









	
Properties




	
Binding Affinity:

	
Small molecule targets (Low)



	
Protein and Cell targets (High)





Specificity::

	
Small molecule targets (low)



	
Protein and Cell targets (High)





Stability:

	
Low (Months)





Size:

	
< 12–15 nm






	
Binding Affinity:

	
Small molecule targets (high)



	
Protein and Cell targets (High)





Specificity:

	
Small molecule targets (High)



	
Protein and Cell targets (Low)





Stability:

	
High (Years)





Size:

	
3–5 nm






	
Binding Affinity:

	
Small molecule targets (Moderate)



	
Protein and Cell targets (High)





Specificity::

	
Small molecule targets (High)



	
Protein and Cell targets (High)





Stability:

	
High (Years)





Size:

	
50 nm to 100 µm
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Table 2. Detection of heavy metals using aptasensors.
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	Aptasensor
	Analyte
	Detection Method
	Linear Range

μg L−1
	LOD

μg L−1
	Ref.





	5′-GGGAGGGAACTGTTGTGGTATTATTTTTGGTTGTGCAGTAGGGCGGG-3′
	Cd2+
	Fluorescence
	0.112 × 101–0.224 × 103
	0.34
	[65]



	5′-HS-(CH2)6-TTTCTTCTTTCTTCCCCCCTTGTTTGTTT-Methylene Blue-3′
	Hg2+
	ATR-SEIRAS
	0.1 × 102–0.5 × 105 *
	0.1 × 102 *
	[66]



	5′-FAM-GGGTGGGTGGGTGGGT-3′
	Pb2+
	FRET
	0.5 × 10−2–0.2 × 102 *
	0.5 × 10−3 *
	[67]



	5′-GGGTGGGTGGGTGGGT-(CH2)6-NH2-3′
	Pb2+
	DPV
	0.1 × 10−3–0.1 × 103 *
	0.32 × 10−4 *
	[68]



	[5′ThioMC6-D/TT TCT TCT TTC TTC CCC CCT TGT TTG TTT 3′]
	Hg2+
	PEIS
	0.5 × 101–0.1 × 106 (water)

0.5 × 101–0.1 × 103(DMSO)
	0.1 × 102 (water)

0.5 × 101 (DMSO)
	[69]



	2is5′-FAM-CTCAGGACGACGGGTTCA-CAGTCCGTTGTC-3′
	Cd2+
	Fluorescence
	-
	0.4 × 102 *
	[70]



	C-PS2.M: CCCTTAATCCCCTTTGTGGGTAGGGCGGGTTGGAAACCCTTAATCCCC
	Cd2+
	Fluorescence
	0.5 × 101–0.5 × 102
	0.3 × 101 *
	[71]



	HP1:5′-TCTCCGCCGAGAGAGAGATCCAATCACAACTCTCTCTCTCGCCGTCTCTC-3′
	As3+
	Fluorescence
	0.1 × 10−3–0.1 × 105
	0.5 × 10-2
	[72]



	5’-ACCGACCGTGCTGGACTCTGGACTGTTGTGG
	Cd2+
	Colorimetric
	0.2 × 101–0.2 × 102
	0.112 × 101
	[63]



	5′-SH C6-CGGCTTTTGTTTT-3′
	Hg2+
	MRS
	0.1 × 102–0.5 × 104 *
	0.27 × 101 *
	[73]



	5´-FAM-CTCAGTCGACGACGGCCAGTAGCTGACATCAGTGTACGATCTAG-TCGTCGA
	Pb2+
	Fluorescence
	0.1 × 103–0.1 × 104 *
	0.607 × 102 *
	[74]



	5´-Biotin-TTCTTTCTTCTTTC-3´
	Hg2+
	Fluorescence
	0.2 × 101–0.160 × 103 *
	0.2 *
	[75]



	HS-(CH2)6-TTTTTTTTTTGGGGGGGGAAAAAAAA
	Hg2+
	SERS
	0.1 × 102–0.1 × 107 *
	-
	[76]



	5´-GGTTGGTGTGGTGGTTGGT-GTTGG-3´
	Pb2+
	SERS
	0.13–0.5333 × 102 *
	0.07 *
	[77]



	5´-NH2-C6-GTGGGTAGGGCGGGTTGG-3´
	Pb2+
	Optical
	0.5 × 103–0.1 × 105 *
	-
	[78]



	5′-GGGTGGGTGGGTGGGT-C6-SH-3′
	Pb2+
	DPV
	0.16 × 10−3–0.16 *
	0.32 × 10−4 *
	[79]



	5′-SH-(CH2)6-TTTCATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT-3′
	Pb2+
	Chronocoulometric
	0.5 × 10−1–0.1 × 103 *
	0.12 × 10−1 *
	[80]







* Concentration in (nM).
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Table 3. Detection of heavy metals using MIP based sensors.
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	Functional Monomer
	Cross Linker
	Analyte
	Detection Method
	Linear Range

μg L−1
	LOD

μg L−1
	Ref.





	Chitosan
	Epichlorohydrin
	Cu2+
	DPASV
	0.5 × 103–0.1 × 106 *
	0.15 × 103 *
	[81]



	3-(2-aminoethylamino)

propyltrimethoxysilane
	and tetra-ethylorthosilicate
	Co2+
	FAAS
	0.1 × 101–0.13 × 103
	0.15
	[82]



	methacrylic acid
	ethylene glycol dimethacrylate
	Hg2+
	SWASV
	0.7 × 10−1–0.8 × 102
	0.2 × 10−1
	[83]



	methacrylic acid
	ethylene glycol dimethacrylate
	Hg2+
	Potentiometry
	0.4 × 101–0.13 × 107 *
	0.195 × 101 *
	[84]



	polyethylenimine and methacrylic acid
	ethylene glycol dimethacrylate
	Cd2+
	Colorimetric
	0.1 × 101–0.1 × 103
	0.4
	[63]



	acryl amide
	N,N methylenebisacryl amide
	Co2+
	CSDPV
	0.5–0.5 × 103 *
	0.1 *
	[85]



	N-[4-(2-Oxo-2H-chromen-3-yl)-thiazol-2-yl]-acrylamide
	ethylene glycol dimethacrylate
	Hg2+
	Fluorescence
	0.5 × 10−1–0.12 × 101
	0.2 × 10−1
	[86]



	3-Aminopropyltriethoxysilane
	tetramethoxysilane
	Cu2+ Hg2+
	Fluorescence
	0.11–0.58 × 102 (Cu2+)0.26–0.34 × 102 (Hg2+)
	0.35 × 10−1 (Cu2+)0.56 × 10−1 (Hg2+)
	[87]



	4-vinyl pyridine
	ethylene glycoldimethylacrylate
	Pb2+
	DPV
	0.1–0.8 × 102
	0.5 × 10−1
	[88]



	cetyltrimethylammonium bromide
	tetraethylorthosilicate
	Pb2+Ag+
	Fluorescence
	0.5 × 102- 0.9 × 103 * (Pb2+)0.2 × 103–0.125 × 105(Ag+)
	0.26 × 102 * (Pb2+)0.86 × 102 *(Ag+)
	[89]







* Concentration in (nM). 
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