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Abstract

:

The accurate detection of biological substances such as proteins has always been a hot topic in scientific research. Biomimetic sensors seek to imitate sensitive and selective mechanisms of biological systems and integrate these traits into applicable sensing platforms. Molecular imprinting technology has been extensively practiced in many domains, where it can produce various molecular recognition materials with specific recognition capabilities. Molecularly imprinted polymers (MIPs), dubbed plastic antibodies, are artificial receptors with high-affinity binding sites for a particular molecule or compound. MIPs for protein recognition are expected to have high affinity via numerous interactions between polymer matrices and multiple functional groups of the target protein. This critical review briefly describes recent advances in the synthesis, characterization, and application of MIP-based sensor platforms used to detect proteins.
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1. Introduction


Molecular imprinting is a well-established technique used to obtain synthetic materials with “molecular memory”. Simply, it is the process of performing the polymerization of proper functional monomers in the presence of a related target molecule called a “template” [1,2]. Molecular imprinting is an outstanding technology that incorporates molecular affinity sites into homogeneous polymeric matrices. Using this technique, selective polymeric matrices have been successfully prepared for a variety of templates—from viruses to biomacromolecules—regardless of size [3]. Specific molecular recognition is the essential process controlling both biological form and function. This fascinating and ubiquitous biological phenomenon is mainly mediated by proteins. Proteins are complex assemblies of macromolecules with regions that can interact and bind controllably and specifically with target molecules [3]. Moreover, proteins constitute one of the most significant categories of biomarkers [4]. They have broad applicability in numerous fields, including the selective detection of protein targets, clinical diagnostics and recuperative monitoring, the control of bioreactors, and the detection of organisms and toxins, along with bioterror agents.



Some challenges can be raised when a template is a biomacromolecular protein, as classical bulk processes developed for small analytes often need to address the features of protein targets. These challenges mainly arise due to the actual features of proteins: (i) because of their fragility, potentially irreversible conformational changes can take place during the polymerization process [5], and the rebinding of the natural conformation to such imprinted sites is not preferred; (ii) moreover, the macro-size of proteins beclouds their separation from or rebinding to a highly cross-linked three-dimensional polymeric structure generally employed in small-analyte imprinting, means that biomacromolecules can be permanently captured in the polymeric substance during the imprinting process (iii) the potential binding sites on the surfaces of proteins may cause cross-reactivity of the imprinted polymers and non-specific adsorption onto a bulk polymeric substance [1]. Furthermore, the span of protein targets applied is slim and limited to templates with features that make the imprinting process easier. Accordingly, proteins incorporating satisfactory conformational stability and various physical–chemical characteristics are generally preferred. Such properties include high isoelectric points and glycosylation. They facilitate the formation of potent and selective interactions, or the mixture of the two, namely, the electrostatic interactions between positively charged proteins and negatively charged polymers, glycan fragments, and (aminophenyl)boronic acid monomers. Such formation strongly indicates that enhancements in selectivity and affinity are necessary in order to consider macromolecular imprinting other than as a proof-of-concept level technique.



MIPs are analogues of natural antibody–antigen and enzyme–substrate systems. Therefore, the “key-lock” mechanism is mimicked during the synthesis phase to recognize the target molecule selectively. Compared to natural antibodies, MIPs display many attractive characteristics, such as simple preparation, cost-effectiveness, stability, reusability, and tolerance to harsh conditions including pH, high temperature, organic solvents, etc. Owing to these superior features, MIPs have demonstrated remarkable potential in many application areas, including separation [6], bioassays [7], disease diagnosis [8], cancer therapy [9], single-cell analysis [10], drug delivery [11], bioimaging [12], toxin neutralization [13], and so on. Herein, a crucial examination of protein imprinting and MIP-based sensor development methods will be presented, with the objective of identifying the most promising approaches to the development of an MIP-based sensor with sensitive and selective properties for a protein target. The overhead scheme reflecting the outline of this review is as follows: the description of MIPs (Section 2) and a general overview of the MIP procedure (Section 2.1 and Section 2.2) are presented, followed by a broad review of the sensor modifications, applications, and performance of MIP-based sensors (Section 3) with respect to protein detection. Subsequently, this review’s critical conclusions are presented (Section 4).




2. Molecularly Imprinted Polymers (MIPs)


MIPs are functional porous materials that offer analyte-based targeting via high-affinity binding sites customizable to their size, shape, and functionality [14,15]. Molecular imprinting was initially developed by Polyakov [16] in the 1930s. Advancing to the 1970s, Wulff and Sarhan [17] made further advancements; however, in the 1990s, Mosbach and co-workers [18] introduced the non-covalent imprinting approach, which has augmented the popularity of MIPs. It is based on a templating technique through which specific molecular recognition sites in networks of synthetic porous polymers can be produced [19].



2.1. MIP Design


Polymeric receptors such as MIPs are crucial to multi-synthetic processes because of their recognition properties [20]. The molecular imprinting technique involves the formation of a pre-polymerization complex of the target molecule acting as a template with functional monomers capable of undergoing weak non-covalent interactions [21] or forming reversible covalent bonds [22] with the target, as shown in Figure 1. The polymeric matrix is synthesized in the presence of the template molecule. The next step of the process is that the functional groups are kept in place by a highly cross-linked polymer matrix, thus trapping the template in a rigid cavity. Consequently, the pre-polymerization complex thus formed is polymerized [23]. As the polymerization process ends, the template is removed from the resulting polymer matrix to obtain MIP. This process results in polymeric materials containing micro- or nano-sized cavities that match the functionality, shape, and size of the template molecule. These cavities are used for the selective binding of target species structurally and chemically similar to the original template analyte [24,25,26,27]. Numerous methods have been developed to prepare MIPs, which are categorized as covalent, non-covalent, semi-covalent, and metal–ion exchange imprinting methods. However, the non-covalent approach has been the most widely used among these strategies [28].



Although molecularly imprinted polymers are prepared using different methods, such as bulk imprinting, surface imprinting, and epitope imprinting, all methods use the same fundamental principles:




	(i)

	
A pre-polymerization complex is formed, incorporating the template molecule covalently or non-covalently linked to functional monomer(s).




	(ii)

	
The polymer is crafted using an initiator with a pre-polymerization complex and crosslinker.




	(iii)

	
The template is removed from the polymer, forming specific binding sites specific to the template molecule. Therefore, MIP cavities are suitable for selective template rebinding.




	(iv)

	
When the MIP interacts with the template-containing sample in the complex medium, only the template molecule binds selectively/specifically to the cavities.









MIP Preparation Process


Usually, one to four monomers are used to prepare MIPs. The use of a proper preparation method is crucial to produce MIPs with desired properties. In general, free radical polymerization and sol–gel processes are fundamental to MIP preparation mechanisms. There are various molecular imprinting techniques [30]:



Bulk imprinting: In the bulk-imprinting technique, a target analyte is incorporated directly into the polymer matrix a whole [31]. Grinding and sieving should be performed for further MIP application.



Surface imprinting: In the surface-imprinting technique, binding sites are formed on the surface of the polymer matrix [32].



Epitope imprinting: In epitope imprinting, a pseudo template based on the partial structure or fragment of the target protein is used to prepare imprinted polymer materials [33].



Nanoimprinting: Recently, the development of molecular imprinting nanotechnologies has gained significant interest, particularly with respect to nanostructured MIPs (N-MIPs), which show greatly enhanced properties in contrast to bulk MIPs. This method provides good accessibility to target species and improves binding kinetics and capacity [30].



A template molecule, a functional monomer, a crosslinker, a polymerization initiator, and a solvent (porogen) are fundamental elements of a typical MIP synthesis procedure. Since many factors are customizable and can severely impact the result of any polymerization reaction, a possible way to create superior MIPs lies in the type and amount of monomers, crosslinkers, and initiators, also important parameters are the type/amount of solvent; the temperature; and the type and duration of the reaction, which has already been performed many times. Template molecules, functional monomers, and crosslinkers, hence the term “the three main elements of molecular imprinting,” need to be specifically investigated [30].



MIPs can bind to the target molecule selectively or specifically, with high-affinity binding occurring whether the target molecule is in a complex matrix such as a biological fluid [34], on a cell’s surface, or in tissue [35]. Functional monomers provide a hydrogen-bonding function or a covalent-bonding reactive substituent with the target. Examples of functional monomers are acrylamide, methyl methacrylate (MMA), methacrylic acid (MAA), aniline, and pyrrole. Following the utilization of a suitable crosslinker (e.g., ethylene glycol dimethacrylate (EGDMA)) and a polymerization initiator, usually azobis(isobutyronitrile) (AIBN), polymerization is initiated by heating or UV radiation [36]. Today, MIPs can be prepared in such varieties as macro, micro, and nanomaterials [37] thanks to the technical advances in the specialization of polymer synthesis [38].



Comparatively, MIPs uniquely and mainly offer structure predictability, recognition specificity, and applicational universality. As a result, they have received overall engagement due to their high stability, simple preparation, excellent robustness, and low cost. This level of engagement allows them to be exploited in many fields, such as purification and separation, chemical- or bio-sensing, artificial antibodies, drug delivery, catalysis, and degradation [30]. The mechanical, chemical, and thermal stability; ease of preparation; and relatively low cost of MIPs compared to biological recognition materials make them essential for different analytical applications [39]. One of the attractive features of the molecular-imprinting technique is that it can be applied to a broad range of target molecules. Such a property supports their use in various application fields, such as drug delivery processes, environmental samples, and preparing food, toxins, pesticides, and other molecules, which are otherwise difficult to isolate, identify, and detect [40]. Over the recent years, the field of molecular imprinting has grown quickly and expanded tremendously. Furthermore, currently, there are completely novel areas where imprinted polymers are being used [41]. MIPs can theoretically be prepared for any molecule or compound. However, the best results have been obtained for substances with molecular weights between 200 and 1200 Da [42]. Although MIPs with major selectivity for low molecular weight molecules are being synthesized, imprinting with large macromolecules continues to be challenging [41]. Larger templates are less rigid and, therefore, may not facilitate the creation of well-defined binding sites during the imprinting process. Furthermore, the secondary and tertiary structures of macro biomolecules such as proteins can be affected when they are subjected to the thermal or photolytic treatments involved in the synthesis of MIPs. Rebinding is also more difficult, as large molecules such as peptides and proteins cannot easily diffuse into the polymer network to reoccupy binding cavities [43]. The epitope-imprinting technique offers some important advantages such as low cost, easy availability for large template molecules, and high effectiveness with respect to template immobilization on a substrate’s surface [44].



As a synthetic analog, MIPs have been well incorporated into analytical methods, including diagnostics [45], chromatography [46], and sensor platforms [47,48]. MIPs can be prepared on sensor substrates in various physical forms such as thin films, porous microspheres, nanospheres, nanowires, nanostructured films, nanocomposites, and semi-soluble nanogels [49]. MIPs constitute one of the most interesting forms of surface modification, and can be combined with sensors [50]. Moreover, the integration of these artificial recognition materials with nanostructured materials such as carbon dots, carbon nanotubes, gold nanoparticles, and magnetic nanoparticles for conductivity enhancement and signal amplification has been successfully achieved in recent times [51,52,53,54,55]. MIPs have been shown to be reliable and cost-effective materials offering selective detection in various applications, including clinical diagnosis [43], environmental monitoring [56], food control [57], and homeland security [58]. As a multidisciplinary technology, molecular imprinting is rapidly evolving, with developments in polymer science, nanotechnology, biotechnology, analytical chemistry, environmental science, and other related fields. Concurrently, the synergy between technological development and strategic advancements will create stable improvements in molecular imprinting technology and lead to significant breakthroughs. All these desirable factors have resulted in the urge to employ MIPs as recognition elements in chemical- and biosensors [14]. The critical parameters regarding the application of MIPs to sensing devices involve the imprinting factor (IF), coupling capacity, and response time [36].



To determine imprinting efficiency, a non-imprinted polymer (NIP) corresponding to an MIP should also be synthesized as a control polymer in the absence of a template molecule. For this reason, the physical, chemical, and functional characterization of MIP and NIP materials commonly involves a wide range of analytical techniques [59].



The physical characterization techniques to determine the surface and morphological features of MIPs include electrochemiluminescence; differential scanning calorimetry (DSC); atomic force microscopy (AFM); MIP particle size analysis, such as dynamic light scattering (DLS), static light scattering, and laser diffraction; specific surface area and pore size calculation (Brunauer–Emmett–Teller (BET) analysis); Raman spectroscopy; swelling tests; scanning electron microscopy (SEM); thermogravimetric analysis (TGA); transmission electron microscopy (TEM); X-ray photoelectron spectroscopy; X-ray powder diffraction; and zeta potential analysis [60].



On the other hand, the chemical characterization techniques include IR spectroscopy, elemental analysis, and NMR spectroscopy. In addition, NMR, IR, and UV–Vis spectroscopy are employed to monitor functional monomer–template molecule interactions that occur in pre-polymerization complexes [60].





2.2. Use of Non-Imprinted Polymers (NIPs) and Determination of Imprinting Factor (IF)


Any MIP-based analytical approach consists of synthesizing an NIP as well. This polymer is produced under the same conditions as the corresponding MIP but without the template. Then, the NIP is processed accordingly to reveal the presence of imprinted regions in the MIP [61]. NIPs serve as a “control” to assess the selectivity of the interactions between synthesized MIPs and the template molecule, which is specific for MIPs but not for NIPs [62]. Compared to NIPs, MIPs have better binding capacity and selectivity [63]. The calculated binding ratio between MIPs and NIPs is called the imprinting factor (IF) (Equation (1)):


  I F =  k  M I P   /  k  N I P    



(1)







Here, kMIP and kNIP represent the binding capacities in a monolayer polymer surface.




2.3. Combination with Sensors


Chemical- and biosensors are attracting increasing interest in modern analytical chemistry due to the various approaches and techniques necessitated by new requirements and emerging prospects. The fields of interest range from clinical diagnostics to environmental analysis, food analysis to production monitoring, and the detection of illicit drugs and genotoxicity with the addition of chemical warfare agents [14]. A typical sensor consists of two fundamental functional units: a recognition element ‘receptor’ and a translating physicochemical transducer. The receptor is responsible for the selective recognition of the target analyte, whereas the transducer, which can be electrochemical, optical, or mechanical, is responsible for the conversion of the chemical or biological recognition into a measurable signal [64].



The most known traditional method of producing MIPs uses free radical polymerization; however, for the preparation of molecularly imprinted thin or nano polymer films directly on the electrode’s (or chip’s) surface, electrochemical polymerization is the procedure that is being chosen with greater frequency [65,66,67]. Moreover, MIP NPs (nanoMIPs) have been also synthesized using the solid-phase synthesis technique [68]. The various surface imprinting methodologies used in the synthesis of MIP films for selective recognition of proteins are shown in Figure 2.





3. Protein Detection


The most crucial parameters characterizing the performance of MIPs are specific affinity and the high selectivity of protein rebinding, which emphasize the linear range of concentrations such as a low limit of detection (LOD) and cross-reactivity. This review presents MIP sensor applications for protein detection published in the last decade.



3.1. MIP-Based Optical Sensors


MIP-based optical sensors are based on the change in the optic features of the device during biorecognition that is to be revealed and measured. There has been a significant increase in the study of MIP-based optical sensors in the literature in recent years [69]. Notably, surface plasmon resonance (SPR) sensor technology has been broadly used for the sensing of various biological and chemical analytes throughout the past decade [70].



3.1.1. Albumin


Human serum albumin (HSA) is the most abundant protein in the human body and contains 585 amino acids at concentrations of almost 3.5–5 g/dL [71]. Albumin protein determination has attracted great interest as a basic and rapid methodology for the early diagnosis of kidney diseases [72]. In a relevant work, Esentürk et al. designed an MIP-based nanoparticle-attached SPR sensor for the detection of microalbumin in a buffer solution and urine sample [73]. The authors synthesized albumin-imprinted nanoparticles using EGDMA and N-methacryloyl-L-leucine methyl ester as a cross-linker and a functional monomer, respectively. The physical characterization of MIP nanoparticles was accomplished using FTIR, DLS, and SEM. A modified SPR sensor chip surface was also examined via contact angle measurement, ellipsometer, and AFM. The LOD and limit of quantification (LOQ) values of the albumin-imprinted SPR sensor were found to be 0.7 pM and 1.9 pM, respectively, within the linear concentration range of 0.15–500 nM.



Wang and Wei [74] developed an MIP-based SPR sensor chip for the detection of bovine serum albumin (BSA) by the electropolymerization of (3-aminophenyl)boronic acid (3-APBA). The surface morphologies of MIP and NIP films were characterized by SEM analysis and nanosized cavities formed homogeneously on the MIP film surface were observed. Optimization and selectivity studies were conducted for MIP-based SPR sensors and the LOD was found to be 0.02 mg/mL.



Recently, Cennamo and co-workers [75] developed a novel SPR probe based on a poly(methyl methacrylate) (PMMA) slab waveguide covered by a gold nanofilm combined with an MIP receptor for the detection of BSA protein. BSA concentrations were tested from 10−10 to 10−5 M, and the sensor displayed an LOD value of 8.5 × 10−9 M. The schematic image of the SPR sensor’s cross-section is depicted in Figure 3.




3.1.2. Myoglobin, Hemoglobin, and Other Proteins


In an earlier study, Osman et al. designed an SPR sensor using the microcontact technique for the detection of myoglobin in human serum [76]. A myoglobin-imprinted poly(hydroxyethylmethacrylate-N-methacryloyl-L-tryptophan methyl ester) [poly(HEMA-MATrp)] nanofilm was prepared on the surface of an SPR sensor. The performance of the MIP-based SPR sensor was evaluated using myoglobin solutions in a buffer and the serum obtained from a patient with acute myocardial infarction. The sensor demonstrated good linearity in the range of 0.1–1.0 μg/mL with an LOD of 87.6 ng/mL.



Saylan and Denizli [77] developed an MIP-based SPR sensor for the detection of hemoglobin. In this study, the template molecule hemoglobin was imprinted on an acrylamide nanofilm using the photopolymerization technique. The MIP nanofilm surface was characterized by AFM and an ellipsometer (Figure 4). The developed SPR sensor showed a linear concentration range between 0.5 µg/mL and 1.0 mg/mL for hemoglobin detection with an LOD value of 0.35 µg/mL.



Casein proteins make up the largest group of proteins in milk and are, therefore, the most common milk protein allergen in food ingredients. Ashley et al. designed MIP nanoparticle (nanoMIPs)-based SPR sensors for the detection of alpha casein protein as an allergen biomarker [78]. The nanoMIPs were synthesized using a solid-phase imprinting method and were subsequently integrated into an SPR sensor for a label-free detection platform. The nanoMIP-modified SPR sensor chip’s surface was characterized using AFM (Figure 5). This MIP-based SPR sensor demonstrated a better performance than existing commercially available ELISA kits, with an LOD of 127 ± 97.6 ng/mL. Notably, this work is very instructive because it illustrates the integration of nanoMIPs with SPR detection very well.





3.2. MIP-Based Piezoelectric Sensors


Piezoelectric sensors are mass-sensitive platforms and have been broadly explored in combination with MIPs. The quartz crystal microbalance (QCM) is the sensor platform commonly used in this field. Previous achievements have demonstrated that MIPs are capable of being integrated in QCM sensors. Furthermore, surface acoustic wave (SAW) sensor applications of MIPs have also been reported in recent years.



3.2.1. Albumin


In a successful earlier work, Ma et al. fabricated an epitope-imprinted polymer-based QCM sensor for the detection of albumin [79]. The epitope-imprinted polymer was synthesized in N,N-dimethylformamide using the C-terminus epitope of the template protein HSA and zinc acrylate as the functional monomer. Then, HSA was desorbed from the polymer film to create selective binding sites. Finally, a simple drop-coating technique was employed to obtain the epitope-imprinted QCM sensor chip. According to the results obtained, it was reported that the epitope-MIP was selective for HSA, whereas NIP was not. The IF values for horseradish peroxidase (HRP), lysozyme (Lyz), and transferrin (Trf) were calculated to be 2.2, 1.6, and 2.9, respectively, which are all lower than the IF of 6.9 for HSA. The fabrication procedure of the epitope-MIP-QCM sensor is shown in Figure 6.



Recently, Sudjarwo et al. reported the use of nanoMIP-coated-QCM-sensing platforms for the detection of albumin using N-Isopropylacrylamide, N-tert-butyl acrylamide, and N, and N′-methylene bisacrylamide as functional monomers and cross-linkers [80]. In this study, Stern–Volmer plots based on fluorescence experiments led to selective binding to HSA with selectivity factors of 1.2 compared to BSA, 1.9 for lysozyme, and 4.1 for pepsin. Subsequently, the binding results were proven by direct QCM assays confirming the binding of nanoMIPs to HSA on QCM surfaces with an LOD value of 80 nM.




3.2.2. Other Proteins


In a seminal work, Tretjakov et al. designed a novel label-free SAW sensor system based on an MIP receptor for the detection of immunoglobulin G (IgG) [81]. The polymeric nanofilms with surface imprints of IgG-MIP were prepared on SAW sensor-multiplexed chips using the electrosynthesis method. The gold surface of the SAW sensor chip was preliminarily cleaned with piranha solution. Then, IgG was immobilized on the cleaned surface through the 3,3′-dithiobis[sulfosuccinimidylpropionate] (DTSSP) cleavable crosslinker (Figure 7) [81]. The results confirmed that polymer film’s thickness affected the recognition performance of IgG-MIP toward IgG, which was optimized by the amount of electrical charge used in the electrodeposition process. The IgG-MIP SAW sensing platform enabled the real-time binding analysis of IgG in the presence of IgA and HSA as the interfering proteins with high sensitivity and selectivity.



In another interesting study, Kidakowa and co-workers [82] developed an MIP film-coated SAW sensor to selectively detect the cerebral dopamine neurotrophic factor (CDNF) protein. It is a potential biomarker for the early-stage diagnosis and/or follow-up of neuroprotective therapies. In the first step, they modified the sensor’s surface with the target protein (CDNF) via a 4-ATP/DTSSP linker system with a cleavable S-S bond. Afterwards, the electropolymerization of m-phenylenediamine (mPD) was conducted at a constant potential (0.6 V versus Ag/AgCl/1 M KCl) and the thus formed poly-mPD film was applied to the sensor’s surface (Figure 8). The thicknesses of the poly-mPD films were characterized with an ellipsometer. A CDNF-MIP layer with a 4.7 nm thickness showed the highest relative rebinding toward CDNF.





3.3. MIP-Based Electrochemical Sensors


An electrochemical sensor is a device that transforms the interaction of a molecule with a receptor on an electrode’s surface into a measurable analytical signal. Electrochemical sensors use different electroanalytical techniques; the commonly measured characteristics in this regard include amperometry, voltammetry, potentiometry, conductivity, and capacitance or impedance changes [52].



To date, MIPs have been well-integrated in electrochemical sensors as selective recognition layers. In an interesting example of this matching, Duan et al. fabricated a novel MIP-based electrochemical sensor for the highly sensitive detection of BSA [83]. The authors prepared 3D porous electrocatalytic framework materials (AuNPs@NH2-MIL-125(Ti) composites) and graphene-modified glassy carbon electrodes. The interaction of the monomer L-Cys with AuNPs through the formation of a SH-Au bond and the electrostatic interaction of BSA via hydrogen bonding were characterized by UV–Vis absorption spectroscopy, and the morphology of the MIP-coated electrode surface was visualized by SEM, TEM, and AFM. The 3D MIP-based electrochemical sensor exhibited a broad linear range of 10−18 to 10−12 g/mL of BSA under optimal conditions. Notably, an extremely low LOD was found, namely, 4.147 × 10−19 g/mL.



In another successful work, Stojanovic and colleagues [84] developed a polyscopoletin-based MIP nanofilm for the electrochemical detection of elevated HSA in a urine sample. The chemical sensor’s fabrication was achieved by the controlled deposition of MIP nanofilms directly onto an electrode surface. The formation of scopoletin by electropolymerization leads to the formation of an insulating polymer film whose thickness can be adjusted to match the characteristic dimensions of the protein (Figure 9). The developed HSA sensor was successfully used to analyze urine samples of patients with albuminuria. The results suggest that MIP-based sensors may be applicable for measuring high-abundance proteins in a clinical setting.



Cieplak and co-workers [85] designed an electrochemical sensor for the selective and sensitive detection of HSA. They used semi-covalent molecular imprinting for this goal. The HSA-imprinted electrochemical sensor was prepared using a semi-covalent imprinting technique on a Au disk electrode. The MIP thin film was synthesized by oxidative electropolymerization in the presence of a bis(2,2′-bithien-5-yl)methane cross-linker. This MIP was deposited as a thin film on a Au electrode by oxidative potentiodynamic electropolymerization to fabricate an electrochemical sensor. The DPV response of the HSA-imprinted sensor was linear, in the range of 0.8 to 20 µg/mL, with an LOD of 16.6 ng/mL. Moreover, the MIP-based electrochemical sensor’s selectivity against myoglobin, lysozyme, and cytochrome c was reported to be excellent.



In another study, Li et al. developed an MIP electrochemical sensor for the detection of BSA [86]. In this study, the authors proposed a novel method based on enzyme amplification. The detection of BSA was performed using the epitope-imprinting technique. Nonapeptide and o-phenylenediamine were chosen as a template and functional monomer to prepare the MIP thin film. The developed sensor exhibited a linear relationship, with differential pulse voltammetric current variation in the range of 1.0–150 ng/mL, and the LOD was 0.02 ng/mL.



Wang and co-workers [87] developed an MIP-based electrochemical sensor by the electropolymerization of pyrrole in the presence of a template molecule—bovine hemoglobin (BHb). MIP film was coated on an ionic liquid/graphene (IL/GR) modified glassy carbon electrode (IL/GR/GCE). The prepared MIP-based electrochemical sensor had a broad linear range from 1.0 × 10−7 to 1.0 mg/L under the optimized conditions with an LOD of 3.09 × 10−9 mg/L. In another work, Luo and Liu [88] designed an electrochemical sensor for the selective detection of BHb. They prepared a novel graphene-molecularly imprinted polymer composite. The selective detection of BHb was achieved in the concentration range of 1.0 × 10−9 to 1.0 × 10−1 mg/mL under optimized experimental conditions and the LOD was 2.0 × 10−10 mg/mL.



C-reactive protein (CRP), a very important biomolecule of the immune system, is a clinical biomarker closely associated with cancer and cardiovascular and neurological diseases. Cui et al. prepared a highly sensitive and specific MIP-based CRP electrochemical sensor, in which conductive and biocompatible graphdiyne (GDY) nanosheets and antifouling polyethylene glycol (PEG) were combined to support the recognition of CRP. The designed sensor displayed a broad detection in the range of 10−5–103 ng/mL with a 0.41 × 10−5 ng/mL LOD value [89]. A schematic diagram of the CRP-imprinted sensor is given in Figure 10.



Rebelo and co-workers [90] developed an electrochemical sensor based on MIPs for the detection of the CA-125 biomarker. In this study, carbohydrate antigen 125 (CA-125) protein, an ovarian cancer biomarker, was chosen as the target for the production of an MIP-based sensor. The determination of the CA-125 biomarker was made through the comparison of two transducers: an electrochemical (square wave voltammetry-SWW) and an optical (SPR) transducer (Figure 11). The electrochemical sensor presented good analytical performance, yielding remarkable selectivity and an LOD of 0.01 U/mL. This sensor provided a linear concentration range from 0.01 U/mL to 500 U/mL.



Optical, piezoelectric, and electrochemical sensing platforms based on molecularly imprinted polymers have special relevance in real-life applications and point-of-care testing in biological fluids. A summary of MIP-based sensors developed for the detection of template proteins is given in Table 1. The detection of proteins in complex biological samples has far-reaching importance across proteomics and molecular medicine. MIP-based sensors possess a unique combination of features, such as robustness, high affinity, specificity, and cost-effective preparation, which makes them attractive alternatives to natural receptors. Thus, to date, MIPs have been employed for the direct detection of various proteins.





4. Conclusions


Currently, the label-free and real-time sensing of proteins is in high demand not only in clinical practice but also in fundamental research as an alternative to the commonly employed label-based detection methodologies, which can affect the interfacial activity of the resulting protein and are very laborious.



High-selectivity molecules or coatings, such as antibodies or enzymes, are of great importance in biology, chemistry, and diagnostics. Manufacturing these natural receptors, however, is expensive or difficult. They are also biomolecules, which limits their lifetime and applicability. Molecular imprinting is a technology designed to overcome these challenges. MIPs constitute a specific type of polymer that is formed according to the volume, shape, and molecular structure of the template. MIPs have many advantages, such as their tailor-made nature, which enables the recognition of a broad range of target analytes or compounds; excellent chemical and physical stability; compatibility with organic media; potential reusability; simple engineering; and cost-effectiveness. Moreover, MIPs have highly selective affinity for target molecules employed in the imprinting process, their synthesis is relatively cheap, and their longer degradation times provide the recognition sites to retain for quite a long time at room temperature. Occasionally, cost is also an extra factor; in this regard, MIPs are usually cheap when compared to the cost of natural antibodies and are relatively cost-effective materials considering their long-term storage properties and reusable features. Furthermore, the chemical stability and thermal stability of MIPs are very good. Therefore, these benefits have garnered significant interest in MIPs. MIP-based sensors are systems that synergistically combine the advantages of MIPs, particularly their selectivity, with the intrinsic gains of sensors. Sensors offer simplicity, sensitivity, portability, and fast analysis in a user-friendly way. Consequently, these properties found their way into MIPs, which are such vital elements in the health monitoring field. The general strategy lies in sending a measurable signal to the user. To achieve this result, an MIP is attached to the surface of a transducer, which detects binding events between the MIP and the target analyte, thus sending the aforementioned signal. This process usually necessitates the preparation of an MIP in film format. At that point, sensitivity of the device depends on the thickness and porosity of the film, which need to be optimized.



In this context, developing mechanically robust and susceptible sensors for detecting proteins of interest could help diagnose and monitor various illnesses. Their rapid production, cost-effectiveness, simple handling, and portability are the main factors that have resulted in these sensors’ wide investigation in healthcare monitoring. This is where the molecular-imprinting technique comes into play. The selective and sensitive response of a sensor via a precisely designed biorecognition element is achievable through MIPs. Their high stability and resistance to degradation, low cost, and simple production techniques make them ideal candidates for this task. These materials are cheaper to synthesize and can be produced in large quantities with good reproducibility. However, some weaknesses of molecular imprinting technology need to be overcome, such as template leakage, poor accessibility to binding sites, low binding capacity, and non-specific binding. The epitope-imprinting technique is among the most promising approaches for the formation of efficient synthetic adsorbents for proteins and, simultaneously, avoids the limitations involved in the manipulation of all biological receptors. The surface-imprinting technique is currently one of the most popular and general methods for protein imprinting and successfully solves the diffusion limitation problem caused by the large sizes of proteins.



Recently, the producers of affinity-based sensing devices started to base their development strategies on MIPs thanks to their advantages such as low cost, good reproducibility, and good stability compared to natural bioreceptors. Among the plethora of biomimetic recognition schemes utilizing supramolecular approaches, MIPs have proven their potential as synthetic receptors in numerous application analyses and sensor technologies. It is reasonable to predict that commercial applications of MIPs for sensors will emerge in the foreseeable future, given the considerable number of reports of MIP-based protein sensing in the literature. However, there is still a great deal of research to be performed, especially with respect to in vivo applications and the market production of MIP-based protein sensors.
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Figure 1. MIP procedures: non-covalent and covalent imprinting. (Adapted from [29]). 
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Figure 2. The various surface-imprinting approaches for selective recognition of proteins: (A) electropolymerization; (B) preconcentration of the protein on the electrode surface; and (C) self-assembly on an anchor layer. Reprinted from [1] with permission from Erdőssy et al. 
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Figure 3. (a) The SPR sensor chip’s cross-section. (b) Experimental setup. Reprinted from [75] with permission from Cennamo et al. 
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Figure 4. AFM and ellipsometer images of the NIP (A,C,D) and MIP (B,E,F) nanofilms. Reprinted from [77] with permission from Saylan et al. 
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Figure 5. (A) SPR sensorgram; AFM image of (B) bare gold, (C) SAM monolayer, and (D) covalently attached nanoMIPs. Reprinted from [78] with permission from Ashley et al. 
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Figure 6. The preparation process of epitope-imprinted-QCM sensor. Reprinted from [79] with permission from Ma et al. 
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Figure 7. Schematic image of the synthesis procedure for IgG-MIP sensing layer in combination with SAW sensor chip. Reprinted from [81] with permission from Tretjakov et al. 
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Figure 8. The surface-imprinting technique for synthesis of the CDNF-MIP film on SAW chip’s surface using the electropolymerization method; (A) The gold surface of SAW sensor chip and 4-ATP monolayer formation; (B) 3,3′-dithiobis [sulfosuccinimidylpropionate] (DTSSP) linker grafting; (C) immobilization of the target protein CDNF; (D) electropolymerization of poly-mPD; (E) removal of target protein CDNF; (F) CDNF-MIP layer. Reprinted from [82] with permission from Kidakowa et al. 
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Figure 9. Schematic diagram of the surface-imprinted polyscopoletin nanofilm and its use for protein detection. Reprinted from [84] with permission from Stojanovic et al. 
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Figure 10. Schematic diagram of the CRP imprinted sensor. Reprinted from [89] with permission from Cui et al. 
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Figure 11. Schematic diagram of the MIP assembly for electrochemical and optical sensors. Reprinted from [90] with permission from Rebelo et al. 
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Table 1. MIP-based sensors developed for the detection of protein targets.
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Sensor Type

	
Template Protein

	
Cross Linker/Functional Monomer

	
Ref.






	
Optical

	
Albumin (HSA, BSA)

	
Ethylene glycol dimethacrylate/N-methacryloyl-L-leucine methyl ester

	
[73]




	
(3-aminophenyl)boronic acid (3-APBA)

	
[74]




	
poly(methyl methacrylate) (PMMA) slab waveguide

	
[75]




	
Myoglobin

	
hydroxyethylmethacrylate/N-methacryloyl-L-tryptophan methyl ester

	
[76]




	
Hemoglobin

	
Methylenebisacrylamide/acrylamide

	
[77]




	
Casein

	
N-tert-butylacrylamide (TBA), N-(3-aminopropyl)methacrylamide HCl (APM)/N,N′-methylenebis(acrylamide) (BIS)

	
[78]




	
Piezoelectric

	
Albumin (HSA, BSA)

	
N,N-dimethylformamide/zinc acrylate

	
[79]




	
N-Isopropylacrylamide, N-tert-butyl acrylamide/N, N′-methylene bisacrylamide

	
[80]




	
Immunoglobulin G (IgG)

	
3,3′dithiobis[sulfosuccinimidylpropionate] (DTSSP)

	
[81]




	
Cerebral dopamine neurotrophic factor (CDNF)

	
m-phenylenediamine (mPD)/4- 4-aminothiophenol (4-ATP)-3,3′-dithiobis [sulfosuccinimidylpropionate] (DTSSP)

	
[82]




	
Electrochemical

	
Albumin (HSA, BSA)

	
amino-functionalized Ti-benzenedicarboxylate porous metal-organic frameworks (Au/NH2-MIL-125(Ti))/l-cysteine (L-Cys)

	
[83]




	
N, N′-methylene bisacrylamide/N-tert-butyl acrylamide

	
[84]




	
5,5′,5′-methanetriyltris(2,2′-bithiophene)/2,2′-bithiophene-5-carboxylic acid 1, p-bis(2,2′-bithien-5-yl)methylalanine

	
[85]




	
o-phenylenediamine

	
[86]




	
Hemoglobin

	
glassy carbon electrode (GCE)

	
[87]




	
Graphite oxide (GO)/dopamine

	
[88]




	
C-reactive protein (CRP)

	
biocompatible graphdiyne (GDY) nanosheets/anti-fouling polyethylene glycol (PEG)

	
[89]




	
Carbohydrate antigen 125 (CA-125) protein

	
Poly(pyrrol)/Cysteine chloride

	
[90]
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