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„Every aspect of the world today  

– even politics and international relations –  

is affected by chemistry“. 

 Linus Pauling    
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Abstract 

In medical, environmental, chemical and food sciences, there is a growing need for efficient 

and selective separation and isolation of specific target substances in complex mixtures. A 

promising method to meet this need is templating polymers for the creation of selective 

synthetic receptor materials based on cross-linked polymeric networks, so-called molecularly 

imprinted polymers (MIPs). Nevertheless, the imprinting of biomacromolecules especially 

proteins is a challenging task in comparison to small molecules due to their large dimensions, 

limited solubility and stability, complex structure, and structural flexibility in solution. A very 

promising and innovative technique for the imprinting of biomolecules is inhibitor-assisted 

imprinting.   

In this cumulative thesis based on four peer-reviewed journal articles, core-shell MIPs are 

produced via the inhibitor-assisted surface imprinting technique for the specific binding of 

proteases from biotechnologically relevant media.  

In the first part of this thesis, pepstatin-assisted surface-imprinted core-shell microbeads for 

the aspartic protease pepsin were synthesized serving as selective sorbent material for solid 

phase extraction (SPE) applications. The non-porous and porous silica microparticles as core 

material were prepared by co-condensation of tetraethylorthosilicate (TEOS) and (3-

aminopropyl) trimethoxysilane (APTMS) in a water/oil (W/O) emulsion system. Then, 

pepstatin - a selective inhibitor of pepsin - was immobilized onto the silica microspheres to 

pre-organize the pepsin with a defined orientation at the surface prior to the imprinting 

procedure. The functional monomer 3-aminophenylboronic acid (APBA) was used to establish 

imprinted polymer films at the surface. In SPE studies, MIPs synthesized using porous silica 

beads have shown approximately eight times higher uptake capacity for pepsin compared to 
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MIPs produced using non-porous silica beads. Furthermore, MIPs based on porous particles 

have demonstrated exquisite selectivity for pepsin during individual protein rebinding studies, 

and more importantly, during competitive rebinding studies in protein mixtures. 

In the second part of the thesis, the concept of inhibitor-assisted surface imprinting was 

combined with the dummy imprinting technique to develop recognition materials for matrix 

metallopeptidase 9 (MMP-9) and matrix metallopeptidase 12 (MMP-12). The neutral 

metalloprotease thermolysin was selected as a commercially available surrogate for the 

preparation of synthetic affinity materials for MMP-9 and MMP-12. Phosphoramidon, a 

membrane metallo-endopeptidase inhibitor, was attached as a position-directing binding motif 

for thermoylsin onto the surface of the porous silica microparticles. The surface of the porous 

microparticles was covered with an imprinted polymer film using acrylamide and  

2-methacryloyloxyethyl phosphorylcholine as functional monomers and  

N,N'-methylenebisacrylamide as crosslinker. The resulting dummy MIPs have shown a high 

selectivity for the metalloproteases MMP-9 and MMP-12 in Chinese hamster ovary (CHO) 

cell culture supernatant. 

In summary, the inhibitor-assisted surface imprinted core-shell beads developed within this 

dissertation are suitable to address the challenges in the field of protease purification and 

isolation from biotechnologically relevant media. 
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Zusammenfassung 

In den Medizin-, Umwelt-, Chemie- und Lebensmittelwissenschaften wächst der Bedarf an 

effizienter und selektiver Filtration und Isolierung spezifischer Zielsubstanzen in komplexen 

Gemischen stetig. Die Herstellung von selektiven synthetischen Rezeptormaterialien auf Basis 

vernetzter Polymernetzwerke, so genannte Molekular geprägte Polymere (MIPs), ist eine 

vielversprechende Methode diese essentielle Aufgabe zu erfüllen. Nichtsdestotrotz ist die 

Prägung von Biomakromolekülen, insbesondere von Proteinen, aufgrund ihrer Dimensionen, 

ihrer begrenzten Löslichkeit und Stabilität, ihrer komplexen Struktur und strukturellen 

Flexibilität in Lösungen eine anspruchsvolle Herausforderung im Vergleich zu kleinen 

Molekülen. In dieser kumulativen Dissertation, die auf vier bereits veröffentlichten 

Publikationen in referierten Fachjournalen basiert, wurden core-shell MIPs über die inhibitor-

assistierte Oberflächenprägungstechnik für die spezifische Bindung von Proteasen aus 

biotechnologisch relevanten Medien hergestellt. 

Im ersten Teil der Arbeit wurden Pepstatin-assistierte oberflächengeprägte core-shell 

Mikropartikel für die aspartische Protease Pepsin synthetisiert, die als Absorptionsmedium für 

die selektive Festphasenextraktion von Pepsin dienten. 

Als Kernmaterial wurden, durch die Kokondensation von Tetraethylorthosilikat (TEOS) 

und 3-Aminopropyl-trimethoxysilan (APTMS) in einer Wasser-in-Öl-Emulsion (W/O-

Emulsion), glatte und poröse Silikapartikel hergestellt. Anschließend wurde Pepstatin - ein 

selektiver Inhibitor von Pepsin - auf die Oberfläche der Partikel immobilisiert, um das Pepsin 

mit einer definierten Orientierung an der Oberfläche vor dem Prägevorgang zu organisieren. 

Das funktionelle Monomer 3-Aminophenylboronsäure (APBA) wurde verwendet, um 

geprägte Polymerfilme auf die Oberfläche aufzubringen. In SPE-Studien zeigten MIPs, die mit 
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porösen Silikapartikeln hergestellt wurden, eine etwa achtfach höhere Aufnahmekapazität für 

Pepsin gegenüber MIPs, die mit nichtporösen Silikapartikeln hergestellt wurden. Darüber 

hinaus konnten die MIPs, die auf poröse Partikel basieren, eine exzellente Selektivität für 

Pepsin in einzelnen wie auch in kompetitiven Bindungsstudien aufzeigen.  

Im zweiten Teil der Arbeit wurde das Konzept des inhibitor-assistierten 

Oberflächenprägens mit der Dummy-Prägetechnik kombiniert, um Erkennungsmaterialien für 

die Matrix-Metallopeptidase 9 (MMP-9) und die Matrix-Metallopeptidase 12 (MMP-12) zu 

entwickeln. Die neutrale Metalloprotease Thermolysin wurde als kommerziell erhältliches 

Surrogat für die Herstellung von synthetischen Affinitätsmaterialien für MMP-9 und MMP-12 

ausgewählt. Phosphoramidon, ein Membran-Metallo-Endopeptidase-Inhibitor, wurde für die 

selektive Ausrichtung von Thermolysin auf die Oberfläche der porösen Silika-Mikropartikel 

aufgebracht. Mithilfe von Acrylamid und 2-Methacryloyloxyethylphosphorylcholin als 

funktionelle Monomere und N,N'-Methylenbisacrylamid als Vernetzer wurde die Oberfläche 

der porösen Mikropartikel mit einem molekular geprägten Polymerfilm beschichtet. Im CHO-

Zellkulturüberstand bewiesen die erhaltenen Dummy-MIPs eine hohe Selektivität für die 

Metalloproteasen MMP-9 und MMP-12. 

Zusammenfassend lässt sich feststellen, dass die in dieser Dissertation entwickelten 

inhibitor-assistierte oberflächengeprägte core-shell Mikropartikel geeignet sind, die 

Herausforderungen auf dem Gebiet der Proteasereinigung und -isolierung aus 

biotechnologisch relevanten Medien zu bewältigen. 
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1. Introduction 

1.1 Research Background and Motivation  

In recent decades, recombinant protein therapeutics have significantly changed modern 

medicine by providing an effective treatment option for many therapy-resistant diseases  

(Pearce, 1994; Zhao and Chen, 2014). These proteins are produced using large-scale 

cultivation of genetically modified host cells to treat a wide variety of diseases.  However, the 

recombinant proteins are exposed to proteases (also called proteolytic enzymes, proteinases or 

peptidases) which are present in the cell culture supernatant as a by-product from the host cell 

line (Xu et al., 2011). Therefore, an effective and cost-effective isolation and removal of 

proteases from the cell culture supernatant is essential in biological and medical research for 

the production of biopharmaceutical agents such as therapeutic antibodies. In general, the 

removal of contaminating proteases is carried out in several expensive and time-consuming 

steps (Laux et al., 2018).  

Molecular imprinting, which offers a variety of synthetic strategies for artificial recognition 

systems, has the potential to fulfill this essential task. In contrast to natural and semi-synthetic 

recognition elements such as antibodies and aptamers, MIPs are synthetic affinity materials 

based on crosslinked polymers offering advantages such as chemical and physical stability, 

ease of synthesis, reusability and cost-efficient mass preparation (Li et al., 2015). The 

imprinting of low molecular weight targets is nowadays considered the state-of-the-art based 

on well-established polymerization techniques for generating high-affinity binding materials 

(Wei, Molinelli and Mizaikoff, 2006). Nevertheless, the imprinting of biomolecules including 

peptides, proteases, proteins, DNA, viruses and bacteria remains a formidable challenge due 
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to their large dimensions, limited solubility and stability, complex structure, slow mass transfer 

and structural flexibility in solution (Turner et al., 2006). In order to address these challenges, 

synthetic scavenger materials for the separation of proteases from biopharmaceutical solutions 

have been developed in cooperation with the company Labor Dr. Merk & Kollegen GmbH 

(LMK) funded by the German Federal Ministry of Education and Research. CHO cells were 

used as a model system as they are commonly employed as a platform in cell biology and 

biotechnology for the heterologous production of recombinant biopharmaceutical proteins 

(Kunert and Reinhart, 2016; F. Li et al., 2010). LMK was responsible for identifying the 

proteases from the CHO cell culture supernatant and making them available to the Institute of 

Analytical and Bioanalytical Chemistry (IABC) for imprinting and binding studies. The IABC 

had the task to develop synthetic affinity materials using various imprinting strategies.  

 

1.2 Aim and Overview of the Thesis 

The strategy for the preparation of synthetic receptor materials for proteases, which is 

presented within this thesis, is the inhibitor-assisted synthesis of surface-imprinted core-shell 

microbeads (see Figure 1).  In the inhibitor-assisted imprinting technique, an inhibitor is 

immobilized onto the surface of the supporting material, which pre-organize the template 

molecules with a defined orientation prior to the polymerization process. The synthesis of 

surface-imprinted microbeads can be divided into five steps: (1) Synthesis of the functionalized 

silica core, (2) Immobilization of the inhibitor (3) Oriented template attachment (4) 

Polymerization and (5) Template removal.  
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Figure 1. Preparation of inhibitor-assisted surface-imprinted core-shell microbead. 

 

The research carried out in this cumulative dissertation for the development of synthetic 

core-shell affinity materials for protease purification can be divided into three phases: 

I. Until the identification of the proteolytic enzymes responsible for the degradation of 

recombinant proteins in the cell culture supernatant by LMK, the well characterized and 

commercially available pepsin was used as an exemplary protease for the imprinting 

studies. At first, an inhibitor-assisted hybrid core–shell type synthetic protease scavenger 

material was successfully developed for the selective binding and removal of pepsin by 

using the molecularly imprinted polymer as a selective sorbent in solid phase extraction 

(SPE). The detailed results of this research based on grafted nanothin polymer films on 
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smooth silica beads are presented in the journal article ‘Inhibitor-assisted synthesis of 

silica-core microbeads with pepsin-imprinted Nanoshells’ in Chapter 5, II. 

II. Next, highly porous silica cores were used to prepare pepstatin-assisted pepsin surface-

imprinted core-shell microbeads as a selective sorbent for SPE. Compared to previous 

studies, a substantially increased binding capacity and selectivity has been achieved 

taking advantage of a nanoscale imprinted polymer film grafted into the inner walls of 

the pores. The efficiency of the imprinted core-shell beads in rebinding studies were 

summarized in the article ‘Selective Binding of Inhibitor-Assisted Surface-Imprinted 

Core/Shell Microbeads in Protein Mixtures’ in Chapter 5, III.  

III. After the identification of the matrix metalloproteases MMP-9 and MMP-12 in the CHO 

supernatant by LMK, the metalloprotease thermolysin was selected as a commercially 

available surrogate to prepare imprinted core-shell beads using the dummy imprinting 

technique. Since the catalytic domain of thermolysin as well as that of MMP-9 and 

MMP-12 consists of three histidine residues and an active zinc ion. The resulting 

phosphoramidon-assisted thermolysin-imprinted beads have shown a high selectivity for 

the metalloproteases MMP-9 and MMP-12 in CHO cell culture supernatant. The detailed 

results of this innovative approach are featured in ‘Selective binding of matrix 

metalloproteases MMP-9 and MMP-12 to inhibitor-assisted thermolysin-imprinted 

beads’, in Chapter 5, IV.  
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1.3 Fundamentals of Molecular Imprinting 

1.3.1 Background 

In recent years, molecular imprinting, a template assisted polymerization technique, has 

become increasingly important for the development of synthetic binding materials as reflected 

in the significantly increased number of scientific publications.  

The concept of molecular imprinting was first described by the Polyakov in Kiev in 1931 

(Polyakov, 1931). In his research, he discovered that silica gels which were treated with the 

additives benzene, toluene and xylene during the synthesis have an increased uptake capacity 

for the used additives compared to structurally related compounds. This observed selectivity 

towards the additives was explained by the fact that these molecules leave a "template effect" 

in the silica pore structure. In 1949, inspired by Linus Pauling's theory (Pauling, 1940) about 

the formation of antibodies, Dickey successfully used dye molecules as templates for creating 

recognition sites in silica gels (Dickey, 1949). In the next few years further research work was 

performed, however, the interest in imprinted silica systems decreased rapidly due to 

limitations in functionality and stability of the first generation of bulk sol-gel MIPs.  

In  the  1970s, Wulff (Quitt et al., 2018) and Klotz (Takagishi and Klotz, 1972) 

independently published the first examples of molecular imprinting in synthetic organic 

polymers using the covalent imprinting approach and marked the beginning of the molecular 

imprinting technology. Ten years later - at the beginning of the 1980s - Mosbach et al.  

introduced a non-covalent approach, the most widely used technique in the fabrication of MIPs 

(Arshady and Mosbach, 1981). Initially, simple molecules were used as templates, but in 

parallel with new developments in nanotechnology and polymer chemistry, nowadays more 
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complex templates such as proteins, bacteria and viruses can be used to prepare synthetic 

affinity materials.    

 

1.3.2 Principle of Molecular Imprinting 

The concept of molecular imprinting is based on mimicking the biological process of 

substrate recognition by enzymes, also known as lock and key model (Mahony et al., 2005). 

The technique of MIPs is based on the complexation of a template molecule through either 

non-covalent or covalent interactions with functional monomer(s) in a suitable solvent. Then, 

a three-dimensional polymer network is formed via the monomer(s) and suitable crosslinker(s) 

around the template. After removing the template, binding sites (imprints) with shape, size, 

and functionality complementary to the target molecule are established (Ding and Heiden, 

2014). As a result of this complementarity, the molecules used as templates or structurally 

related molecules can selectively attach to the cavities of the polymer (Wan et al., 2017). In 

order to evaluate the imprinting efficiency of the MIPs, non-imprinted polymers (NIPs) are 

usually prepared in a similar protocol but in absence of the template.  

According to the type the interaction between the template and functional monomer, 

molecular imprinting can be divided into two main approaches: covalent and non-covalent 

imprinting (see Figure 2).  
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Figure 2. Schematic representation of the (a) non-covalent and (b) covalent monomer-template interaction 
approach for MIP synthesis. 

 

The covalent approach is characterized by the use of templates, which are reversible, 

covalently linked to one or more polymerizable groups. After the polymerization, the template 

is extracted from the polymer by cleaving the covalent linkage between the template and the 

functional groups. In contrast, in the non-covalent method, the formation of the template 

monomer complex is based on non-covalent interactions such as van der Waals forces, metal 

coordination, hydrogen bonding, dipole-dipole forces, cations/anions and π-π interactions. A 

hybrid of the above-mentioned methods known as the semi-covalent imprinting was 

introduced by Sellergren and Andersson (Sellergren and Andersson, 1990; Zhang et al., 2016). 

In this method, as in the covalent approach, the template is covalently linked to the functional 

monomer during polymerization, whereas in the rebinding process only non-covalent 

interactions are involved.   
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1.4 Protein Imprinting 

In recent decades, molecular imprinting has developed into a versatile method for producing 

synthetic polymer-based receptors. The technique has been applied to variety of target 

molecules and found application in various areas of analytical chemistry such as 

chromatographic separation, binding assays, drug delivery and sensors.  

MIPs have also found their way into commercial applications for separation and purification. 

In 2000, the first step towards the commercialization of MIPs was taken by Sellergren and 

Mosbach in Sweden. The company MIP Technologies AB they founded was later taken over 

by Biotage AB. A year later Semorex was founded by B. S. Green and is headquartered in the 

United States. G. Wulff is a prominent member of the Scientific Advisory Board. AFFINISEP 

SAS, formerly known as POLYIntell SAS, was founded in 2004 by K. Haupt. Most recently, 

in 2015, Piletsky founded the company MIP Diagnostics Ltd, which designs MIPs specifically 

for the customers' targets and applications.  However, today the most famous supplier of MIPs 

is Sigma-Aldrich with its SupelMIP line of solid phase extraction (SPE) columns (BelBruno, 

2018).  

Nevertheless, the commercially available MIP products are focused on low-molecular 

weight organic compounds such as pharmaceuticals, pesticides, hormones and steroids as 

target analytes. The reason for this is that imprinting of large molecules and especially high-

molecular weight biomacromolecules including peptides, proteins, DNA, viruses and bacteria 

remains a formidable challenge due to their large dimensions, limited solubility and stability, 

complex structure, slow mass transfer, and structural flexibility in solution (Turner and Jeans, 

2006). Furthermore, biomolecules are generally imprinted in aqueous environments due to 

their solubility and stability properties, which clearly limit the choice of monomers (Verheyen 
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et al., 2011). In addition, MIPs are conventionally prepared by bulk polymerization as 

monoliths. This technique has various drawbacks, such as a low amount of binding sites near 

to surface, inaccessible recognition sites within the polymer bulk, non-uniform morphology 

(Ding and Heiden, 2014; Rutkowska et al., 2018). These limitations hinder mass transfer and 

fast recognition kinetics of the template, especially for biomacromolecules. Therefore, surface-

confined approaches are more suitable for biomolecules. 

The pioneering work in the field biomolecule imprinting was done by the research group of 

K. Mosbach using amino acid derivates (Sellergren, Ekberg and Mosbach, 1985) and proteins 

(Glad et al., 1985) as template. Several efficient strategies have since been developed to 

overcome the challenges in biomolecule imprinting.  

 

1.4.1 Epitope and Dummy Imprinting 

The use of the epitope imprinting approach is a promising strategy for creating selective 

recognition cavities for biomolecules without the difficulties of working with the entire protein  

(Alexander et al., 2006). The concept of the epitope approach is based on the antigen-antibody 

complex, in which an antibody binds to a specific antigen only by recognizing a small specific 

part (epitope) of it. Instead of imprinting the entire biomacromolecule, which is not available 

or is not easy to imprint, only a short specific peptide sequence is imprinted to recognize the 

target analyte. In 2000, Rachkov and Minoura introduced this innovative strategy in 

combination with bulk polymerization by using the tetrapeptide sequence (Tyr–Pro–Leu–Gly–

NH2) as template for subsequent recognition of oxytocin, a natural peptidic hormone (Rachkov 

and Minoura, 2000; Rachkov and Minoura, 2001).  
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The concept of dummy imprinting was first introduced by Takeuchi's group in 2000 (Matsui, 

Fujiwara and Takeuchi, 2000). In recent years, the dummy-imprinting technique has been 

widely used in the imprinting of biomacromolecules (Zahedi et al., 2016). The technique of 

dummy imprinting uses a similar strategy to that of epitope imprinting, that is why the two 

terms are often used synonymously. Nonetheless, unlike epitope imprinting, where only a 

partial structure of the target analyte is used as template, dummy imprinting employs a 

structural analogue or, in case of biomacromolecules, surrogates of the same protein, virus, or 

bacteria family. In cases where the template is unavailable, highly toxic, costly, not stable or 

difficult to imprint, the dummy imprinting strategy is beneficial as it offers an alternative route 

using structural analogue of the target analyte.  

 

1.4.2 Core-Shell Imprinting 

The synthesis of monodisperse polymer particles via heterogeneous polymerization methods 

such as suspension, dispersion, precipitation and emulsion polymerization are among the 

methods to obtain a uniform morphology and bindings sites at the surface. Nevertheless, such 

methods are in most cases incompatible with proteins due to the reaction environment may 

lead to protein lesions.  

A technique, which has the potential to overcome the obstacles, is core-shell imprinting.  

The principle strategy in core-shell imprinting is to place binding sites at or very close to the 

surface of the core material for unhindered access to the binding sites (Ge and Turner, 2008). 

Especially, inorganic materials are widely used as core material, such as silica, iron oxide 

nanoparticles, quantum dots, gold nanoparticles and silver nanoparticles (Niu, Pham-Huy and 

He, 2016).  



INTRODUCTION 
 

 
14 
 

The development of hybrid materials by bridging organic and inorganic chemistry at a 

molecular level is a subject of intense interest in the fields of chemistry and physics (Nagarale, 

Shin and Singh, 2010). The most obvious advantage of inorganic–organic hybrid materials is 

that they combine the desirable chemical and physical properties of organic and inorganic 

materials into one final structure. In the present thesis, silica was used as core material to 

prepare protein imprinted core-shell particles, and therefore it is discussed in detail. 

The use of silica particles has attracted great attention for the design of hybrid organic-

inorganic materials mainly due to its chemical stability in acidic conditions, biocompatibility, 

water dispersibility, favorable physical properties and  ease of its surface modification (He et 

al., 2014). Furthermore, silica offers a great variety of particle sizes, porosities and surface 

topologies. There are several pathways for the synthesis of silica particles icluding: flame spray 

pyrolysis, chemical vapour deposition, emulsion, sol-gel and etc. (Singh et al., 2014).  

Among all sol-gel based processes, Stöber method (Stöber, Fink and Bohn, 1968), which 

involves hydrolysis and condensation of alcoxysilane precursors (mostly TEOS), is the most 

used technique for the synthesis of silica particles. By using the Stöber technique, it is possible 

to achieve spherical particles of controlled sized with a narrow size distribution. The particular 

advantages of this method are: easy preparation at room temperature and the use of easily 

accessible reagents such as water, ammonia, ethanol and TEOS. Nevertheless, the maximum 

size of the silica spheres achievable with the precursor TEOS is submicrometric. By using the 

alkoxide tetrapentyl orthosilicate, it is possible to extend the limit of the particle sizes up to 2 

µm (Stöber, Fink and Bohn, 1968).  

Another method for the preparation of silica particles is the emulsion-based sol-gel process. 

According to the chemical nature of the liquids, the emulsions can be divided into direct (oil 
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dispersed in water, O/W) and reverse (water dispersed in oil, W/O) (Dokić, Krstonošić and 

Nikolić, 2012).  Emulsions are dispersions of immiscible fluids stabilized from coalescence by 

the presence of surface active materials such as surfactants or polymers (Aubert et al., 2010). 

Silica particles mainly result from reverse emulsions. The water droplets can be considered as 

reactors, in which the silane agents are hydrolyzed by contact with the water molecules at the 

W/O interface. It is possible to tailor the size, morphology and shape of the particles by 

controlling the molar ratio of the reactants (Boutonnet, Lögdberg and Elm Svensson, 2008). 

Depending on the droplet size, the emulsions can be classified into three types: microemulsion, 

miniemulsion and macroemulsion (see Figure 3). Macroemulsion technique (Oh et al., 2006) 

was used within this thesis to synthesize silica particles with regard to use in solid phase 

extraction (SPE) cartridges. A major advantage regarding imprinting is that the surface of the 

silica particles can easily be modified by silane coupling agents with various functional groups 

including amine, thiol, carboxylic, phosphate, vinyl, cyanide, epoxy and methacrylate (D. Li 

et al., 2010).The functionalization offers the possibility to immobilize the surface with other 

useful species prior to the imprinting process such as reversible addition fragmentation chain 

transfer (RAFT) agents (Chen et al., 2018), atom transfer radical polymerization (ATRP) 

agents (Mao et al., 2015) and aptamers (Shoghi et al., 2018).  
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Figure 3. Emulsion types. 

 

1.4.3 Inhibitor-Assisted Imprinting 

The attachment of the template onto the core has a great influence on accessibility, 

orientation, shape and structure of the binding sites and is therefore responsible for the 

effectiveness of the MIPs. Traditionally, the biomacromolecules are attached to the surface 

non-covalently prior to the imprinting process by physical adsorption through hydrogen 

bonding, hydrophobic interactions, van der Waals and electrostatic forces. Although non-

covalently attachment offers the most convenient and facile strategy, the adsorption is 

relatively uncontrollable (Liu and Yu, 2016). Furthermore, the attachment leads to an 

undefined orientation of the proteins on the surface, resulting in non-uniform binding sites. A 

method circumnavigating this problem is the oriented imprinting. Oriented imprinting 

enhances selectivity and binding capacity by attaching the template in a preferable orientation 

onto the surface. 
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A very promising technique in oriented attachment is the use of highly specific binding 

agents such as aptamers and inhibitors. The method combines the advantages of surface 

imprinting strategies and the inhibitor-based affinity interactions. The agents can pre-organize 

the template molecule with a defined orientation at the surface prior to the imprinting process. 

Additionally, they can offer extra anchoring sites for the template during the rebinding 

processes. In this thesis, pepstatin, which is a generic inhibitor for aspartic proteases, and 

phosphoramidon, a membrane metallo-endopeptidase inhibitor, was used to synthesize high-

selective core-shell MIPs for pepsin and thermolysin, respectively.  
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2. Results and Conclusions 

Recombinant therapeutic proteins are becoming an increasingly attractive form of therapy and, 

as a result, the market for biopharmaceuticals is continuously growing (Laux et al., 2018). The 

most commonly used mammalian host for large-scale recombinant production of therapeutic 

proteins is CHO cells (Kim, Kim and Lee, 2012). A major challenge in the use of mammalian 

cells is the proteolytic degradation of expressed proteins in the cell culture medium resulting 

in a significant influence on product quality (Sandberg et al., 2006) (Robert et al., 2009). 

Several approaches such as early product harvesting, eliminating amino acid motives (Dorai 

et al., 2011), media optimization (Chakrabarti et al., 2016), lowering culture temperature 

(Galbraith et al., 2006) and the adding of protease inhibitors (Laux et al., 2018) are established 

to control or eliminate protease activity. However, these methods are time consuming and cost-

intensive.  An alternate and innovative way to eliminate protease activity in cell culture is the 

use of MIPs. 

It was successfully shown, that inhibitor-assisted core-shell imprinting has the potential to 

fulfill the need of efficient and selective purification and isolation of proteases from 

biotechnologically relevant media. The following is a summary of the most significant results 

achieved within this thesis and corresponding published publications are provided.   

Recent advances in nanotechnology and polymer chemistry have enabled scientist to design 

new and unique synthetic recognition materials for selective enrichment and detection of 

biomacromolecules in complex samples. The first journal article ‘Recent advances on core–

shell magnetic molecularly imprinted polymers for biomacromolecules‘ is a review article, 

that summarizes recent developments in magnetic core-shell MIPs for biomacromolecules 

such as enzymes, proteins, DNA and viruses.  Various types of surface modification methods 
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and imprinting strategies, which are essential in core-shell imprinting, are presented in details. 

Furthermore, it highlights future trends and perspectives in this emerging research field. 

In the initial phase of the project, inhibitor-assisted surface-imprinted core-shell 

microparticles were successfully synthesized as absorption media for the selective solid phase 

extraction (SPE) of the protease pepsin. The smooth amino-functionalized silica microspheres 

as core material were prepared by co-condensation of TEOS and APTMS in a W/O emulsion 

system (Oh et al., 2006). Pepstatin - a selective inhibitor of pepsin - was immobilized onto the 

silica microspheres, and an organic nanothin (10-20 nm) poly(3-amino-phenylboronic acid) 

(pAPBA) polymer shell was created at the particle surface by grafting and templating APBA 

in the presence of pepsin. Pepsin-imprinted microbeads sorbents in SPE showed high 

selectivity for pepsin compared to trypsin and thermolysin. Furthermore, pepstatin-assisted 

MIPs ,as well as, NIPs revealed higher binding capacities for pepsin in comparison to 

imprinted microbeads prepared in absence of pepstatin. Hence, it is confirmed that the 

innovative approach of inhibitor-assisted protein imprinting not only assists in the selective 

binding of the template protein, but in addition enhances the binding capacity of inhibitor-

assisted imprinted beads. The obtained results are summarized in the article ‘Inhibitor-

assisted synthesis of silica-core microbeads with pepsin-imprinted nanoshells’.  

The capability of pepstatin-immobilized imprinted microbeads as scavenger materials for the 

removal of pepsin from complex media was illustrated in the article ‘Selective Binding of 

Inhibitor-Assisted Surface-Imprinted Core/Shell Microbeads in Protein Mixtures’, 

where highly porous silica particles were used as core material to increase the binding capacity. 

The imprinted nanoscale films comprising pAPBA were established within the pores of the 

beads. Compared to the previous study, the binding capacity of the inhibitor-assisted surface-
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imprinted beads was significantly increased from 7.95 ± 0.70 mg pepsin/g beads to 62.26 ± 

4.99 mg pepsin/g beads by using highly porous silica beads. Furthermore, the obtained beads 

revealed a high selectivity for pepsin against the proteases papain and trypsin during individual 

and competitive binding studies.  

The potential of inhibitor-assisted surface-imprinted core–shell particles for the selective 

binding of the MMP-9 and MMP-12 using thermolysin as dummy template was demonstrated 

in ‘Selective binding of matrix metalloproteases MMP-9 and MMP-12 to inhibitor-

assisted thermolysin-imprinted beads’, which is based on a research collaboration with 

LMK. LMK was able to identify a gelatin-degrading protease activity as MMP-9 and casein-

degrading protease activity as MMP-12 in the CHO supernatant. Since the concept of inhibitor-

assisted imprinting was successful with the protease pepsin, this approach was also applied to 

selectively isolate MMP-9 and MMP-12 from CHO supernatant. As core material, highly 

porous microparticles were used, which already achieved excellent results in the imprinting of 

pepsin. Phosphoramidon, a metalloproteinase inhibitor, was immobilized onto the surface of 

porous microparticles as a directing agent for the template prior to the imprinting process. 

Dummy imprinting strategy was applied using the metalloprotease thermolysin as a 

commercially available surrogate. Rebinding experiments have demonstrated that the 

phosphoramidon-assisted surface-imprinted porous silica particles are able to selectively bind 

not only to thermolysin, but also to the proteases MMP-9 and MMP-12 in CHO cell culture 

supernatants. Thus, an essential aim of the collaborative project - the feasibility of the specific 

removal of proteases from CHO cell culture supernatants using MIPs - was achieved. 
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a b s t r a c t

During the last decade, templating polymers using molecular imprinting has developed into an efficient
strategy for the creation of selective synthetic receptor materials based on cross-linked polymeric net-
works. However, incubation studies and scavenger applications using conventional molecularly
imprinted polymers (MIPs) are rather time consuming, as they require centrifugation and extraction
steps. An innovative method circumnavigating this problem is the use of magnetic particles facilitating
separations via magnetic field. Nowadays, magnetic materials and especially nanoparticles find wide-
spread applications in analytical chemistry, medicine, and biotechnology. Consequently, combining
molecularly imprinting materials with magnetic properties provides a new class of smart synthetic re-
ceptors, i.e., magnetic molecularly imprinted polymers (MMIPs). This review gives an overview on these
multifunctional materials prepared for biomacromolecules such as enzymes, proteins, DNA and viruses
including synthesis, applications and also highlights future trends and perspectives in this emerging
research field.

© 2019 Published by Elsevier B.V.

1. Introduction

In medical, environmental, chemical and food sciences, there is
a growing need for efficient and selective filtration, separation,
purification and isolation of specific target substances in complex
mixtures. Molecular imprinting, which offers a plethora of syn-
thetic strategies for artificial recognition systems, has evolved to
promising method to fulfill the essential task. The technique of
molecularly imprinted polymers (MIPs) is based on the complex-
ation of a template molecule through either non-covalent or co-
valent interactions with a functional monomer(s) in a suitable
solvent. Then, a three-dimensional polymer network is formed via
the monomer(s) and suitable crosslinker(s) around the template.
After removing the template, binding sites with shape, size, and
functionality complementary to the targetmolecule are established
[1]. The covalent approach is characterized by the use of templates,
which are reversible, covalently linked to one or more polymer-
izable groups. After the polymerization, the template is removed
from the polymer by cleaving the covalent linkage between tem-
plate and functional groups. In contrast, in the non-covalent
method, which was introduced by Mosbach and coworkers [2],

the formation of the template-monomer complex is based on non-
covalent interactions such as van der Waals forces, hydrogen
bonding, dipole-dipole forces, cation/anion- and p-p interactions.
In order to evaluate the efficiency of MIPs, non-imprinted polymers
(NIPs) are usually prepared in the absence of the template. A
schematic representation of the molecular imprinting process is
shown in Fig. 1.

MIPs as synthetic tailor-made affinity materials offer advantages
such as chemical and physical stability, easy synthesis, reusability
and cost-efficient mass preparation [3]. MIPs have been used in a
variety of applications requiring synthetic recognition elements
including solid-phase extraction, liquid chromatography, electro
chromatography, assays, drug delivery, theranostics and for sensors
[4,5]. Traditionally, MIPs are prepared by bulk polymerization as
monoliths. However, this method has various drawbacks, such as a
low amount of binding sites near to surface, inaccessible recogni-
tion sites within the polymer bulk, non-uniform morphology [1,6].
In particular, imprinting of large molecules and especially high-
molecular weight macromolecules and biomolecules including
peptides, proteins, DNA, viruses and bacteria remains a formidable
challenge due to their large dimensions, limited solubility and
stability, complex structure, slow mass transfer, and structural
flexibility in solution [7,8].* Corresponding author.
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A technique, which has the potential to overcome these disad-
vantages, is core-shell imprinting. Especially, inorganic materials
are widely used as core material, such as silica, magnetic nano-
particles (MNPs), quantum dots (QDs), gold nanoparticles (Au NPs)
and silver nanoparticles (Ag NPs) [9]. The development of hybrid
materials by bridging organic and inorganic chemistry at a mo-
lecular level is a subject of intense interest in the fields of chemistry
and physics [10]. The most obvious advantage of inorganiceorganic
hybrid materials is that they combine the desirable chemical and
physical properties of organic and inorganic materials into one final
structure. On this basis, the use of MNPs has attracted great
attention for the design of hybrid organic-inorganic materials [11].
Functionalized or coated magnetic materials are suitable for the
pre-concentration of analytes as well as for separation and mo-
lecular identification of biomolecules, organic and inorganic spe-
cies in fluidic systems [12]. MNPs can also be precisely manipulated
and guided as a nanoscale robot to a desired location by applying a
magnetic field [13]. In addition, MNPs show no magnetization after
removal of themagnetic field due to superparamagnetic properties,
which is suitable for in vivo applications.

The unique combination of nanosized magnetic materials and
MIPs opens up the door for a multitude of innovative application
scenarios in separation and purification fields [14]. Of particular
advantage is the fact thatMMIPs combinemagnetic properties with
high recognition capability of imprinted polymers into a single
functional hybrid structure. Magnetic properties of these particles
prevent time-consuming elution and centrifugation steps by using
an external magnetic field. The development of MMIPs usually
consists of five steps (Fig. 2): (1) Synthesis of MNPs, (2) Surface
protection and functionalization, (3) Template attachment, (4)
Polymerization and (5) Template removal.

This article gives an overview on the synthesis and applications
of core-shell MMIPs for biomacromolecules such as proteins, DNA
and viruses. Finally some future trends and perspectives in this
emerging research field will be discussed.

2. Synthesis and functionalization of MNPs

Magnetite (Fe3O4) is the most widely used magnetic material in
biomedicine and biotechnology, due to the low toxicity, ease of

preparation, magnetism and biocompatibility [15]. For a decade,
many techniques have been employed to prepare MNPs such as co-
precipitation, thermal decomposition, microemulsion, sol-
vothermal/hydrothermal synthesis, microwave assisted, sono-
chemical and chemical vapor deposition [16]. However, co-
precipitation, solvothermal/hydrothermal and thermal decompo-
sition are commonly used methods to prepare MMIPs.

The fundamental issues in fabrication of MNPs are long-term-
stability and surface functionalization. Besides agglomeration, bare
MNPs are very active and can easily be oxidized in air. Furthermore,
MNPs have a hydrophobic surface with a large surface-area-to-
volume ratio [17]. However, protein imprinting is usually per-
formed in an aqueous medium, so that encapsulation of MNPs with
a hydrophilic surface is necessary. In addition, coating with various
functional groups also offers the possibility to immobilize the sur-
face with other useful species prior to the imprinting process such
as reversible addition fragmentation chain transfer (RAFT) agents
[18], atom transfer radical polymerization (ATRP) agents [19],
aptamers [20], inhibitors [21,22] and spacers [23]. The stabilization,
protection and functionalization methods can be divided into two
main groups: inorganic and organic coating (see Fig. 3.)

Silica is the most commonly used inorganic support to modify
and protect the surface due to its chemical stability in acidic con-
ditions, biocompatibility and water dispersibility [24]. In addition,
the surface can easily be modified by silane coupling agents [25].
Especially, 3-(Trimethoxysilyl)propyl methacrylate is widely
employed to functionalize the surface with polymerizable vinyl
groups [26e33].

The noble metal gold (Au) is also frequently used as a coating
material to prepare MMIPs. Au coating offers various benefits such
as biocompatibility, chemical inertness, high surface energy, optical
and electronical properties [34]. Ma et al. coated the surface of
MNPs with Au in order to functionalize the surface with 4-
mercaptophenylboronic acid for the immobilization of horse-
radish peroxidase (HRP) before the imprinting process [35]. Like-
wise, Li et al. introduced boronic acids and additionally carboxyl
groups onto the gold coated surface for the imprinting of bovine
hemoglobin (BHb) [36].

The surface of the MNPs can also be encapsulated by grafting an
organic polymer layer. Widely used organic coatings for MMIPs are

Fig. 1. Schematic representation of the non-covalent and covalent monomer-template interaction approach for MIP synthesis.
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dextran, alginate, starch, chitosan, glycosaminoglycan, sulfonated
styrene-divinylbenzene, polyethylene glycol (PEG), polyvinyl
alcohol, poly (methyl methacrylate) and polyacrylic acid.

Another method of depositing a shell to functionalize and pro-
tect the surface of the MNPs is dendrimer coating. The ends of the
highly branched structures have a high number of functional
groups and internal cavities, which are useful to graft imprinted
films onto the surface [37,38].

3. Types of core-shell MMIPs

Since the development of core-shell nanoparticles in the early
1990s with a simple spherical core and shell structure [39,40], this
research area has undergone continuous progress. To date, many
different approaches have been developed to produce core-shell

type MMIPs. Depending on the field of application and re-
quirements different types of core-shell structures can be synthe-
sized such as Janus-type, dumbbell, shell-core-shell, yolk-shell,
matrix-dispersed and core-shell [41,42]. Fig. 4 shows a schematic
representation of the core-shell structures. Except for core-shell
and matrix-dispersed approaches, most of these methods only
gradually find their way into MMIP applications.

In 2014, Janus-type MIPs have been synthesized using a wax-in-
water Pickering emulsion with the potential to be used as self-
propelled transporters for controlled drug delivery systems by
switching on-off UV illumination [43]. Recently, Fan and his co-
workers have developed in five-steps yolk-shell-type bovine serum
albumin (BSA)-imprinted magnetic poly (ionic liquids) (PIL)
nanospheres by using silica as sacrificial layer [44]. Representative
transmission electron microscopy (TEM) images of the synthesized

Fig. 2. General steps for the preparation of core-shell MMIPs for biomacromolecules.

Fig. 3. MNPs with organic and inorganic shells.
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particles are shown in Fig. 5. Despite a few studies that have been
carried out, further research is needed on these innovative types of
core-shell MMIPs.

4. Imprinting strategies

In recent years, core-shell structured MMIPs, consisting of an
inorganic magnetic core and an imprinted shell, have been used in
various applications due to their magnetic properties, biocompat-
ibility and excellent surface-to-volume ratio, enabling a high
binding capacity. Besides these benefits, the most outstanding
feature of the imprinted magnetic materials is that they allow a
simple and fast isolation of target molecules from complex solu-
tions by applying a magnetic field resulting in time and cost savings
[45]. Various efficient strategies have been applied to prepare
surface-imprinted MMIPs for biomacromolecules. This section will
focus on the strategies of preparation of core-shell MMIPs.

4.1. Biomacromolecule attachment

The attachment of the template biomacromolecule onto the
surface of the particles prior to the imprinting process is essential
for the development of MMIPs. The fixation onto the surface of the
particles has a great influence on the accessibility, orientation,
shape and structure of the binding sites and is therefore responsible
for the efficiency of the MMIPs. The template can be immobilized
either by random orientation or controlled orientation onto the
surface (see Fig. 6).

4.1.1. Non-oriented attachment
Traditionally, biomacromolecules are attached to the surface

non-covalently prior to the imprinting polymerization by physical
adsorption through hydrogen bonding, hydrophobic interactions,
van der Waals and electrostatic forces. Therefore, surface modifi-
cation with functional groups, such as hydroxyl, carboxyl, amino,

vinyl or aldehyde groups, is important to fixate the bio-
macromolecules by non-covalent or covalent interactions. Carboxyl
groups are frequently used for modification as they can react with
the template via electrostatic attraction or hydrogen bonding
[46e50]. Recently, Su et al. [51] functionalized the surface with
vinyl and carboxyl groups for the pre-assembly of BHb.

The forming of Schiff's base (imine) is an established method for
covalently attaching biomacromolecules [52,53]. Bio-
macromolecules can be covalently attached onto the surface using
glutaraldehyde as a linking compound [54]. In many studies BHb
has been used for fabrication of MMIPs based on Schiff's base
linkage [55e57]. Kan et al. [55] functionalized Fe3O4 nanoparticles
with (3-aminopropyl)triethoxysilane (APTES) for the linkage of
glutaraldehyde onto the surface.

In the last two decades, research interest in ionic liquids (ILs) has
significantly increased and has become an important field of
research. ILs are low-temperature melting salts that consist of a
cation and an anion. Room temperature ionic liquids (RTILs) are the
subject of extensive research as they have several unique useful
physicochemical properties such as negligible vapor pressure, good
thermal and chemical stability, broad electrochemical potential
windows, high ionic conductivity, tunable viscosity, water solubil-
ity and designable structure [58,59]. RTILs were frequently used as
porogenic solvents and stabilizers in the imprinting process [8,60].
They can also be used as organic functional groups to modify the
surface for the non-covalent attachment of biomacromolecules.
Quian et al. [61] have reacted chlorofunctionalized MNPs with 1-
methylimidazole by alkylation reaction (Fe3O4@IL). After the
immobilization of BSA onto the surface, a polydopamine (PDA)
layer was formed around template and surface by self-
polymerization of dopamine (DA). Besides high adsorption capac-
ity, the MMIPs have also demonstrated high specificity and selec-
tivity towards the template protein BSA in bovine calf serum.
Recently, MMIPs were prepared for the recognition of DNA by using
IL-functionalized MNPs before imprinting process [62]. The surface

Fig. 4. Types of magnetic composite core-shell particles based on MNPs as core material. The magnetic part is shown in black and the non-magnetic functional material is colored
blue.
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was covered with an imprinted-shell by sol-gel imprinting
approach using two imidazolium ILs as functional monomers and
Tetraethyl orthosilicate (TEOS) as crosslinker.

Although non-oriented attachment offers the most convenient
and facile strategy, the adsorption is relatively uncontrollable [53].
Furthermore, the random attachment onto the surface results in
non-uniform binding sites. A method circumnavigating this prob-
lem is the oriented imprinting. In contrast to conventional
imprinting, the technique of oriented imprinting enhances selec-
tivity and binding capacity by attaching the template in a preferable
orientation onto the surface.

4.1.2. Oriented attachment
The defined pre-organization of the template prior to the

imprinting procedures increases the homogenous protein attach-
ment and the homogeneity of the binding sites [63]. In order to

immobilize the template with a defined orientation onto the sur-
face of the MNPs, the particles have to be modified with assisting
functional groups which can pre-organize the template on the
surface through specific interactions with the biomacromolecule.

In the metal coordination method, metal chelating agents are
pre-complexed with metal ions at the particle surface to pre-
organize the template through selective metal-coordinate in-
teractions between the biomacromolecule and transition metal
ions [64].

Biomacromolecules, in particular proteins, peptides and his-
tagged oligonucleotides, have the ability to bind specifically to
the coordination sites of transition metal ions via certain amino
acid residues such as cysteine, histidine and tryptophan, located on
the protein surface [52]. Denizli and his team used this concept to
prepare imprinted matrix-dispersed MMIPs for human serum al-
bumin (HSA) using immobilized copper ions as anchoring points,

Fig. 5. Representative TEM images of (A0) Fe3O4@SiO2, (B0) Fe3O4@SiO2@PILMIP and (C0) Fe3O4@void@PILMIP nanospheres, their corresponding high-resolution TEM images of the
selected area (A1, B1 and C1). Reprinted from Ref. [44], Copyright (2018), with permission from Elsevier.

Fig. 6. Non-oriented and oriented attachment of biomacromolecules onto the surface prior to the imprinting process.
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iminodiacetic acid as chelating agent, TEOS and APTES as silane
monomers [65]. Likewise, Goa et al. employed copper-ions to form
PDA-metal complex polymers on the surface for the selective
isolation of BHb from bovine blood sample [66].

Boronic acid-assisted imprinting is the most commonly used
technique to prepare MMIPs for glycosylated proteins. Several
groups have already used this technique for preparing core-shell
MMIPs for the glycoproteins, HRP [35,67e70] and ovalbumin
(OVA) [70,71]. 3-Aminophenylboronic acid (APBA) and its de-
rivatives can be used to control the capture and release of glyco-
proteins by simply changing the pH value [72].

A very promising technique in oriented attachment is the use of
highly specific binding agents such as aptamers and inhibitors.
These agents can pre-organize the template molecule with a
defined orientation at the surface through non-covalent or covalent
interactions. Additionally, they can offer extra anchoring sites for
the template during the rebinding processes [4]. A major advantage
over other methods is that they bind very specifically to a certain
region of the biomacromolecules enabling a very homogeneous
orientation of the template on the surface. In their recent work,
Shogi et al. introduced an aptamer-assisted synthesis of core-shell
MMIPs with BSA-imprinted shells [20]. The aptamer was attached
as a position-directing binding motif for BSA to the acrylate-
functionalized surface via thiol attachment. After immobilizing
BSA, APTES and PEG (MW¼ 400) were used to graft a thin film onto
the surface. The schematic process of the synthesis steps is given in
Fig. 7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) studies (see Fig. 8) confirms that the MMIPs are of
practical value even in complex real matrices and have the poten-
tial to be used for detection and isolation of target proteins in
therapeutics and clinical applications.

4.2. Functional monomers

A key factor for the successful development of MMIPs is the
selection of functional monomers. The task of the functional
monomer is to form a pre-polymerization complex with the tem-
plate by non-covalent or covalent interactions. Biomacromolecules

have a complex structure with many potential recognition sites at
the surface making the creation of high-selective MMIPs chal-
lenging. Furthermore, they are generally imprinted in aqueous
environments due to their solubility and stability at these condi-
tions, which clearly limits the choice of monomers [73].

Water-soluble organic monomers including methacrylic acid
(MAA), acrylamide (AAm) and N-isopropyl acrylamide (NIPAM) are
widely used for biomacromolecule imprinting due to the presence
of carboxyl and amino groups. Besides, for the protection and

Fig. 7. Schematic process for the aptamer-assisted synthesis of BSA-MMIPs. Reprinted by permission from Springer Nature: Springer, Microchimica Acta, Ref. [20], 2018.

Fig. 8. SDS-PAGE analysis for 0.50 mg mL"1 BSA spiked in 100-fold diluted egg white
sample and natural FBS, respectively. M: protein molecular weight marker; crude: real
sample; supernatant: residual BSA solution after adsorption by BSA-MMIPs; eluted
sample: the BSA eluted using 0.1 M NaOH from BSA-MMIPs. Reprinted by permission
from Springer Nature: Springer, Microchimica Acta, Ref. [20], 2018.
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functionalization of MNPs silane agents are also frequently
employed as functional monomers. The advantages of this tech-
nique are simple preparation procedures, thickness control and
availability of various commercial silane agents with organofunc-
tional groups. Especially, TEOS, octyltrimethoxysilane (OTMS) and
APTES are frequently applied as functional silane monomers for the
preparation of biomolecularly imprinted coreeshell MNPs [74,75].
A virus-recognition fluorescent sensor based on virus-imprinted
polymers (VIPs) for the detection of Japanese encephalitis virus
(JEV) was prepared using the monomers APTES and TEOS by He
et al. [76]. The binding behavior of the VIPs to JEV was determined
by measuring the fluorescence intensity as the virus capsid has
fluorescence properties. The prepared VIPs have demonstrated a
high binding capacity (151.3 mg g!1) and selectivity to JEV over
leprosy virus and rabies virus. Nonetheless, reaction conditions
such as high pH or temperature and the presence of the reagents
like ammonia/ethanol are not suitable for most of the bio-
macromolecules as they can easily denature during the imprinting
process [77].

APBA is a widely used functional and cross-linking monomer
for the preparation of MMIPs [26,50,78,79], due to the fact that it
can be simply polymerized under mild aqueous conditions to
poly (3-aminophenylboronic acid) (pAPBA). Furthermore, APBA
has several functional groups (hydroxyl, secondary amine and an
aromatic ring), which can interact reversibly with different
amino acids via electrostatic interactions and hydrogen bonds
[73]. On the other hand, ILs can be used as functional monomers
by adding a polymerizable group into the structure such as vinyl
or acrylate group. Most recently, Xu et al. [80] have synthesized
magnetic IL-MIPs for lysozyme using imidazolium-based IL with
vinyl groups as functional monomer. Last but not least, DA is the
most commonly used functional monomer [36,61,67,70,81e87]
due to the fact that it contains catechol and amine groups,
which can self-polymerize to form PDA films at slightly alkaline
conditions.

4.3. Epitope imprinting

The use of the epitope imprinting approach is a promising
strategy for creating selective recognition cavities for bio-
macromolecules without the difficulties of working with the entire
protein [88]. The concept of the epitope approach (see Fig. 9) is
based on the antigen-antibody complex, in which an antibody
binds a specific antigen only by recognizing a small specific part
(epitope) of it. Instead of imprinting the entire biomacromolecule,
which is not available or is not easy to imprint, only a short specific
peptide sequence is imprinted to recognize the target analyte.
Furthermore, epitope imprinting overcomes the usual difficulties
related to biomacromolecular imprinting, i.e. the issues related to
size, complexity and solubility.

Zhang and his team [89] used a C-terminal nonapeptide as the
epitope for synthesizingMMIPs for the selective recognition of BSA.
In order to effectively investigate the influence of the epitope,
additional MIP and NIP particles were prepared by the same
method except that the entire BSA protein was used in the
imprinting process. The binding studies revealed that epitope-
imprinted MMIPs have a higher binding capacity towards BSA
than BSA-imprinted MMIPs.

Pyrophosphate-imprinted mesoporous silica core-shell MMIPs
for the enrichment of phosphopeptides were synthesized by Lv
et al. [90]. Similarly, Liu et al. [91] have developed phosphate-
imprinted magnetic nanospheres for the detection of tyrosine
phosphopeptides by using phenylphosphonic acid as the epitope.

Zhang et al. [92] have recently prepared epitope imprinted
MMIPs for the selective enrichment of Cytochrome C (Cyt C) using
cyclodextrin-based ILs as functional monomer. The surface-
exposed C-terminus of Cyt C (residues 96-104, AYLKKATNE) was
selected as epitope for the preparation of the MMIPs.

4.4. Dummy imprinting

The technique of dummy imprinting uses a similar strategy to
that of epitope imprinting, which is why the two terms are often
used synonymously. Nonetheless, unlike epitope imprinting, where
only a partial structure of target analyte is used as template,
dummy imprinting employs a structural analogue or, in the case of
biomacromolecules, surrogates of the same protein, virus, or bac-
teria family (see Fig. 10) [93]. Dummy imprinting strategy is
required in cases where the template is unavailable, highly toxic,
costly, not stable or difficult to imprint.

Most recently, our group prepared phosphoramidon-assisted
surface-imprinted porous silica particles for the recognition of
the matrix metalloproteinases MMP-9 and MMP-12 in chinese
hamster ovary cell culture supernatants by using thermolysin as a
commercially available surrogate protease [23]. In 2014, Lee et al.
[94] used albumin as a dummy to prepare imprinted MMIPs for the
extraction of alpha-fetoprotein (AFP) from human hepatocellular
carcinoma HepG2 cellular culture medium. AFP and albumin are
members of the albuminoid gene superfamily and comprise
approximately 600 amino acids and having a structural similarity of
59.1% [95]. Additionally, AFP-imprinted MMIPs were produced us-
ing the same synthesis method to validate the effectiveness of the
dummy-imprinted MMIPs. However, in contrast to the albumin-
imprinted MMIPs, the AFP-imprinted MMIPs have adsorbed
approximately three times more alpha-fetoprotein, probably due to
the moderate structure similarity.

Zhou et al. [79] designed sandwich electrochemiluminescence
(ECL) immunosensor for the ultrasensitive detection of human
immune deficiency virus type 1 antibody (anti-HIV-1). The surface
of the MNPs was imprinted with human immunoglobulin G (HIgG),

Fig. 9. Scheme of epitope imprinting process.
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which has the Fc region but different Fab region to anti-HIV-1. After
removing the dummy template, the MMIPs were used for enriching
ultra-trace levels of anti-HIV-1. Furthermore, BSA was attached to
the surface to prevent the nonspecific absorption. The sandwich
ECL immunosensor was formed by immune response between
MMIPs conjugated with different concentrations of anti-HIV-1 and
HRP-HIV-1. The systematic process of the development is given in
Fig. 11. The highly sensitive immune sensor has been successfully
used to monitor anti-HIV-1 in human serum and has the potential
to be used for the early detection of HIV-infected patients.

5. Applications of MMIPs

In nature, reactions to external stimuli in surrounding envi-
ronment are fundamental and important processes of living sys-
tems. Based on mimicking of these biological processes, various
smart surfaces have been developed using stimuli-responsive
polymers. These innovative responsive materials are able to
change their chemical and physical properties in response to
external stimuli [96]. Applying this concept to MIPs allows
adsorption or release of the target molecule through the applica-
tion of external stimuli such as temperature, pH, light, electrical
and magnetic fields. Since MMIPs are already magnetic responsive,
the combination with additional stimuli-responsive technologies
allows the production of dual stimuli-responsive MIPs (see Fig. 12).

5.1. pH-responsive MMIPs

Polymers containing carboxyl, sulfonic, amino groups, etc., are
referred as pH-reactive polymers, capable of either swelling/
shrinking due to changes in pH by accepting or donating a proton,
resulting in the release of the adsorbed analyte [97,98]. According
to the type of ionizable groups, pH-sensitive polymers can be
divided into two types: polyacids and polybases [99]. In 2003,
preliminary work on pH responsive MIPs was undertaken by Tao
and his coworkers [100]. Recently, Xie et al. [101] synthesized pH-
responsive MMIPs for OVA. The imprinted layer was deposited onto
the vinyl-modifiedMNPs by free radical polymerization applying 2-
(Dimethylamino) ethyl methacrylate (DMAEMA) as pH-sensitive
monomer and 4-vinylphenylboronic acid (VPBA) as boronate af-
finity monomer. The imprinted polymer swells under acidic con-
ditions and reaches its maximum swelling ratio at pH 2. In parallel,
covalent cyclic esters between surface and glycosylated site of the
protein are dissociated in an acidic environment. Therefore, elution
efficiency is highest at pH 2 as a result of the combined effects of
boronate affinity and pH responsivity. The adsorption quantity of
81.2 mg g!1 was achieved within about 10 min at pH 7.

5.2. Thermo-responsive MMIPs

Thermo-sensitive polymers, which typically contain both hy-
drophobic and hydrophilic groups, have the unique property that a
temperature change affects the interactions within the polymer

network, resulting in the change of solubility. Polymers that
become insoluble at elevated temperatures have a lower critical
solution temperature (LCST). Conversely, certain polymers are
insoluble and become soluble when heated to an upper critical
solution temperature (UCST). NIPAM with a LCST of approx. 32"C is
a frequently used monomer for the development of thermo-
responsive MIPs [98]. Thermo-sensitive behavior is essentially
based on the equilibrium of hydrophilic and hydrophobic parts in a
polymer. If the LCST is reached, the intramolecular interactions
between the hydrophobic parts of the polymer outweigh the hy-
drophilic interactions with the solvent, causing a sudden reduction
of the polymer dimension. Li et al. [102,103] prepared thermo-
responsive BSA surface-imprinted MMIPs by surface grafting
copolymerization method in the presence of temperature-sensitive
monomer NIPAM. Thermo-responsive MMIPs have the innovative
feature that they are able to capture the template above the LCST
and release it again below LCST by shell-swelling. Zhao and col-
leagues [104,105], developed interesting surface-imprinted mag-
netic hydrogel nanoparticles for the protection of
deoxyribonuclease I (DNase I) against denaturation induced by heat
(60"C), UV irradiation, ultrasonication and addition of urea by using
the thermo-responsive monomers NIPAM and N-[3-(dimethyla-
mino)propyl] methacrylamide (DMAPMA). The prepared MMIPs
can block the activity of DNase I by specifically binding the tem-
plate. After the binding of template, the MMIPs have been tested
against harsh conditions. It was shown that eluted DNase I, unlike
unprotected DNase I, did not lose its integrity and enzyme activity
after the harsh treatments.

Thermo-sensitive PEG macromonomers based on polymer-
izable groups such as styrene, acrylate, or (meth)acrylate de-
rivatives in combination with short oligo (ethylene glycol) (OEG)
side chains are a promising class of smart biocompatible mate-
rials with LCST in water [106]. OEG-based thermo-responsive
monomer 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA)
combined with additional monomers of MAA and N-(4-Vinyl)-
benzyl iminodiacetic acid (VBIDA) has been used by Li et al. [107]
to imprint lysozyme onto the surface of double-bond-
functionalized MNPs. In addition, CuSO4 was added during the
imprinting process as the metal chelating monomer VBIDA can
form a metal coordination complex with lysozyme. The capture
and release process of the template could be modulated by
changing the temperature. The LCST of 25"C was used to capture
the spiked lysozyme in human urine samples and by cooling the
solution down to 5"C the template can be released through the
swelling of the polymers. A more recent method for designing of
thermo-responsive polymers with additional or multiple func-
tionalities and tunable LCST is the use of natural amino acids
[108]. Ji et al. [109] prepared lysozyme-imprinted MMIPs using
the amino acid-based thermo-responsive functional monomer N-
methacryloyl-L-alanine methyl ester (MA-L-Ala-OMe). The resul-
tant thermo-responsive behavior of capturing and releasing of
lysozyme in egg white samples was simply attained by changing
the external temperature.

Fig. 10. Scheme of dummy imprinting process.
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5.3. Photo-responsive MMIPs

Polymers that respond to light by changing the chemical and
physical properties are very attractive for the preparation of MIPs,
as they are simple to handle and easy to control due to adjustable
parameters such as wavelength, duration and intensity [99]. Chen
et al. [110] fabricated light-responsive MMIPs for the template
lysozyme, which exhibit NIR-responsive release ability. First,
fibrous silica-coated nanoparticles (Fe3O4@F-SiO2) were prepared
by a sol-gel process using TEOS as silane source, urea as a catalyst
and cetyltrimethylammonium bromide as porosity agent. As next,
the surface was functionalized with double bonds and carboxyl
groups prior to the imprinting process. Finally, lysozyme-imprinted
NIR-responsive PDA layer (Fe3O4@F-SiO2@PDA) was attached onto

the surface. Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) images of the Fe3O4 nanoparticles, as
well the selected area electron diffraction (SAED) pattern of the
Fe3O4 nanoparticles is shown in Fig. 13.

Experiments have shown that the resulting NIR-sensitive
MMIPs can selectively extract lysozyme from protein samples and
also release lysozyme by irradiation with NIR light (808 nm). NIR-
sensitive MMIPs have the ability to release selectively attached
lysozyme by irradiation with NIR light (808 nm).

Notably, 2-methacryloyloxyethylphosphorylcholine, an often
used functional monomer to prevent unspecific protein adsorption
on the MMIP surface [3,86], recently shown photo-responsive
properties by copolymerizing with N-methacryloyl-(L)-tyrosine
methyl ester [111,112].

Fig. 11. Describing the systematic process for the synthesis of the immunosensor. Reprinted from Ref. [79], Copyright (2014), with permission from Elsevier.
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5.4. Biomolecule-responsive MMIPs

Physiological reactions in the human body are often triggered by
specific biomolecules. For example, the C-reactive protein is
released from the liver in response to a multitude of inflammatory
cytokine proteins [113]. As a result, blood C-reactive protein level
rises in response to trauma, inflammation, sepsis and infection.
Biomolecule-responsive polymers are designed to mimic these
natural processes and respond to the binding of biomolecules by
changing their chemical or physical properties [114].

The integration of nanoparticles such as Au NPs, Ag NPs, QDs
into the imprinted shell matrix or the insertion of theMMIPs into or
onto a sensor carrier material enables the detection of the capture
and release processes of the template molecules by optical and
electrical measurements [87].

In order to prepare surface-imprinted biosensor for BSA,
chitosan-coated MNPs were immobilized on multi-walled carbon
nanotubes (MWCNTs) for subsequent deposition on a carbon
electrode [115]. Fe3O4/Chitosan/MWCNTs-modified electrode has
been used as a platform for electropolymerization of pyrrole in the
presence of BSA by cyclic voltammetry. The imprinted electro-
chemical biosensor demonstrated a high sensitivity and selectivity
for BSA, which could be measured by decrease of electrochemical
current caused by binding of the template. Sun et al. [83] used silica
coated-MNPs to prepare core-shell MMIPs by self-polymerization
of DA in basic solutions containing the template BHb. The MMIPs
were attached on a magnetic glass carbon electrode by drop-
coating method. The high sensitivity and selectivity of the
imprinted biosensor for BHb towards BSA, lysozyme, Cyt C and HRP
was confirmed by measuring the peak current changes in differ-
ential pulse voltammetry experiments.

Recently, Lv et al. [85] synthesized biomolecule-responsive BHb-
imprinted MMIPs using magnetic carbon quantum dots (M-CDs)
for detection of BHb via fluorescence quenching. The performed
experiments have shown that the addition of BHb to the M-
CDs@MIPs solution leads to a significant decrease in fluorescence
intensity. In comparison, during the studies with BSA, HSA, and
OVA the change in fluorescence was not significant.

A significant advantage of the presented approaches is that the
MMIPs can be removed from the electrode surface by simply
applying an external magnetic field.

The disadvantage of MIPs, especially for biomacromolecules, is
that the reversible process of capture and release of the template is
usually a time-consuming process. This drawback could be over-
come in combination with stimuli-responsive materials. Never-
theless, the development of stimuli-responsive MIPs for
biomacromolecules is still in its infancy, most of the studies pre-
sented have been published in recent years. However, the pub-
lished papers highlight the future potential of these smart synthetic
affinity materials in the detection and isolation of bio-
macromolecules from real solution.

6. Conclusion and Outlook

In the past two decades, great progress has been made in the
development of MNPs. Various methods and techniques have been
developed to generate MNPs with the desired size, chemical/
physical properties, particle size distribution and shape. In parallel,

Fig. 12. Schematic representation of protein capture & release from stimuli-responsive
MMIPs.

Fig. 13. (a, b) TEM image and SAED pattern of Fe3O4 nanoparticles; (c, d) SEM and TEM images of Fe3O4@F-SiO2 (the insets in d are the elemental mappings of Fe and Si); (e, f) SEM
and TEM images of lysozyme-imprinted Fe3O4@F-SiO2@PDA (MIP-lysozyme) microspheres. Reprinted with permission from Ref. [110]. Copyright (2015) American Chemical Society.
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Table 1
Overview of the synthesized MMIPs for biomacromolecules.

Target
biomacromolecule

Core-shell
morphology

Surface functional
group

Biomacromolecule
attachment

Functional
monomer

Crosslinker Year Ref.

Alpha fetoprotein
(Dummy: Albumin)

Matrix-dispersed e Non-oriented Ethyl-co-vinyl alcohol e 2014 [94]

Amylase Matrix-dispersed e Non-oriented Ethyl-co-vinyl alcohol e 2012 [118]
anti-HIV-1 (Dummy: HIgG) Core-shell Hydroxyl Non-oriented APBA e 2014 [79]
BHb Core-shell Hydroxyl Non-oriented APBA e 2009 [26]
BHb Core-shell Aldehyde Non-oriented APTES TEOS 2010 [55]
BHb Core-shell Aldehyde Non-oriented APTES

OTMS
2011 [56]

BHb Core-shell Hydroxyl Non-oriented DA e 2013 [82]
BHb Core-shell Methacrylate Non-oriented AAm MBA 2013 [31]
BHb Core-shell Methacrylate Non-oriented AAm MBA 2014 [30]
BHb Core-shell Hydroxyl Non-oriented DA e 2014 [83]
BHb Core-shell Hydroxyl Non-oriented APTES

OTMS
e 2015 [75]

BHb Core-shell Carboxyl Non-oriented APBA e 2015 [50]
BHb Core-shell Aldehyde Non-oriented e e 2016 [57]
BHb Core-shell Carboxyl, boronic

acid
Oriented
Boronate affinity

DA e 2016 [36]

BHb Core-shell Carboxyl Non-oriented DA e 2017 [84]
BHb Core-shell Amino Non-oriented DA e 2018 [85]
BHb Core-shell Carboxyl Non-oriented MAA

Itaconic acid
MBA 2018 [51]

BSA Core-shell Aldehyde Non-oriented MMA EGDMA 2008 [119]
BSA Core-shell ATRP agent Non-oriented NIPAM

DMAPMA
AAm

MBA 2011 [120]

BSA Matrix-dispersed e Non-oriented Pyrrole e 2012 [115]
BSA Core-shell Methacrylate Non-oriented NIPAM

MAA
MBA 2013 [102]

BSA Core-shell Hydroxyl Non-oriented APTES
OTMS

e 2013 [74]

BSA Core-shell Carboxyl Non-oriented AAm MBA 2014 [46]
BSA (Template: BSA-epitope) Core-shell Hydroxyl Non-oriented APTES TEOS 2014 [89]
BSA Core-shell Methacrylate Non-oriented NIPAM

MAA
MBA 2015 [103]

BSA Core-shell Hydroxyl Non-oriented DA e 2016 [86]
BSA Core-shell IL Non-oriented DA e 2017 [61]
BSA Yolk-shell Vinyl Non-oriented NIPAM

MAA
IL

MBA 2018 [44]

BSA Core-Shell Aptamer Oriented
Aptamer-assisted

APTES,
PEG

e 2018 [20]

Cyc C (Template: Cyc C epitope) Core-shell Methacrylate Non-oriented IL MBA 2017 [92]
DNA Core-shell IL Non-oriented IL TEOS 2017 [62]
Dnase I Core-shell Carboxyl Non-oriented NIPAM

DMAPMA
AA

MBA 2013, 2015 [104,105],

HHb Core-shell e Non-oriented DA e 2010 [81]
HRP Core-shell Boronic acid Oriented

Boronate affinity
DA e 2016 [67]

HRP Core-shell Boronic acid Oriented
Boronate affinity

2-anilinoethanol e 2016 [35,69],

HRP Core-shell Boronic acid Oriented
Boronate affinity

aniline e 2017 [68]

HRP, OVA Core-shell Boronic acid Oriented
Boronate affinity

DA e 2017 [70]

HSA Matrix-dispersed Carboxyl Oriented
Metal coordination

APTMS TEOS 2014 [65]

HSA Matrix-dispersed e Non-oriented DA e 2015 [87]
JEV Core-shell Amino Non-oriented APTES TEOS 2016 [76]
Lysozyme Core-shell ATRP agent Non-oriented NIPAM, AAm MBA 2010 [121]
Lysozyme Core-shell Methacrylate Non-oriented AAm, MAA MBA 2010

2010
[27]
[28]

Lysozyme Core-shell Hydroxyl Non-oriented DA e 2012 [122]
Lysozyme Core-shell Methacrylate Non-oriented AAm MBA 2013 [29]
Lysozyme Core-shell Methacrylate Non-oriented MAA

VBIDA
MEO2MA

MBA 2014 [107]

Lysozyme Core-shell Hydroxyl Non-oriented DA e 2014 [123]
Lysozyme Core-shell Carboxyl Non-oriented DA e 2015 [110]
Lysozyme Core-shell Carboxyl Non-oriented AAm

MAA
DMAEMA

MBA 2015 [47]

M. Dinc et al. / Trends in Analytical Chemistry 114 (2019) 202e217212



JOURNAL ARTICLES 
 

 
39 
 

 

multiple surface modifications were applied to protect and func-
tionalize the MNPs in order to develop smart magnetic-responsive
materials with useful coatings. The diversity of surface modifica-
tions and morphologies allows scientists to produce smart inno-
vative materials for a variety of applications. Since the first matrix
dispersed MMIPs were introduced by Ansell and Mosbach in 1998,
numerous studies have been carried out combining MNPs with
molecularly imprinted materials to produce magnetic synthetic
affinity materials for a variety of target analytes. An important
benefit of these unique materials is that the incorporation of
magnetic particles into imprinted polymers can avoid time-
consuming centrifugation and separation steps. In this review, we
have focused on the development of magnetic core-shell affinity
materials for biomacromolecules and highlighted their recent ap-
plications. We have also described the different types of surface
modificationswith their advantages and disadvantages. In addition,
imprinting strategies and applications presented in Table 1 gives an
overview of the developed MMIPs for biomacromolecules. To sum
up, interest in MMIPs as capture and release systems for bio-
macromolecules has increased significantly in recent years. This
interest is also illustrated by the fact that more than half of the
studies on MMIPs for biomacromolecules were published between
2015 and 2018. Although the human body alone containsmore than
100,000 proteins [116], only easily accessible proteins such as BHb,
BSA, HRP, lysozyme and OVA have been used as templates for the
synthesis of MMIPs until so far. A possible reason for this may be
that the synthesis of MMIPs for biomacromolecules is still in the
early stages and therefore synthesis strategies have been developed
first using commercially available and inexpensive proteins.
Nevertheless, MMIPs are increasingly used in competitive selec-
tivity studies as well as in real samples to determine their usability,
which is important for the commercialization of MMIPs. In the
meantime, initial studies on the development of MMIPs for more
complex templates such as viruses [76] and DNA [62] have been
carried out. MMIPs have the potential to be applied in vitro as well
as in vivo studies. They also have the advantage that they can be
precisely manipulated, i.e. the particles can be guided to a desired
location by applying a magnetic field. These two unique properties
allow coated-MNPs to be used in drug delivery and bacteria/virus
filtration systems. Zhen et al. [117] have shown that antibody-
immobilized silica-coated MNPs can selectively capture E. coli

O157:H7. In the near future, it might even be possible to use virus or
bacteria imprinted MNPs for the selective removal of bacteria or
viruses from water or even from human blood. Finally, new ad-
vances in nanotechnology and polymer chemistry could make it
possible to produce smart synthetic affinity materials that fulfill the
need of efficient and selective purification and isolation of specific
target substances in complex matrices.

Abbreviations

MIPs Molecularly imprinted polymers
NIPs Non-imprinted polymers
MNPs Magnetic nanoparticles
QDs Quantum dots
Au NPs Gold nanoparticles
Ag NPs Silver nanoparticles
MMIPs Magnetic molecularly imprinted polymers
PEG Polyethylene glycol
RAFT Reversible addition fragmentation chain transfer
ATRP Atom transfer radical polymerization
TEOS Tetraethyl orthosilicate
HRP Horseradish peroxidase
BHb Bovine hemoglobin
DA Dopamine
PDA Polydopamine
OVA Ovalbumin
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel

electrophoresis
PILs Poly (ionic liquids)
RNase A Ribonuclease A
MMA Methyl methacrylate
EGDMA Ethylene glycol dimethacrylate
BSA Bovine serum albumin
Cyt C Cytochrome C
SEM Scanning electron microscopy
AA Acrylic acid
MAA Methacrylic acid
MBA N,N0-methylenebisacrylamide
APTES (3-aminopropyl)triethoxylsilane
OTMS Octyltrimethoxysilane
MMA Methyl methacrylate

Table 1 (continued )

Target
biomacromolecule

Core-shell
morphology

Surface functional
group

Biomacromolecule
attachment

Functional
monomer

Crosslinker Year Ref.

Lysozyme Core-shell Methacrylate Non-oriented MA-L-Ala-OMe
DMEABr
OEGMA
AAm

MBA 2016 [109]

Lysozyme Matrix-dispersed Hydroxl Non-oriented Dihydroxyphenylacetic acid 2016 [124]
Lysozyme Core-shell Methacrylate Non-oriented Deep eutectic solvent MBA 2018 [33]
Lysozyme Core-shell Methacrylate Non-oriented IL MBA 2018 [80]
OVA Core-shell Carboxyl

Hydroxl
Non-oriented e Glutar aldehyde 2015 [125]

OVA Core-shell Carboxyl
Hydroxyl

Non-oriented APBA MBA 2015 [78]

OVA Core-shell Hydroxyl Non-oriented Poly (ethylene imine) 2016 [38]
OVA Core-shell Vinyl Non-oriented VPBA

DMAEMA
MBA 2017 [101]

OVA Core-shell Boronic Acid
Amino

Oriented
Boronate affinity

Glycidyl methacrylate MBA 2018 [71]

Phosphopeptide
(Template: Pyrophosphate)

Core-shell Hydroxyl Non-oriented 3- ureidopropyltriethoxysilane TEOS 2017 [90]

RNase A Core-shell Hydroxyl Non-oriented MMA EGDMA 2007 [126]
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ILs Ionic liquids
RTILs Room temperature ionic liquids
HSA Human serum albumin
APBA 3-Aminophenylboronic acid
JEV Japanese encephalitis virus
VIPs Virus-imprinted polymers
AFP Alpha-fetoprotein
ECL Electrochemiluminescence
anti-HIV-1 Human immune deficiency virus type 1 antibody
HIgG Immunoglobulin G
DMAEMA (Dimethylamino)ethyl methacrylate
LCST Lower critical solution temperature
UCST Upper critical solution temperature
NIPAM N-Isopropylacrylamide
DNase I Deoxyribonuclease I
DMAPMA N-[3-(dimethylamino)propyl] methacrylamide
OEG Oligo (ethylene glycol)
MEO2MA 2-(2-methoxyethoxy)ethyl methacrylate
VBIDA N-(4-Vinyl)-benzyl iminodiacetic acid
MA-L-Ala-OMe N-methacryloyl-L-alanine methyl ester
SAED Selected area electron diffraction
MWCNTs Multi-walled carbon nanotubes
M-CD Magnetic carbon quantum dots
AAm Acrylamide
DMEABr 2-(N,N,N-dimethylethylammonio)ethyl methacrylate

bromide
OEGMA Oligo(ethylene glycol) (meth)acrylate
DOPA Dihydroxyphenylacetic acid
VPBA 4-vinylphenylboronic acid
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5.2 Publication II. Inhibitor-assisted synthesis of silica-core microbeads 

with pepsin-imprinted Nanoshells 

M. Dinc developed the core-shell MIPs, carried out the rebinding studies, and evaluated the 

results in cooperation with the co-authors. XPS measurements were done by T. Diemant. R. J. 

Behm, M. Lindén and B. Mizaikoff contributed with revisions to the final manuscript. 

The article is reproduced from “M. Dinc, H. Basan, T. Diemant, J. Behm, M. Lindén, B. 

Mizaikoff, Inhibitor-assisted synthesis of silica-core microbeads with pepsin-imprinted 

Nanoshells, Journal of Materials Chemistry B, 2016, 4(25), 4462-4469.” Reproduced with 

permission from The Royal Society of Chemistry. Copyright © The Royal Society of Chemistry, 

2016 (https://www.doi.org/10.1039/C6TB00147E). 
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containing sodium chloride (0.5 M) for 2 h. Rebinding: at pH 5.0 citrate buffer containing sodium 

chloride (0.3 M) for 60 min.
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5.3 Publication III. Selective Binding of Inhibitor-Assisted Surface-

Imprinted Core/Shell Microbeads in Protein Mixtures 

M. Dinc synthesized the core-shell MIPs and carried out the binding studies. He evaluated the 

results and wrote the manuscript. XPS measurements were performed by T. Diemant. The 

analytical conclusions are established in agreement with the co-authors. R. J. Behm, M. Lindén 

and B. Mizaikoff contributed with revisions to the final manuscript. 

The article is reproduced from “M. Dinc, H. Basan, T. Hummel, M. Müller, H. Sobek, I. Rapp, 

T. Diemant, R. J. Behm, M. Lindén, and B. Mizaikoff, Selective Binding of Inhibitor-Assisted 

Surface-Imprinted Core/Shell Microbeads in Protein Mixtures, RSC Advances, 2018, 8(57), 

32387-32394.” Reprinted by permission of John Wiley & Sons, Inc. Copyright ©  2018 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim (https://doi.org/10.1002/slct.201800129). 
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5.4 Publication IV. Selective binding of matrix metalloproteases MMP-9 

and MMP-12 to inhibitor-assisted thermolysin-imprinted beads 

M. Dinc synthesized and characterized the imprinted core-shell particles. He wrote the 

manuscript in close cooperation with H. Sobek. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), Western blot and zymography assays were performed by Nicole 

Schauer. The analytical and scientific conclusions were established in consultation with all co-
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