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Abstract 

Rapid detection of viral contaminations remains a challenging task in various fields including 

viral clearance studies for biopharmaceuticals, clinical diagnostics, detection of biological 

agents or checking of food-borne pathogens. The majority of the currently available virus 

detection assays such as cell cultures or enzyme-linked immunosorbent assays (ELISA) are still 

laborious and energy-consuming strategies combined with excessive costs. Hereby, the latter is 

based on the ability of antibodies to bind specifically at the surface of a target virus, the antigen, 

with high affinity and selectivity. Inspired by the ‘lock-and-key’ principle in nature, this 

recognition process was translated into synthetic systems generating materials with similar 

molecular recognition properties. Ever since the first reports on such synthetically designed 

systems with ‘molecular memory’ called molecularly imprinted polymers (MIPs) or materials, 

this field has rapidly expanded. Nowadays, templates are recruited from small molecules to 

macromolecules and even biological targets, i.e. proteins, viruses, cells. In general, molecular 

imprinting can be described as creation of synthetic polymers with biomimetic molecular 

recognition properties for a selected template. Hereby, the template directs the assembly and 

orientation of monomer(s) via a crosslinking agent. Following polymerization and template 

extraction, binding sites with complementary size, shape, and functional group arrangement in 

relation to the template molecule are obtained. Although the design of synthetic affinity 

matrices with recognition properties for biological targets, i.e. viruses, still remains challenging, 

various successful attempts have been reported. The major obstacles when imprinting virus 

targets are the fragility, dimension, and limited solubility of the viral target, as well as the 

restricted availability of pure virus material and the need of appropriate laboratories and 

personnel. In turn, molecularly imprinted polymers for viruses convince with their high 

sensitivity and affinity, ease of production, saving of time and costs, robustness of the material, 

and long-term stability. Hence, molecularly imprinted polymers with ‘virus memory’ represent 

an ideal tool for the detection, enrichment, or removal of such pathogens. 

Most successful virus imprinted polymers rely on surface imprinting approaches. These entail 

specific binding sites predominantly present at the surface of the material. Hence, mass transfer 

limitations are minimized, and rapid diffusion/kinetics of the template are ensured. In the 

present thesis, the development and optimization of an adjustable, synthetic surface molecular 

imprinting strategy yielding virus-selective core-shell particles have been pursued. Human 

Adenovirus, which belongs to the category of non-enveloped viruses with icosahedral 
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morphology was used as model virus within the present thesis. The developed imprinting 

approach is composed of sequential steps initiated by the template immobilization at the 

glutaraldehyde-functionalized carrier material, i.e. sub-micrometer particles. Next, a polymer 

shell was grown from the surface of the particles embedding the virus templates within this 

layer. Finally, the virus was extracted creating virus-selective binding sites at the surface of the 

carrier matrix. 

The research described within the present thesis contributes to innovative imprinting strategies 

for viral species addressing the previously mentioned challenges. The obtained virus imprinted 

polymers (VIPs) were characterized for their ability to specifically recognize the initial template 

virus by comparison with non-imprinted (i.e. control) polymers (NIPs). Single and duplex batch 

rebinding assays distinctly revealed high affinity and selectivity of those materials. Minute 

Virus of Mice (MVM) was used for competitive studies and virus quantification was performed 

via quantitative polymerase chain reaction (qPCR). Furthermore, super-resolution fluorescence 

microscopy studies confirmed the presence of virus particles at the imprinted bead surface and 

scanning electron microscopy images provided morphological insight on these matrices. 

Biological risks during the synthesis procedure were minimized in a next development step by 

using a multi-subunit protein complex as template mimicking the native virus structure instead 

of pathogenic virus particles. Although the imprinted binding sites were indeed established 

using hexon protein – a surface capsid protein of Adenoviruses – the resulting polymer matrix 

was able to bind the relevant infectious virus with excellent affinity and selectivity. 

Furthermore, highly purified human Adenovirus type 5 was prepared by a newly developed, 

fast, and robust chromatographic purification strategy using novel virus purification materials. 

This purified virus material was characterized in detail and was studied for the presence of virus 

aggregates. For that purpose, quantitative polymerase chain reaction (qPCR), gel 

electrophoresis (SDS-PAGE), and nanoparticle tracking analysis (NTA) were used. Adenovirus 

obtained via this procedure was then used for imprinting and fluorescence imaging purposes.  

The presented strategies are fundamental steps towards the creation of synthetic receptor 

materials for selective virus capture establishing molecular imprinting of biological templates 

as a versatile and generic technology. Hence, it may be adapted to a wide variety of biological 

species including enveloped viruses. 
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Zusammenfassung 

Die schnelle Detektion viraler Kontaminationen ist eine anspruchsvolle Aufgabe in vielen 

Fachbereichen, einschließlich Studien zur Virus Abreicherung für Biopharmazeutika, klini-

scher Diagnostik, Detektion biologischer Wirkstoffe oder zur Überprüfung von Lebensmittel-

pathogenen. Der Großteil der derzeit verfügbaren Assays zur Detektion von Viren, wie Zell-

kulturen oder enzymgekoppelte Immunadsorptionstests (ELISA), sind noch immer zeit- und 

energieaufwendige Strategien, die mit hohen Kosten einhergehen. Letzteres basiert dabei auf 

der Fähigkeit von Antikörpern spezifisch an die Oberfläche eines Zielvirus, dem Antigen, mit 

hoher Affinität und Selektivität zu binden. Inspiriert vom ‚Schlüssel-Schloss-Prinzip‘ aus der 

Natur wurde dieser biologische Erkennungsprozess auf synthetische Systeme mit ähnlichen 

molekularen Wiedererkennungseigenschaften transferiert. Seit den ersten Berichten über diese 

künstlich designten Systeme mit ‚molekularem Gedächtnis‘ – auch als molekular geprägte Po-

lymere (MIPs) bezeichnet – hat sich das Fachgebiet schnell ausgeweitet. Heutzutage wurden 

die kleinen Moleküle, die häufig als Templat eingesetzt werden auf Makromoleküle, bis hin zu 

biologischen Zielverbindungen, d.h. Proteine, Viren und Zellen, ausgeweitet. Im Allgemeinen 

kann molekulares Prägen als Herstellung eines synthetischen Polymers mit biomimetischen, 

molekularen Erkennungseigenschaften für ausgewählte Template beschrieben werden. Dabei 

bestimmt das Templat die Orientierung von funktionellen Monomeren, die sich um das Templat 

mittels eines Vernetzers anordnen. Nach erfolgter Polymerisation und Entfernung des Templats 

werden Bindungsstellen mit komplementärer Größe, Form und Anordnung funktioneller Grup-

pen in Bezug auf das Templatmolekül erhalten. Obwohl das Design von künstlichen Affinitäts-

matrices mit Wiedererkennungseigenschaften für biologische Targets, d.h. Viren, immer noch 

eine Herausforderung darstellt, sind verschiedene erfolgreiche Ansätze etabliert. Die wesentli-

chen Hindernisse beim Prägen von Viren stellen die Fragilität, die Größe und die begrenzte 

Löslichkeit des viralen Targets, sowie die begrenzte Verfügbarkeit von reinem Virusmaterial 

und der Notwenigkeit entsprechender Laboratorien und geeigneten Personals dar. Dennoch 

überzeugen diese molekular geprägten Polymere mit ihrer hohen Sensitivität und Affinität, re-

lativ einfachen Herstellung, Zeit- und Kostenersparnis, Robustheit und Langzeitstabilität. Da-

her stellen molekular geprägte Polymere mit ‚viralem Gedächtnis‘ ein ideales Material zur De-

tektion, Anreicherung oder Entfernung von Pathogenen dar. 

Die vielversprechendste Prägestrategie für Viren beruht auf sogenannten Oberflächenpräge-

konzepten, welche zu spezifischen Bindungsstellen vor allem an der Oberfläche führen. 



ZUSAMMENFASSUNG 

 

IV 

Dadurch werden Einschränkungen im Massentransfer minimiert und eine schnelle Diffu-

sion/Kinetik des Templats gewährleistet. In der vorliegenden Dissertation stand die Entwick-

lung und Optimierung einer vielseitigen, synthetischen Oberflächenprägestrategie, welche zu 

virus-selektiven Kern-Schale Partikel-Matrizen führt, im Fokus. Humaner Adenovirus, welcher 

zur Gruppe der nicht-behüllten Viren mit ikosaedrischer Morphologie zählt, wurde in der vor-

liegenden Arbeit als Modelvirus eingesetzt. Der Prägeansatz besteht aus aufeinanderfolgenden 

Schritten beginnend mit der Immobilisierung des Templats an ein mit Glutaraldehyd funktio-

nalisiertes Trägermaterial, d.h. Partikel im sub-mikrometer Größenbereich. Im Anschluss 

wurde eine dünne Polymerschicht auf die Oberfläche der Partikel aufgetragen, welche die Viren 

in das Polymer einbettet. Abschließend wurde das Virus extrahiert und virusselektive Bin-

dungsstellen an der Oberfläche der Trägermatrix erhalten. 

Die Forschung in der vorliegenden Arbeit trägt zur Entwicklung von innovativen Präge-

strategien für virale Spezies bei, wobei die zuvor erwähnten Herausforderungen adressiert wer-

den. Virus-geprägte Polymere (VIPs) wurden entsprechend ihrer Fähigkeit das ursprünglich 

eingesetzte Templatvirus wiederzuerkennen charakterisiert, indem sie mit nicht-geprägten 

(Kontroll-)Polymeren (NIPs) verglichen wurden. Einzel- und Doppel-Wiederbindungsassays 

zeigten eindeutig die hohe Affinität und Selektivität dieser Materialien. Für kompetitive Stu-

dien wurde das Minute Virus of Mice (MVM) eingesetzt. Die Virusquantifizierung erfolgte 

mittels quantitativer Polymerase Kettenreaktion (qPCR). Hochauflösende Fluoreszenz-

mikroskopiestudien konnten das Binden des Virus an die geprägte Partikeloberfläche erstmals 

visualisieren und die entsprechenden morphologischen Daten der Rasterelektronenmikrosko-

pieaufnahmen ergänzen. 

In einem alternativen Ansatz wurden biologische Risiken während des Syntheseverfahrens mi-

nimiert, indem ein aus mehreren Untereinheiten aufgebauter Proteinkomplex, der die native 

Virusstruktur nachahmt, anstelle des pathogenen Viruspartikels verwendet wurde. Obwohl die 

Bindungsstellen mit dem Hexon-Protein – ein Oberflächenkapsidprotein des Adenovirus – ge-

prägt wurden, war die resultierende Polymermatrix in der Lage das infektiöse Virus mit exzel-

lenter Affinität und Selektivität zu binden. 

Weiterhin wurde aufgereinigtes humanes Adenovirus Typ 5 durch eine neuartige, schnelle und 

robuste, chromatographische Aufreinigungsmethode unter Verwendung eines innovativen 

Virusaufreinigungsmaterials hergestellt. Dieses aufgereinigte Virusmaterial wurde im Detail 

charakterisiert und bezüglich der Entstehung viraler Aggregate untersucht. Dazu wurden quan-
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titative Polymerase Kettenreaktion (qPCR), Gelelektrophorese (SDS-PAGE) und Nano-

partikel-Trackinganalyse (NTA) eingesetzt. Anschließend wurde dieses Adenovirus für Präge- 

und Fluoreszenzbildgebungsversuche angewandt. 

Die dargestellten Konzepte stellen einen fundamentalen Schritt zur Entwicklung synthetischer 

Rezeptormaterialien zum selektiven Binden von Viren dar, wobei sich das molekulare Prägen 

von biologischen Templaten als vielseitig einsetzbare, generische Technologie erwiesen hat. 

Daher kann diese Strategie auf eine Vielzahl biologischer Spezies inklusive behüllter Viren in 

Zukunft angewandt werden. 
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Aim and Overview of this Thesis 

The present thesis focuses on the design and improvement of advanced molecular imprinting 

strategies for biorelevant species, i.e. viruses. The inactivation, detection, and removal of 

viruses is of particular importance, since these organisms can affect human health. Synthetic 

polymers with biomimetic molecular recognition capability are adoptable for 

biopharmaceutical industry purposes, as for example during production processes of viral 

therapeutics or vaccines. Therefore, template selective cavities are created within a highly 

crosslinked polymer matrix. Especially, the cost- and time-saving aspects benefit the use of 

those synthetic affinity matrices over biological receptors. Nevertheless, different critical 

barriers need to be considered to set up a fast, simple, and specific analytical imprinting 

approach. Research presented in this cumulative thesis is focused on various topics for the 

development of surface molecularly imprinted polymer matrices yielding virus-selective core-

shell hybrid particles. 

I. First, an overview of the state-of-the-art in the molecular imprinting technology 

using viruses as template was provided in the detailed review article ‘Advances in 

Imprinting Strategies for Selective Virus Recognition – A Review’, with a focus 

on critical barriers for a successful synthesis of virus imprinted matrices and 

different highlighted applications.  

II. During the first phase of the present thesis, a fast and accurate virus detection 

strategy using real-time PCR, i.e. quantitative polymerase chain reaction (qPCR), 

was further optimized for Adenovirus and implemented for MVM. The mouse virus 

was selected as a competitive virus due to its similar, but slightly smaller size 

compared to the Adenovirus. By this extremely sensitive quantification technique 

already a low number of viral targets are detectable via their corresponding DNA 

signature. However, successful qPCR includes the design of specific primers and 

probes, optimized concentrations of reaction components and appropriate cycling 

conditions. Quantification by qPCR had to be performed in buffer and real-world 

samples, i.e. cell culture supernatants, as well as in multiplex formats for binding 

studies. Therefore, the need of nucleic acid purification of viruses for subsequent 

qPCR was further investigated. The results were summarized in the journal article 

‘Understanding the viral load during the synthesis and after rebinding of virus 

imprinted particles via real-time quantitative PCR’. 



AIM AND OVERVIEW OF THIS THESIS 

 

2 

III. The article ‘Enhanced Selectivity by Passivation: Molecular Imprints for 

Viruses with Exceptional Binding Properties’ includes detailed information on 

the production of Adenovirus imprinted polymers, and the importance of surface 

passivation with bovine serum albumin (BSA) is presented. This passivation is 

important to improve the affinity and selectivity of imprinted polymers toward non-

imprinted control polymers in buffer and in real-world samples. Scanning electron 

microscopy (SEM) images confirmed visually the differences between distinct 

production stages, i.e. before and after imprinting, after virus lysis or following virus 

rebinding. This was also verified by agarose gel electrophoresis analysis of viral 

DNA after virus rebinding to imprinted polymers, even after several washing steps 

– previously published in ‘Understanding the viral load during the synthesis and 

after rebinding of virus imprinted particles via real-time quantitative PCR’.  

IV. Potential artefacts cannot be excluded, even in SEM images. In the article ‘Use of 

Super-Resolution Optical Microscopy To Reveal Direct Virus Binding at 

Hybrid Core-Shell Matrixes’ a super-resolution visualization of fluorescently 

labeled viruses bound at Adenovirus imprinted polymers is presented via stimulated 

emission depletion (STED) imaging. This unambiguously visualized selective target 

binding at synthetically formed matrices in single and competitive binding studies. 

Additionally, the application of a newly launched chromatographic affinity resin 

selective for human Adenovirus type 5 provided highly purified virus material 

available for subsequent fluorescent labeling procedures. 

V. This highly purified virus was analyzed by Nanoparticle Tracking Analysis (NTA), 

since it supplies real-time quantification of diameters and surface potentials of virus 

particles in solution. Virus aggregates were detected, and the following dissolution 

of those aggregates was studied in live view. Additionally, the advanced 

applicability of this technology towards fluorescence detection of labeled 

Adenoviruses was analyzed. These studies were published in ‘Nanoparticle 

Tracking of Adenovirus by Light Scattering and Fluorescence Detection’. 

Therein, also the innovative approach of NTA for virus analysis is presented. 

Furthermore, NTA studies confirmed the absence of aggregates during rebinding 

experiments of fluorescently labeled viruses for STED imaging in ‘Use of Super-

Resolution Optical Microscopy To Reveal Direct Virus Binding at Hybrid 

Core-Shell Matrixes’. 
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VII. ‘Selective virus capture via hexon imprinting’ highlights an epitope imprinting 

strategy for virus-selective synthetic polymers and opens new frontiers in the 

production of virus imprinted polymers. Therefore, the most abundant capsid 

protein of Adenovirus type 5, i.e. the hexon protein, was used as template molecule 

for molecular imprinting. This was the first time, using an epitope imprinting 

approach, while the final polymer was selective for the entire virus. Single and 

competitive (performed with AdV and/or MVM) rebinding studies in buffer and in 

real-world matrix revealed fast binding kinetics with excellent selectivity toward the 

hexon imprinted polymers. This epitope imprinting strategy opens new production 

pathways of molecularly imprinted polymers for analysis of biological targets, 

without the need of special biosafety level laboratories. 
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1 Introduction and Motivation 

Ebola, Zika and Bird flu virus are some of the most dangerous viruses in the world. Humans 

have been battling with viral infections already since before mankind evolved into its modern 

form of today. However, there is still an ongoing fight against viruses as the Ebola virus disease 

outbreak in Africa demonstrates.1 Their rapid and efficient propagation makes viruses the most 

known and most variable pathogenic parasite that infects all living organisms, i.e. plants, 

bacteria, insects, archaea and mammalians.2,3 Hence, the detection, removal and inactivation of 

viral pathogenic agents is of particular importance in various fields ranging from water over 

food to biodiagnostics (Figure 1). 

 

Figure 1. Overview of important fields of virus detection, removal, and inactivation. 

The detection of pathogens is challenging, laborious, time-consuming as well as expensive. 

Typically, viruses are detected via cell culture4, polymerase chain reactions5, immunoassay 

techniques6, or optical approaches7. Nevertheless, researchers need fast, reliable, and accurate 

tools for determination of viral pathogens, which can manage the increasing need of even faster 

and better detection. Thus, there is a high demand for new technological approaches that detect 

and/or remove viruses. 
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Due to the enormous potential for applications in science and industrial sectors, molecular 

imprinting gained a lot of popularity. Historically inspired by the ‘lock-and-key’ principle of 

FISCHER
8 and the instructional theory about the formation of antibodies by PAULING

9, 

researchers designed and synthesized synthetic material with recognition properties similar to 

those in nature, i.e. as between hormone and receptor, antibody and antigen, or enzyme and 

substrate. 

In general, molecular imprinting is the introduction of a ‘molecular memory’ within a polymer 

matrix. A copolymerization of crosslinking and functional monomers in the presence of a 

template molecule is performed. After an initially formation of a complex with the imprint 

molecule, the polymerization proceeds. Finally, the highly crosslinked polymer holds the 

functional groups around the imprint molecules in position. Following template removal, a 

three-dimensional binding pocket with a complementary shape and size to the analyte is 

revealed. This molecular imprint is now available for selective target rebinding, while 

incorrectly shaped analytes are not recognized. These smart synthetic materials have become 

an allure in the chemical sector due to the high affinity and selectivity properties being at par 

with those of biological receptors.10 

Over the years, continuous research improved and advanced the design of the recognition 

material. Nowadays molecularly imprinted polymers are not only available for small molecules, 

but rather large biomolecules11 or even viruses12,13 were imprinted successfully. Ample 

examples are available in literature using small molecules as templates for molecularly 

imprinted polymers, including nucleotides14, amino acids15 or steroids16, pesticides17, or 

sugars18. In contrast, voluminous biological targets, i.e. viruses, cells etc., are still challenging 

for the design of affinity matrices due to their intrinsic properties and the need of biofriendly 

polymerization conditions.19 Although these properties exist, the relevance of biological targets 

led to a vast progress in the field of macromolecular imprinting since 2005.20 Especially viruses 

are of great interest due to the possible application in various sectors, like therapeutically 

research, purification approaches or diagnostics, accompanied with potential cost savings, 

increased shelf-life, and high stability of the final polymer even at elevated temperatures and 

pressures.21–24 

Particularly, the biopharmaceutical industry has a growing demand as well as an increasing 

need to improve current virus detection, purification or removing technologies, since 

increasingly more vaccines are produced from in cell culture derived viruses. Traditional 

techniques like nanofiltration25 and plaque assay26, or more modern approaches as flow 
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cytometry27 and transmission electron microscopy28 are used in industry. Alternative synthetic 

virus recognition approaches feature various benefits. Nevertheless, the main motivations for 

the investigation in virus imprinted polymers (VIPs) definitely are cost- and time-saving aspects 

over biological receptors.29 Herein, an advanced imprinting procedure for the design of 

synthetic virus-specific matrices for the separation of viruses in biopharmaceutical sectors is 

presented.  
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2 Theoretical Background 

2.1 Molecular Imprinting 

Molecularly imprinted polymers (MIPs) have been a successful story for nearly 50 years, and 

intensive efforts were made in this technology. Historically, polymer scientists were influenced 

by the first studies of PAULING
9 in the 1940’s describing the creation of artificial antibodies and 

by the ‘lock-and-key’ hypothesis theorized by FISCHER
8
 (1894). Even though PAULING’s 

hypothesis was disproven later, it implemented the basis for many researchers trying to translate 

this idea to synthetic materials. Despite these pioneering works, it took several years until the 

seventies, when 1972 WULFF
30 and KLOTZ

31 reported parallelly a template selective binding 

approach of imprinted polymers. Later, the technology of molecular imprinting was influenced 

particularly by MOSBACH
32–34 and his coworkers. Altogether, these studies were the milestones 

for a steadily growing field in research. The method itself is based on the formation of a 

complementary recognition site (‘the lock’) by assembling appropriate polymerizable 

monomers around the functionality of a target molecule (‘the key’). Due to the similarity to 

biochemical recognition processes occurring in nature, MIPs were often described in analogy 

to the ‘lock-and-key’ principle of enzyme-substrate-complexes or antibody-antigen-

formations.35–37  

Figure 2 shows a schematic illustration of molecular imprinting. In the first step functional 

monomers and crosslinker self-assemble around the template forming a pre-polymerization 

complex. Subsequently, the polymerization proceeds creating an imprinted matrix. After 

template removal from the matrix, a cavity that is complementary in size, shape, and 

functionality to the original template is revealed. This selective binding site is now available 

for analyte rebinding.29,38 
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Figure 2. Schematic principle of molecularly imprinted polymers. | Monomers carrying certain functional 

groups are arranged around a template together with the crosslinker. Upon polymerization a highly 

crosslinked network is formed, and the functional groups are held in position. Template removal leaves 

cavities that are complementary to the target molecule and are capable to rebind the template. 

2.1.1 Imprinting Concepts 

Depending on the type of driving force between the template and functional monomer(s) during 

the imprinting and rebinding, different imprinting approaches can be classified. The two main 

strategies are the covalent and non-covalent imprinting, but also some hybrids like the semi-

covalent approach exist. 
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Covalent Imprinting (Pre-Organized Approach) 

WULFF et al.30 introduced the covalent imprinting approach. Here, the template is coupled 

covalently to the functional monomer(s). After copolymerization with an appropriate 

crosslinker, the imprint molecule is removed resulting in selective binding sites within the 

polymer matrix. During rebinding, the template is either bound towards re-established covalent 

bonds or non-covalent interactions, respectively.29,30  

Non-Covalent Imprinting (Self-Assembly Approach) 

The non-covalent imprinting approach convinces with its simplicity, easy template removal and 

variety of functionalities that can be introduced into the imprinted binding site. Hereby, the 

imprinting molecule interacts via electrostatic, dipole-dipole, hydrophobic or hydrogen bonds 

and van der Waals forces. Originally, MOSBACH
32

 and his co-workers were the pioneers for this 

imprinting strategy. By self-assembly between template and monomer, followed by a 

crosslinking co-polymerization a selective polymer is formed. The formation of the template-

monomer-complex is controlled by equilibrium, whereas an equilibrium shift towards complex 

formation is ensured by excess of functional monomer.35,37,39  

Semi-covalent Imprinting 

The semi-covalent strategy, first introduced by WHITCOMBE et al.29, combines the best of both 

approaches – the formation of a stable and stoichiometric pre-polymerization complex and fast 

non-covalent rebinding kinetics. First, the template molecules are attached covalently to the 

functional monomer(s), while later the template rebinding occurs by non-covalent interactions.  

Advantages and Disadvantages of Different Imprinting Concepts 

Choosing an appropriate imprinting strategy is one critical barrier for a successful imprinting 

approach. However, this choice also depends on the final application of the respective imprinted 

polymer. Non-covalently imprinted polymers are favored in solid phase extractions due to their 

fast mass transfer properties. In contrast, sensing devices require highly selective signal 

generation, whereas for those applications covalent imprinted polymers are more suitable. The 

following Table 1 supplies a summary of the advantages and disadvantages of the two main 

imprinting approaches.40 
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Table 1. General benefits and drawbacks of non-covalent and covalent imprinting strategies.40–43 

 Non-covalent Imprinting Covalent Imprinting 

selection of template and 

functional monomer 

wide variety restricted to functionalities 

affinity heterogenous homogenous 

polymer preparation straightforward pre-polymerization complex 

with covalent bindings 

necessary 

polymerization 

conditions 

critical – pre-polymerization 

complex governed by non-

covalent interactions 

less critical – stable pre-

polymerization complex 

template removal easy, under mild conditions cleavage of covalent bond 

necessary 

selectivity less selectivity higher selectivity 

rebinding kinetics  fast slow  

stability often poor stability stable in various harsh 

environments 

 

2.1.2 Polymerization Methods  

Ample examples of different polymerization approaches, i.e. 3D and 2D techniques, have been 

compared and published in literature.44 Following, the most commonly used methods are 

described (Figure 3). 
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Figure 3. Overview of different polymerization strategies. 

By far the most widely used method is the preparation in bulk, owing to its simplicity, 

straightforwardness, and versatility. However, the final product has to be crashed, grounded, 

sieved and sedimented. Despite its easiness of preparation, bulk polymerization is tedious and 

involve wasteful post-treatment procedures. Furthermore, irregular particle shapes with large 

size distribution are obtained.37,45 

In order to obtain spherical particles and overcome the limitations of bulk MIPs, polymerization 

can be performed via precipitation. Therefore, the amount of porogen used in bulk method is 

increased resulting in uniformly sized particles with a high reaction yield. But, large amounts 

of template and porogen are needed.39,46–55 Dispersion polymerization, a type of precipitation 

polymerization, involves an initially homogenous system of monomer(s), initiator(s), 

stabilizer(s) and organic solvent. As the polymerization proceeds the system becomes 

heterogenous, because formed polymer particles are insoluble in the solvent resulting in 

particles of colloidal dimensions.55 
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In contrast to precipitation polymerization, suspension or bead polymerization is carried out 

by suspending monomer(s), stabilizing agents, and initiator (discontinuous phase) in a solvent 

– generally water (continuous phase) – in form of small droplets. These droplets can be 

considered as mini bulk reactors that polymerize to solid, spherical particles. Agitation and the 

presence of suspension stabilizers prevent coalescing leading to final polymer beads with a 

narrow size distribution. For inverse suspension polymerization organic solvents are used as 

continuous phase and water-soluble monomers are dissolved.46,49,55,56 

For emulsion polymerization56 monomer(s), initiator, emulsifier, and modifiers, if necessary, 

are emulsified in the dispersing medium by stirring and/or sonication. Classifications in oil-in-

water (o/w)57, water-in-oil (w/o) or inverse58 emulsion polymerization exist. An initially 

inhomogeneous system results in colloidal particles containing the formed polymer. This 

process seems to be a superficial resemblance to suspension polymerization, however, the type 

and smaller size of the particles in which the polymerization takes place, as well as the kind of 

used initiator delineates emulsion and suspension polymerization. For mini-emulsion 

polymerization particles of the dispersed phase have diameters in the range between 50-

1000 nm. Micro-emulsion polymerizations are performed with dispersed domains varying 

approximately from 1-100 nm.55,59 Also particle-stabilized (Pickering)60 and core-shell 

particles61 can be produced via emulsion polymerization. Nevertheless, used stabilizers are 

difficult to remove and may interfere during the imprinting procedure. 

Another polymerization type is multi-step swelling polymerization, a polymerization based on 

the swelling of spherical, uniformly sized particles. It is a quite time-consuming and 

sophisticated technique. Therefore, prior synthesized seed particles are activated by swelling 

them in an aqueous micro-emulsion with a water-insoluble solvent and free radical initiator. 

Following, full adsorption of these emulsion droplets, swollen particles are added to another 

aqueous dispersion with the polymerization constituents. Once the polymerization droplets are 

adsorbed at the swollen particles, the polymerization is initiated and polymer particles with a 

shape of the original seed, but with increased sizes are obtained.39 

Polymer monoliths prepared by in-situ polymerization, which uses the principle of 

interpenetrating polymer networks, are mainly used in capillary electrochromatography (CEC) 

and chromatographic stationary phase preparation. Therefore, after activation of the inner 

capillary surface for better monolith attachment, the polymerization components are filled in 

the capillary and the polymerization is started. Generated macropores provide ideal flow-

through properties with selective binding sites.62 
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The choice of an optimal polymerization approach is one of the major problems in the design 

of molecularly imprinted polymers. Mainly because of the variety of mutable parameters, i.e. 

monomers, crosslinker, type of polymerization and imprinting strategy, etc. Combinatorial and 

computational approaches support the rational design and reduce time and costs during the 

development process.63–65 Although imprinting approaches are still challenging, especially in 

the field of macromolecular imprinting, optimized imprinting methods are of foremost 

importance. The polymerization approach for the imprinting of biorelevant species has to be 

considered thoroughly due to their macromolecular and intrinsic properties. Detailed 

information regarding polymerization strategies for virus imprinting are discussed in detail in 

the review article ‘Advances in Imprinting Strategies for Selective Virus Recognition – A 

Review’. 

2.1.3 Bulk Imprinting vs. Surface Imprinting Concepts 

The design of the imprinting process, i.e. the conditions under which the template molecules 

are introduced to the polymerization mixture, can be classified in different molecular imprinting 

formats. These include bulk imprinting, surface imprinting and epitope imprinting.47  

In bulk imprinting (Figure 4), a technology preferred for the imprinting of small molecules, the 

template is imprinted as a whole within the polymer matrix. Following template removal, 

template-specific 3D binding sites are accessible within the imprinted polymeric material. Here, 

the template structure most closely matches the original target structure. However, crushing and 

grounding might destruct the imprinting cavities and, in case of large biomacromolecules poor 

mass transport and permanent template entrapment may be caused by a rigid polymer matrix. 

This leads to unsatisfactory recognition properties and reduced template loading. Furthermore, 

due to the bulky morphology of those imprints, macromolecular templates might be embedded 

too deeply in the polymer matrix, leading to non-accessible binding sites, longer respond times, 

drift problems and even poor regeneration. There is also the difficulty of possible target 

denaturation, since biomacromolecules possess a fragile and sensitive structure that might be 

denaturized during harsh molecular imprinting processes. Besides, biomolecules are less 

soluble in organic solvents, whereas an aqueous environment is required during polymerization. 

This limits the variety of possible monomers drastically. Additionally, the large imprinted sites, 

caused due to the huge diameter of the template molecule, are also attractive for smaller 

macromolecules, which results in reduced selectivity and cross-reactivity.47,54,66–68 
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Figure 4. Concept of bulk imprinting. | Template interacts in a pre-polymerization complex with functional 

monomers and crosslinker. Then, the polymerization process follows to form the molecularly imprinted 

polymer. Upon template removal by extraction, specific recognition sites enable subsequent recognition of 

the template during rebinding processes. Reproduced with permission form [69] Copyright © 2019, published 

by Elsevier B.V. 

An alternative polymerization format was necessary to overcome the limitations that are 

accompanied with bulk imprinting. In contrast to the previously mentioned technique, for 

surface imprinting (Figure 5) high affinity recognition sites are formed at the surface of a solid 

substrate, with often higher physical robustness. Therefore, a reduced amount of template is 

required for the imprinting process. This favors fast binding kinetics as well as easy template 

transfer and removal with lower mass transfer resistance for the biomacromolecules. Surface 

imprinting can be divided in different strategies, e.g. self-assembling, nanopatterning, template 

grafting, etc. Nevertheless, reduced selectivity is possible, since only a part of the biomolecule 

is recognized within the polymer matrix.47,70–72 
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Figure 5. Concept of surface imprinting. | A pre-polymerization complex is formed between the supporting 

core particle, template, functional monomers and crosslinker. By polymerization, the surface imprinted 

polymer is formed. After template removal, specific recognition sites are accessible for specific rebinding at 

the surface of the carrier material. Reproduced with permission from [69] Copyright © 2019, published by 

Elsevier B.V. 

Despite many challenges, especially in macromolecular imprinting, epitope imprinting (Figure 

6) was developed to overcome critical barriers associated with large target imprinting. Thereby, 

a small part with a special conformational structure, amino acid composition and sequence of 

the original template serves as target for following imprinting, and finally, the full-sized target 

species can be recognized. The term epitope is originally derived from nature, since antibodies 

actually bind to characteristic peptide fragments (4-15 amino acid units), which are called 

epitope. For sequence-recognition imprinting, amino acid sequences, as one of the terminal 

chains of the target molecule are imprinted as a surrogate template for the whole template.47,66,73 

Due to the low number of potential binding sites, non-specific binding is reduced, and the 

affinity is improved. Small epitopes also allow fast and easy template removal. Furthermore, 

epitopes are often stable in organic solvents, and thus polymerizations under harsh conditions 

can be performed. However, epitopes are difficult to purify or synthesize.41,47,66,74 
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Figure 6. Concept of epitope imprinting. | Epitope, functional monomers and crosslinker arrange a pre-

polymerization complex by self-assembly. After polymerization, the epitope imprinted polymer is formed. 

Following template extraction specific recognition cavities are generated accessible for specific analyte 

rebinding. 

2.1.4 Concluding Remarks 

The field of molecular imprinting is currently a rapidly growing field. What previously was 

considered as impossible, is now possible with innovative technologies. Especially their ample 

benefits, e.g. high stability, selectivity, and sensitivity at relatively low costs, make molecularly 

imprinted polymers useful for a broad range of different applications, like sensors, catalysis, 

chromatography or drug delivery. In particular, macromolecular imprinting, including proteins, 

cells and even viruses, gained considerable interest. However, the successful industrial 

implementation is still challenging. Up to date, there are different imprinting strategies and 

studies using huge biomacromolecules, i.e. viruses, as molecular imprinting template, 

especially, due to the relevance of the used target for pharmaceutical, biomedical, or 

environmental purposes.47,70,75,76 A detailed overview is described in the review article 

‘Advanced Imprinting Strategies for Selective Virus Recognition – A Review’. 
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2.2 A Critical View on MIP Technology  

Almost 50 years after the publication of WULFF’s[30] first imprinting approach the phrase 

‘antibody mimic’ is nowadays a synonymous term with the technology of molecular imprinting. 

Nevertheless, it is questionable, whether MIPs become a useful and general alternative to 

antibodies.[10] 

Antibodies provide both, well-documented high selectivity and affinity, ranging down to the 

picomolar range. Compared with detection limits for MIPs, this range is also reachable. But 

biomolecules need to be used in extremely specific conditions, including temperature, pH, and 

solvent. In contrast, MIPs convince with their simple, quick and low-priced preparation, their 

stability and reusability, and their robustness against solvents, different temperatures and 

varying pH ranges.77 

Nonetheless, some constraining factors limit the exploitation and commercialization in 

industry. Up to date, there are several potential applications areas of the MIP technology, all 

based on their capability to specifically recognize molecular targets. Biotage AB (Lund, 

Sweden) commercialized solid phase extraction (SPE) cartridges – AFFINILUTE MIP 

Columns78,79 – for selective extraction applications in health, pharma, environmental and food 

sector. Merck (Darmstadt, Germany) is selling SupelMIP® SPE 80–83 for pesticides, beta-

blockers, beta-agonists, and some drugs of abuse such as amphetamine. PolyIntell (Val de 

Reuil, France) has purchasable SPE cartridges – AFFINIMIP® SPE84–86 – for instance for 

mycotoxins such as patulin, fumonisins, zearalenone, ochratoxin A, and for endocrine 

disruptors (bisphenol A, estrogen derivatives etc.) or for the purification of radiotracers used in 

positron emission tomography. Apart from separation applications, other promising 

commercial applications are assay or sensor systems. Indeed, the company Raptor Detection 

Technologies, LLC87 (Columbia, USA) produces ‘Substance Activated Fast Evaluation 

Technology’ (SAFE-T) products that are able to sense microscopic amount of explosives for 

humans or environmental harmful molecules and these are visualized by a color-coded change. 

Despite its promising concepts, the technology of molecular imprinting involves at the same 

time some limitations. One complication is the optimal design of a molecularly imprinted 

polymer for a new target. Various time-intensive experimental parameters need to be changed, 

until the best conditions are encountered. Combinatorial approaches accelerate the finding of 

the best composition through simultaneous evaluation of an huge amount of different polymers 

in a small scale.88,89 Furthermore, molecular modeling allows a rapid theoretical screening of 
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monomer(s), crosslinker or solvent against a chosen template leading to better predictions 

regarding the selectivity of MIPs.90,91  

Another complication in the synthesis of MIPs is the frequent need of mostly expensive 

templates and/or they are difficult to obtain. This limits the producible number of imprinted 

polymers since the selective binding sites were originally created by the template molecule. 

Ideally a template recycling is performed to overcome this limitation. However, this is only 

possible to a limited extend since the substantial majority of template removal procedures tend 

to denature/destroy the template. An alternative way represents the epitope imprinting 

approach. By using a small part or fragment of the whole macromolecule, an alternative 

synthetic route is created and usually, more specific and stronger interactions are obtained.92,93 

This also explains the numerous reports describing the imprinting process of non-relevant 

templates, available in large quantities.94,95 Yet, there are also an enormous amount of 

publications dealing with quite relevant templates.17,47,96 Regarding the huge library of 

templates, the molecules can be broadly divided in two categories amongst their molecular 

weight. Including the small/low molecular weight molecules, like pharmaceuticals and drugs 

or environmental pollutants, and the larger molecules/macromolecules, like peptides, proteins 

as well as viruses, bacteria, and cells. 

The large part of literature dealing with molecularly imprinted polymers can be classified within 

the first category of small molecules. These molecules typically benefit with their definite 

shape, confined functionality, and are more often thermo- and/or light-stable. These properties 

make them ideal candidates for ‘textbook-like’ imprinting. To date, researchers focus also on 

the production of more ‘antibody-like’ materials, i.e. lager and even biological macromolecules. 

Here, the size, shape, complexity, and fragility had made this area particularly challenging. 

However, due to optimal design of the imprinted systems some success has been achieved. As 

a result, molecular imprinted polymers are able to substitute antibodies in competitive 

immunoassays due to their similar affinity and cross-reactivity profiles as antibodies.97,98 

Comparing these two systems, both try to bind a particular target molecule with high selectivity 

and affinity, but with a fundamentally dissimilar mode of action and composition. MIPs for 

example show good functionality in organic media, where antibodies do not. Conversely, MIPs 

often fail in physiological conditions, while antibodies exhibit their full potential. 

In some cases, researchers aim to capitalize on the benefits listed above. Antibodies and 

molecularly imprinted polymers have co-existed for the past decades and will continue to do so 

in the future. These two approaches are not mutually exclusive but rather complementary. 
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Researchers will be able to choose their receptor of choice – synthetic or natural – depending 

on the applications and whichever best solves the problem. In conclusion, the combination of a 

given multitude and diversity of the imprinting technology, coupled with the inherent selectivity 

and physical robustness, makes a technology earlier regarded as impossible to a certainly 

achievable. 

2.3 Virus Templates 

Moving beyond proteins, viruses are attractive biological targets and their detection became an 

important and interesting topic. They are interesting candidates as biological template entities 

for the design of specific recognition elements. Since their discovery, virologists and cell 

biologists struggled with the classification of these entities. Although viruses can serve as a 

useful purpose in various sectors of our life, they became well known, when a formidable source 

of infective diseases occurred. In general, a virus is a small parasite that only replicates inside 

living cells of other organisms and consists of a tiny bundle of genetic material (single- or 

double-stranded DNA or RNA). This nucleic acid core, often combined with nucleoproteins, is 

surrounded by a symmetric outer casing of proteins, called capsid. The virus capsids may have 

different shapes, e.g. icosahedral, filamentous, or head-tailed (Figure 7, right). The combination 

of nucleoproteins and viral genome is denoted as nucleocapsid. Some viruses possess a second 

protective lipid bilayer, known as the envelope. This layer is usually derived from the cell 

membrane of a host and is studded with an outer layer in form of virus envelope glycoproteins 

(Figure 7, left). Finally, independent, infectious virus particles, i.e. virions, deliver their genetic 

material into the host cell for following expression. Following, a schematic enveloped virus 

particle structure and different shapes of non-enveloped virus capsids (Figure 7).99,100 
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Figure 7. Schematic structure of a virus particle with envelope and non-enveloped virus capsid shapes. 

| A spherical virus particle consisting of two basic components – the genome and protein coat (capsid) – with 

an additional covering – the envelope. The viral envelop is studded with glycoprotein spikes or knobs (left). 

Self-assembly of virus capsids follows in icosahedral, filamentous, or head-tailed symmetry (right). 

Originally, there was no system to classify viruses and they were named haphazardly. However, 

in the 1960’s LWOFF, HORNE, and TOURNIER
101

 suggested a comprehensive scheme for the 

classification of all viruses. Today, viruses are sorted according to the guidelines of 

International Committee on the Taxonomy of Viruses (ICTV) and the Baltimore classification. 

The Baltimore classification places viruses into seven distinct groups, while each group stands 

for either a genomic type or a mode of replication. Following, the seven groups viruses are 

listed within the system defined by BALTIMORE
102: (i) double-stranded DNA viruses, (ii) single-

stranded DNA viruses, (iii) double-stranded RNA viruses, (iv) positive-sense single-stranded 

RNA viruses, (v) negative-sense single-stranded RNA viruses, (vi) reverse transcribing diploid 

single-stranded RNA viruses and (vii) reverse transcribing circular double-stranded DNA 

viruses. The ICTV accompanies this classification method and sets further classification 

guidelines and specific naming conventions, including the following viral taxa: order, family, 

sub-family, genus and species.99,102–104 

2.3.1 Adenovirus 

Among others, Adenoviruses (AdV) are associated with numerous disease outbreaks. A virus 

that belongs to the Baltimore group (i) and the family Adenoviridae. A family of over 60 

identified serotypes divided into seven subgroups. Adenoviruses are a compelling cause of 

febrile illnesses in young children, but can also cause respiratory and eye infections, as well as 

gastrointestinal, genitourinary, or neurologic diseases. However, two thirds of infections are 

asymptomatic. Besides their importance as infectious agent, Adenoviruses are ideal candidates 
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for viral vector research, as they deliver foreign genes for immunization against tumors or 

certain infections, i.e. malaria or HIV-1 or gene therapy, respectively.105 Generally, 

Adenoviruses are icosahedral, non-enveloped double-stranded DNA viruses and range in size 

from 70 to 100 nm in diameter. The genome is about 26 to 48 kbp long, and the icosahedral 

shaped capsid consists of 240 hexon and 12 penton components per virus particles, whereas 

each penton contains a base plate with associated fiber.99,106–109 

2.3.2 Minute Virus of Mice 

Minute Virus of Mice (MVM) is a common viral pathogen in laboratory mice and it is a type 

species of the family Parvoviridae. According to the Baltimore classification it belongs to group 

(ii). To date, four different strains of MVM (MVMp, MVMi, MVMm and MVMc) have been 

described in literature. Originally, CRAWFORD et al.110 isolated the virus from a stock of mouse 

Adenovirus. Later, this prototype isolate was designated as MVMp. In contrast, its allotropic 

variant MVMi, which shows immunosuppressive properties in vitro, was detected in 

transplantable mouse lymphoma.111 Later during the 1980s, MVMc was isolated as contaminant 

of BHK-21 cells.112 MVMm was isolated from infected B-cell-deficient mice with a B-

lymphocyte maturational defect.113 Natural infections in adults or infants are usually 

asymptomatic, nevertheless, the most common sign of infection is seroconversion.111,114 

Besides, MVM is highly resistant in the environment and a common contaminant of 

transplantable tumors, cell lines, virus stocks, and culture media.115,116 MVM is a single-

stranded DNA-containing virus with a genome of about 5.1 kbp in length.117 The icosahedral 

capsid is about 26 nm in size and assembled from three viral proteins (VPs), VP1, VP2, and 

VP3.118,119 

2.4 MIPs for Bioapplications 

The high selectivity of antibodies and enzymes is of great importance in various sectors, i.e. 

biology, chemistry, diagnostics.120,121 However, natural receptors are expensive, accompanied 

with high production costs and limited lifetime. Synthetically produced receptors based on the 

principal of molecular imprinting were developed to overcome these limitations. Although the 

MIP technology is very promising for biological application scenarios, the commercial success 

is still limited. As stated before, only a few commercialized MIP products are available, but no 

material that is based on molecular imprinting of biomolecules is currently available on the 

market. Several barriers hamper the commercialization of synthetic bioselective matrices, e.g. 

complexity, fragility, size, and solubility of templates (see review article ‘Advanced 
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Imprinting Strategies for Selective Virus Recognition – A Review’). These obstacles led to 

inadequate selectivities or difficulties in large-scale production and furthermore, a resistant and 

multi-usable coating material has to be created.122 Even though different promising examples 

can be found in literature, it has not yet been possible to launch MIPs in bioapplications. 

2.4.1 Chromatography and Electrophoresis 

A more traditional form of application is chromatography or electrophoresis. Both are 

separation techniques and differ only in their different phases. In electrophoresis the stationary 

phase is a solid one, and the wet mobile phase is either acidic or basis. Then separation of 

charged molecules is conducted toward opposite charged electrodes. In contrast, 

chromatography can be performed with a stationary phase and a liquid or gas mobile phase. 

Here the separation of molecules is based on their adsorption properties and partition 

coefficient.123 Recently, chromatography was used for effective and specific cell separation, i.e. 

strains of Synechococcus and Synechocystiscyanobacteria.124 The authors used a microfluidic 

channel imprinted with the respective bacteria strain. In contrast, REN et al.125 used the same 

method for the separation of Staphylococcus aureus, Escherichia coli, Staphylococcus 

epidermidis and Klebsiella pneumoniae. OGISO et al.126 analyzed DNA electrophoretically by 

molecularly imprinted polymers. Double-stranded DNA sequences were detected in presence 

of different interfering DNA fragments of various sizes.  

2.4.2 Sensing Devices 

In comparison, sensing devices are available with different detecting systems, e.g. mass, 

refractive index, optical or electrochemical signals, etc. Optical biosensors are often 

categorized in fluorescence based or label free systems.127 These are based on changes in 

fluorescence, or less commonly, in absorbance or luminescence due to binding of the analyte 

at the biosensor surface. CAI et al.128–130 developed an optical sensor for specific detection of 

Hepatitis A Virus (HAV). In this approach the detection was conducted via resonance light 

scattering (RLS) with a biocompatible and magnetic MIP senor.  

Electrochemical biosensors are categorized in potentiometric, amperometric, conductometric 

and impedimetric sensing approaches. Electrochemical biosensors that are based on changes in 

dielectric properties, i.e. capacitance, when an analyte interacts with the sensor surface, have 

been used for the detection of various templates. ERTÜRK et al.131,132 reported ultrasensitive 

sensors for detection of biomarkers, like prostate specific antigen (PSA), which is a biomarker 

for early detection of prostate cancer and compared it with capacitance measurements of 
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immobilized anti-PSA antibodies. In general, the predominantly used methods for cell 

separations are based on adherence, density or antibody binding.133 In another example 

researchers compared a sensitive sensor for detection of cholera toxin (CT) in a flow-injection 

capacitive immunosensors and compared it with monoclonal antibodies against the subunit of 

CT. Hereby, the MIP biosensor showed a higher sensitivity.134 An alternating voltage, resulting 

in an alternating current as response, is imposed between to platinum electrodes for 

conductometric systems. In contrast for impedimetric devices the sensor and one reference 

electrode are used. An imprinted polymer membrane, through which the conductivity is carried, 

has to be prepared for measurements with conductometric or impedimetric sensors. KHAN and 

coworkers135 developed a sensitive impedimetric biosensor for quantification of digoxin – a 

steroidal glycoside toxin – in human serum and pharmaceutical samples. QI et al.136 discussed 

the performance of an impedimetric bacteria imprinted sensor. Sulfate-reducing bacteria 

present in marine environments were chosen as template microorganism. Then, an 

electroconductive sensor was used for the detection of neuron-specific enolase, a lung cancer 

biomarker, in human serum and showed appropriate accuracy compared with an enzyme-linked 

immunosorbent assay (ELISA). A fixed potential is applied between the sensor and a reference 

electrode for amperometric sensors. A signal is generated by monitoring the current flow 

through the counter electrode and the sensor.137 E. coli was detected amperometrically in a 

microfluidic systems.138 Another example showed the amperometric quantification of coliform 

E.coli K-12.139 

Mass sensitive biosensors use imprinted polymers that are coated onto quartz crystal 

microbalances (QCM) or surface acoustic wave resonators (SAW). The binding of an analyte 

can be measured due to an increase in the mass load resulting in a resonance frequency drop. 

The group of DICKERT
75,140,141 developed different QCM devices for selective detection of 

Tobacco Mosaic Virus (TMV) and various Human Rhinovirus (HRV) serotypes. In contrast to 

QCM sensors, SAW resonators have an increased sensitivity (one order of magnitude higher 

resonance frequencies). DEJOUS et al.142 illustrated an acoustic wave transducer, functionalized 

with adenosine-5′-monophosphate (AMP) imprinted polymers, a signaling molecule related to 

the modulation of immune responses in cancers.143 Next to these more traditional application 

scenarios exist also various interesting modern approaches.  

2.4.3 Additional Applications 

Intelligent drug delivery has been studied and created to overcome severe limitations of many 

drugs, like low solubility in body fluids or degradation in the immune systems. Since 
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molecularly imprinted polymers can incorporate a target molecule reversely, they are ideal 

candidates for drug delivery systems. Factors like biodegradability, toxicity, and homogeneity 

of the matrix, next to the capacity of the formulation reproducibility and stability of the 

imprinted material have to be considered for this application.137 A group of researchers studied 

a drug delivery system with doxorubicin (DOX) as template and used the MIPs to deliver DOX 

in an ovarian cancer mouse model for the treatment of murine ovarian carcinoma.144 Another 

interesting study showed an improved bioavailability and efficacy after oral delivery of 

Pantoprazole, a proton pump inhibitor that is used for gastroesophageal reflux or Helicobacter 

pylori. Due to its instability under the influence of heat or light and in acidic conditions, a pH-

sensitive MIP that was imprinted with Pantoprazole, was prepared and its drug-binding and 

releasing behavior was evaluated.145 

Besides, MIPs can find application in drug discovery, i.e. as surrogates for native receptors. 

Researchers showed the use of oseltamivir molecularly imprinted polymers as receptor to 

recognize various inhibitors with regard to their bioactivities.146 Oseltamivir is an active 

influenza virus neuraminidase inhibitor and is considered to be able to control the outbreak of 

influenza.147 MOSBACH et al.148 used MIPs to encounter potential inhibitors for receptors. 

Kallikrein, an enzyme that is physiological significant to transform hormone precursors into 

their active form and additionally can be used as cancer marker, was screened for inhibitors, 

and thus leading to potential drugs. 

Next, molecularly imprinted polymers can help in crystallization processes, i.e. proteins, 

nucleic acids, or viruses. Therefore, a supersaturated solution of those macromolecules is 

required for the following distinct, but inseparable nucleation and growing step.149 Many 

proteins cannot easily be crystallized and this problem is solvable by using MIPs to initiate the 

protein crystallization. REDDY et al. and WHITCOMBE et al. showed possible examples for 

crystallization.150,151 

A further application sector of molecularly imprinted polymers is the use as biomimetic 

antibodies. Highly selective MIP replace natural antibodies to give an appropriate immune 

response in patients. Although many researchers use the term artificial antibody, they do not 

address a specific application. In contrast, HOSHINO et al.152–154 used polymers imprinted with 

melittin, a hemolytic peptide, which lysed red blood cells, and increased the survival of red 

blood cells. Furthermore, mice intoxicated with melittin, showed a significantly increased 

survival rate after treatment with imprinted particles. 
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Finally, molecularly imprinted polymers can be used in cell culturing approaches. Traditional 

methods of in vitro cell culture do not represent the physical environment of cells in vivo. 

Nevertheless, researchers11,155 proved the ideal applicability of cell imprinted polymers as in 

vitro tool. After tests for biocompatibility, cytotoxicity and chemical stability of the polymer, 

cell culturing of cancer cells was performed on those bioimprinted polymers.11,155 DEPORTER 

et al.156 reported a potential method for programming cell adhesion and growth of three different 

cell lines with an increased performance on the bioimprinted polymers. 

The enormous interest in bioimprinted materials and the various bioapplications that can be 

found in literature show the great potential of this topic.47,69,157 There is still a lack of 

information for final commercialization, but now there is a good starting point to create 

bioimprinted polymers for biomedical applications, like polymeric traps, drug delivery systems 

etcetera and the development opens new possibilities in future. Althogh all of these techniques 

come along with various benefits, at the same time there are also different limitations, when it 

comes into application. Nevertheless, molecular imprinting is still a promising tool for the 

creation of matrices with highly senesitive and specifc properties as well as long-term 

stability.47,70,158 
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3 Results and Conclusion 

The present thesis discusses the development of advanced imprinting strategies for biorelevant 

species. Hereby, viruses were selected as relevant biological targets. A successful 

demonstration of a surface molecular imprinting approach yielding hybrid core-shell sub-

micrometer particles with selective virus binding sites at the particle surface is presented. This 

technology provides a promising tool for a final application scenario in biopharmaceutical 

approaches and demonstrates a complementary technology to natural receptors. Following, a 

brief summary of the most relevant findings achieved within the present thesis and published 

in the appropriate journal articles is provided. 

The review article ‘Advances in Imprinting Strategies for Selective Virus Recognition – A 

Review’ summarizes the state-of-the-art of virus imprinting along with different application 

highlights and critical barriers in the synthesis of virus imprinted polymers. As rapidly 

expanding field, molecular imprinting of viruses gained a lot of popularity. Hereby, the 

synthesis strategy is a critical step, wherefore different preparation routes are presented ranging 

from 3D over 2D techniques to epitope imprinting approaches. A few examples focused on 

bulk imprinting polymerization strategies. The vast majority used surface imprinting, i.e. soft 

lithography, self-assembly, core-shell particles via immobilized templates or emulsion 

polymerization via miniemulsions. Although different challenges had to be addressed until a 

binding material with high affinity, capacity and selectivity is achieved, recent studies presented 

innovative application scenarios, like a flow reactor system for virus binding studies or a 

chromatography material for biotechnological or biopharmaceutical processes. Furthermore, 

biosecure imprinting strategies, like epitope imprinting, were addressed, which showed among 

other arguments the innovative perspective of these biomimetic recognition materials. 

The potential of quantitative polymerase chain reaction (qPCR) as optimized method for rapid 

virus quantification during the synthesis of virus imprinted polymers and subsequent rebinding 

studies is presented in the second article ‘Understanding the viral load during the synthesis 

and after rebinding of virus imprinted particles via real-time quantitative PCR’. To 

overcome limitations usually associated with conventional virus detection methods, i.e. electron 

microscopy or antigen-based assays (ELISA), real-time qPCR offers a quantitative strategy 

with significantly enhanced sensitivity towards ELISA. Human Adenovirus (AdV) serotype 5 

was selected as a model virus. Fast, reliable, and reproducible AdV quantification was 

performed with or without prior DNA purification steps. A broad dynamic range was 
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demonstrated in both application scenarios and the rather minute loss during the purification of 

nucleic acids was neglectable. However, cost- and time-saving aspects attributable to direct 

virus quantification was indeed considered as the major aspect. Furthermore, this rapid 

quantification route is applicable to other viruses. The fast detection of Minute Virus of Mice 

via qPCR is shown in ‘Enhanced Selectivity by Passivation: Molecular Imprints for 

Viruses with Exceptional Binding Properties’. Nevertheless, in real-word matrices, i.e. cell 

culture supernatants, blood, urine etc., one may resort to real-time qPCR with prior isolation of 

nucleic acids, without any limitations concerning sensitivity or linear range. 

Further, within these two previously mentioned articles several important aspects considering 

the successful imprinting and rebinding of Adenoviruses are presented. Firstly, a synthetic sol-

gel surface imprinting strategy was shown yielding virus imprinted polymers with superior 

affinity and selectivity towards the target species. In general, the imprinting procedure consisted 

of different steps, beginning with the template immobilization at functionalized silica particles. 

A thin hybrid layer was polymerized at those particles embedding the immobilized target 

species. Finally, after removal of the template virus selective binding sites at thus revealed 

polymers were obtained available for subsequent batch rebinding studies. The used polymer 

crosslinking chemistry had a combination of advantages. On the one hand the usage of 

biofriendly mild aqueous polymerization conditions was conducted without destruction of the 

viral particle and on the other hand the resulting polymer network retained its shape and binding 

sites after final template removal. These formed binding sites were accessible for analyte 

rebinding with excellent selectivity and affinity as well as without mass transfer limitations. 

One of the most important finding was that this excellent binding behavior of thus produced 

polymers was achieved by suppression of nonspecific binding during rebinding processes via 

prior passivation with a blocking agent, here bovine serum albumin (BSA). The prevention of 

protein-surface or protein-protein interactions is essential in various fields, like biosensors, 

bioanalytics, biocatalysis, and drug development. The activation of the selectivity of those virus 

imprinted polymers due to the usage of preadsorbed protein blockers was reported for the first 

time. However, the passivation agent was adsorbed at the polymer surface prior to the target 

adding. In contrast, suppressors of nonspecific binding in immunoassays, like polyethylene 

glycol (PEG), are added after the target immobilization. BSA represents a simple and cheap 

tool. Nevertheless, two alternative blockers (skim milk and gelatin) were tested for their 

performance, while BSA still revealed as best blocking agent.  
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Additionally, the binding kinetics before the imprinting and during rebinding were studied. 

Considering the primary target immobilization kinetics, in fact, a rapid adsorption (45 min) was 

observed. Also, during the rebinding, equilibration with fast binding kinetics were achieved 

(30 min). An advantage towards more time-consuming strategies and important fact for 

following application scenarios. Furthermore, virus imprinted polymers were studied regarding 

their reusability in five consecutive rebinding experiments. The applicability of thus produced 

beads was studied in real-word matrices, i.e. cell culture supernatant. Finally, also the selectivity 

toward nontarget virus was investigated. Therefore, Minute Virus of Mice (MVM) was used, 

whereas competitive studies yielded remarkable results. 

In order to actually confirm the binding interactions of the virus with the imprinted polymers 

various attempts were performed. First, gel electrophoresis confirmed via DNA visualization 

virus binding during the imprinting procedure, and the rebinding experiments (see 

‘Understanding the viral load during the synthesis and after rebinding of virus imprinted 

particles via real-time quantitative PCR’). Next, a comparison of scanning electron 

microscopy images after imprinting, lysis and rebinding revealed interactions between viruses 

and imprinted particles (see ‘Enhanced Selectivity by Passivation: Molecular Imprints for 

Viruses with Exceptional Binding Properties’).  

Finally, the article ‘Use of Super-Resolution Optical Microscopy To Reveal Direct Virus 

Binding at Hybrid Core-Shell Matrixes’ confirmed definitely the binding of the viral target 

(AdV) to the imprinted polymers and not to the non-imprinted control particles via fluorescent 

super-resolution visualization (STED) – a powerful live science research approach. Therefore, 

highly purified Adenovirus was prepared by downstream chromatography using newly 

launched Adenovirus-selective purification materials. Chromatographic processes used for 

virus purification benefit with their potential scalability. Furthermore, these processes are cost-

effective and overcome standard methods at laboratory scale. The successful implementation 

was confirmed by qPCR and the high purity of the virus material was verified by gel 

electrophoresis analysis. Subsequently, this purified virus material was used for specific 

fluorescent labeling. However, aggregation inducing factors, like changes in pH or ionic 

strength, can lead to aggregation. Hence, every process step, i.e. during production, purification 

and fluorescence labeling, was monitored by Nanoparticle Tracking Analysis (NTA) to ensure 

the absence of aggregates. Details of this study were published in the article ‘Nanoparticle 

Tracking of Adenovirus by Light Scattering and Fluorescence Detection’. NTA, as relative 

new generation method, offers fast real-time quantification of surface potentials, sizes, and 
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concentrations of virus suspensions. A further advantage of NTA is that the same sample is 

analyzable in scattering and fluorescence mode. Within this article, the importance of adequate 

sample dilution for NTA studies is presented in case of biological targets. Although NTA can 

measure concentrations down to 105 particles per milliliter, this limit is not applicable to real 

world samples due to the different refractive index compared to standard particle solutions. 

Hence, studies with adequate sample dilutions in unknown samples are prerequisite to ensure 

precision and accuracy. Furthermore, while the downstream purification process (see ‘Use of 

Super-Resolution Optical Microscopy To Reveal Direct Virus Binding at Hybrid Core-

Shell Matrixes’), virus aggregates were detected after virus elution and the following 

dissolution was monitored in real-time via NTA. The identification of viral aggregates is of 

paramount importance, as aggregates can lead to titer underestimation. Even though virus 

aggregation has already been studied over several decades, it is an extremely complex 

phenomenon and driven by various factors. Since conventional analytical techniques for 

aggregation monitoring imply sample preparation steps, NTA offers a live-monitoring method 

for detection of virus aggregate formation and dissolution.  

Furthermore, within the article ‘Nanoparticle Tracking of Adenovirus by Light Scattering 

and Fluorescence Detection’ a detailed protocol for direct labeling of non-enveloped viruses 

with a fluorescent dye is presented, and with these fluorescently labeled virus particles highly 

selective and advanced NTA measurements in fluorescence mode were performed. Using the 

fluorescent labeled samples enables the selective measurements even in real matrices and offers 

potential discrimination between different subpopulations. However, photobleaching effects 

were observed, and subsequently this problem was compensated by sub-volume dosing during 

the NTA study. Hence, non-bleached sample was constantly present during NTA. This fast 

characterization technique is of utmost importance for different industrial sectors and the results 

suggest that it is a general applicable method for different viruses, especially since no infectivity 

nor nucleic acids are needed. 

Following successful analysis of previous preparation steps, within the article ‘Use of Super-

Resolution Optical Microscopy To Reveal Direct Virus Binding at Hybrid Core-Shell 

Matrixes’ highly purified single virus particles were fluorescently labeled. Therefore, ATTO-

647N NHS ester, a new generation dye, reacted with free amino groups at the virus particle 

surface and yielded excellent fluorescence. Effective fluorescence labeling of Adenovirus and 

MVM was confirmed via photometry and gel electrophoresis. Additionally, viruses were 

monitored at all steps by Nanoparticle Tracking Analysis (NTA) to ensure the absence of 
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aggregates. Then, these fluorescently labeled single virus particles were imaged at previously 

described virus catching matrices (virus imprinted polymers) by confocal and super-resolution 

microscopy. Rebinding studies with and without counterstaining of those virus imprinted 

polymers were performed and revealed excellent binding characteristics for the template virus 

(AdV). Unspecific binding at control particles, i.e. non-imprinted polymers, was minimal. Even 

competitive studies with non-template virus (MVM) demonstrated that the polymers were 

selective for the template virus (AdV). Additionally, these binding events were quantified via 

single spot counting on the lower nanometer scale showing the high binding affinity and 

selectivity to the target virus (virus imprinted polymers 150-fold higher vs. non-imprinted 

polymers). After all, a strategy usually used in life science for cell imaging was transferred as 

advanced visualization method for biotechnological application scenarios and the effective 

virus binding at virus imprinted polymers was indeed visualized. 

To overcome critical barriers associated with large infectious viral targets, e.g. fragility, size, 

complexity as well as appropriate laboratories and personnel, a viable epitope imprinting 

strategy was developed and released within the article ‘Selective virus capture via hexon 

imprinting’. This technique is originally derived from nature, since antibodies interact only 

with a characteristic region of an antigen, the so-called epitope. Herein, the hexon protein, 

which is the most abundant Adenovirus surface protein, was used as template during the 

imprinting procedure. However, finally the whole Adenovirus was able to rebind. Different 

parameters were evaluated, including optimization of the imprinting process, binding kinetics, 

amount of passivation agent BSA and the virus concentration during rebinding studies. 

Furthermore, competitive rebinding experiments were performed with MVM in single and 

duplex binding studies. Even in duplex experiments, Adenovirus was rebound at the imprinted 

polymers with an excellent binding performance. Hexon imprinted polymers were also 

applicable with high affinity in real-world matrices, i.e. cell culture supernatants. Finally, this 

approach opens new production pathways for virus-selective matrices based on molecularly 

imprinted polymers, without the need of the infectious targets. 
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