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II  SUMMARY 

Molecularly imprinted polymers (MIPs) are synthetic binding materials and a wide 

range of syntheses methods have been reported in literature. The aim of this thesis 

was the synthesis and characterization of selective binding material for binding 

thermolysin (TL) as example protease and matrix metallopeptidase 9 (MMP9) in cell 

culture media via molecular imprinting. In the pre-polymerization complex, self-

assembly between template molecule (TM) and functional monomer (FM) occurs, 

before the synthesis of the polymer takes place. Specific binding sites are formed in 

the polymer network due to the presence of the template molecule. Blank polymers 

(BP) or non-imprinted polymers (NIP) were synthesized and compared to the 

according molecularly imprinted polymer. Molecular imprinting is commonly applied 

for small molecules, such as nitrophenols, caffeine, and β-estradiol. For large 

molecules like proteins, the syntheses are more challenging due to the solubility and 

need of an aqueous phase during synthesis and the high flexibility of proteins. 

Surface imprinting is a suitable method for large molecules since the interaction 

between functional monomer and template molecule occurs at the surface of the 

polymers. A synthesis strategy was adapted and developed within this thesis for TL 

and MMP9. The template molecule was dissolved in a surfactant solution consisting 

of water as the continuous phase and Lutensol AT50 as a non-ionic surfactant. One 

synthesis was prepared using sodium dodecyl sulfate (SDS) instead of Lutensol 

AT50, which was applied for all other approaches. The cross-linkers (CL) used in this 

thesis were ethylene glycol dimethacrylate (EDMA) and 4-divinylbenzene (DVB). The 

amount of EDMA was varied in different syntheses. (3-

acrylamidopropyl)trimethylammonium chloride (APTMA) and methacrylic acid (MAA) 

were used as functional monomers during this thesis. Nevertheless, MAA was used 

for most approaches. Spherical polymer particles with a more or less rough surface 

and a broad size distribution of approximately 200 – 800 nm were obtained using the 

miniemulsion polymerization. Also, a reverse miniemulsion polymerization was 

carried out with cyclohexane as solvent. The specific surface areas were calculated 

for the polymers and the imprinting efficiency and the selectivity were evaluated via 

single batch rebinding with TL, MMP9, and the catalytic domain of MMP9 (cd MMP9) 

as templates of the different polymers, and β-lactoglobulin (LG) and bovine serum 

albumin (BSA) via UV-Vis spectrophotometry. Competitive rebinding experiments 
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were performed using the sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). The influence of the ultrasonication conditions was studied using a 

series of synthesized NIPs. Results showed that the resulting NIP particles were 

strongly influenced by changing the amplitude or the time of ultrasonication. These 

results led to a constant amplitude and time for all further MIP and NIP syntheses of 

10% for 10 sec. 

After the synthesis of MIP and NIP 1 with APTMA as functional monomer and a 1:4 

ratio of monomer and cross-linker, the rebinding was low, so the functional monomer 

was changed to MAA keeping the same ratio for MIP and NIP 2. The amount of 

rebound template of the polymers with MAA as FM was higher, so for all future 

syntheses, it was used as the functional monomer. In the beginning, the incubation 

time for the MIPs and NIPs was varied and ranged from 30sec, 1 min, 5 min, 10 min, 

15 min, 30 min, 1 h, 5h, to 20h. It was evident for all polymers that shorter rebinding 

times led to a higher amount of rebound TL. When the incubation times were too 

short, the difference between the MIPs and the according NIPs was relatively low. 

Consequently, incubation times of 10 and 15 min were applied. For single batch 

rebinding of other proteins, only one incubation time was used and compared to the 

results of the template molecule incubated for the same time. EDMA and DVB were 

both used in a 1:4 ratio of functional monomer and cross-linker and the polymers 

prepared using DVB showed a lower bound amount of TL than the polymers 

prepared with EDMA. Therefore, EDMA was used to investigate the influence on the 

imprinting performance of the amount of cross-linker present during polymerization. 

The effect of the amount of cross-linker was distinct since the average particle size 

and the zeta-potential were different for various polymers as well as the binding 

performance.  

For different syntheses, the ratio between cross-linker and functional monomer were 

varied. Imprinting and selectivity factors were investigated to allow a better 

comparability between MIP and NIP and the rebinding of the template compared to 

the rebinding of other proteins. For some polymers the imprinting factors were good, 

but the polymers were not selective and the other way around. For the polymers 

imprinted with TL as template molecule MIP and NIP 5 both showed selectivity for 

TL, but also the according imprinting factor showed that the MIP bound more than 

the NIP.  
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After studying the influence of TL imprinted polymers, the catalytic domain of MMP9 

and MMP9 itself were used as template molecules. For cross-reactivity studies, BSA 

was chosen as cd MMP9 and MMP9 were stored and used in buffer solutions and cd 

MMP9 and TL could not be differentiated via SDS-PAGE since the molecular weights 

were similar. MIP and NIP 16 were prepared using BSA as the template and here as 

well, the polymers were both selective for BSA and the MIP bound more than the 

NIP. A comparison between MIP and NIP 16 and MIP and NIP 2 showed that it made 

a difference, which template was present during the synthesis since one polymer 

showed selectivity and imprinting and the other did not show any of these. 

SDS-PAGE was used to study the competitive rebinding behavior of the polymers 

since TL, LG, and BSA have a different molecular weight and thus showed distinct 

bands in the gels. For the polymers prepared using cd MMP9 and MMP9 these 

proteins were used instead of TL. Competitive binding results yielded different results 

compared to UV-Vis single batch studies. For MIP and NIP 2, TL was bound the 

most, but the other proteins were bound in lower amounts as well. Between MIP and 

NIP though, the difference was negligible. For MIP and NIP 4, the MIP clearly 

showed more rebinding, but no selectivity for its template molecule. For MIP 5, no 

selectivity and no imprinting compared to NIP 5 could be obtained. MIP 9 showed an 

imprinting effect in competitive rebinding but no selectivity. The rebinding of MMP9 

was low for MIP and NIP 12, 13, and 14. MIP and NIP 16 bound the template BSA 

the most, but the difference, which was evident in UV-Vis experiments was not visible 

anymore.  

To improve the imprinting performance, low amounts of BSA and PEG were added to 

study whether the difference in rebinding between the MIP and the NIP of polymers 

12 could be increased in favor of the MIP.  

MIP and NIP 12, 13 and 14 were prepared with cd MMP9 or MMP9 and thus were 

used for rebinding of MMP9 from a buffer solution and cell culture supernatant 

(CCS). For the MMP9 solution, all polymers rebound a small amount of MMP9, but 

the difference between MIPs and according NIPs was negligible respectively the 

NIPs could rebind more MMP9 than the MIPs. From the cell culture supernatant, 

none of the polymers did rebind MMP9. 

For MIP and NIP 17, Fe2O3 and toluene were used during the synthesis to yield 

magnetic polymer particles to shorten the washing steps. Rebinding experiments of 

TL for both polymers showed more than 80%, but the MIP and NIP did not differ. 
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Swelling studies were evaluated using DLS and TEM for MIP and NIP 16 in the air-

dried and freeze-dried state. MIP and NIP yielded contrary results. The average 

particle size of the MIP particles was increasing during freeze-drying, while it was 

decreasing for the NIP particles. However, the standard deviations and thus the size 

distribution of the particles decreased for both polymers by freeze-drying. 

All in all, within this thesis an essential step towards the development of scavenger 

material via imprinting of metalloproteases was taken for future protein purification. 
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III  ZUSAMMENFASSUNG 

Bei molekular geprägten Polymeren (MIPs) handelt es sich um synthetische 

Materialien zur spezifischen Bindung bestimmter Substanzen, für welche in der 

Literatur bereits eine große Vielfalt an Synthesearten bekannt sind. Das Ziel dieser 

Arbeit war die Synthese und Charakterisierung von selektivem Bindungsmaterial zur 

spezifischen Wiederbindung von Thermolysin (TL) als exemplarische Protease und 

der Matrixmetalloprotease 9 (MMP9) in Zellkulturlösungen mittels molekularem 

Prägen. Im Präpolymerisationskomplex tritt bereits eine Selbstausrichtung zwischen 

Templatmolekül (TM) und funktionellem Monomer (FM) auf, schon bevor die 

eigentliche Synthese des Polymers stattfindet. Spezifische Bindungsstellen werden 

hierbei durch Anwesenheit des Templatmoleküls in das Polymernetzwerk eingebaut. 

Blank-Polymere (BP) oder nicht geprägte Polymere (NIP) werden zusätzlich 

hergestellt, um diese mit den zugehörigen MIPs vergleichen zu können. 

Molekulares Prägen findet häufig Anwendung für kleine Moleküle wie Nitrophenole, 

Koffein und β-Estradiol. Bei großen Moleküle, wie Proteinen, hingegen stellen die 

Synthesen aufgrund der Löslichkeit und Flexibilität der Moleküle eine 

Herausforderung dar. Oberflächenprägen ist eine geeignete Methode für die 

Synthese mit großen Templatmolekülen, da hierbei die Wechselwirkungen zwischen 

funktionellem Monomer und Templatmolekül nur an der Oberfläche stattfinden. Eine 

bestehende Synthesevorschrift wurde in dieser Arbeit angepasst und für TL und 

MMP9 weiterentwickelt. Das Templatmolekül wurde hierfür in einer Tensidlösung, 

bestehend aus Wasser und dem nichtionischen Tensid Lutensol AT50, gelöst. Für 

eine Synthese wurde Natriumdodecylsulfat (SDS) anstatt von Lutensol AT50, 

welches bei allen anderen Synthesen in dieser Arbeit verwendet wurde, genutzt. 

Als Vernetzer (CL) wurden in dieser Arbeit sowohl Ethylenglykoldimethacrylat 

(EDMA) als auch Divinylbenzol (DVB) verwendet. Die Menge an EDMA wurde für 

unterschiedliche Synthesen variiert. (3-Acrylamidopropyl)trimethylammoniumchlorid 

(APTMA) und Methacrylsäure (MAA) wurden als funktionelle Monomere eingesetzt. 

Dennoch wurde für fast alle Polymere MAA verwendet. 

Sphärische Polymerpartikel mit einer mehr oder weniger rauen Oberfläche und einer 

breiten Größenverteilung von ungefähr 200 – 800 nm wurden mittels 

Minimemulsionspolymerisation hergestellt. Eine reverse Miniemulsionspolymerisation 

mit Cyclohexan als Lösemittel wurde ebenfalls durchgeführt. 
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Die spezifischen Oberflächen der Polymere wurden berechnet und die Prägeeffizienz 

und Selektivität wurden mittels Single Batch Wiederbindungsstudien mit TL, MMP9 

und der katalytischen Domäne von MMP9 (cd MMP9) als Templatmoleküle der 

unterschiedlichen Polymere und β-Lactoglobulin (LG) und Rinderserumalbumin 

(BSA) mittels UV-Vis Spektrophotometrie untersucht. Kompetitive 

Wiederbindungsstudien wurden mit der Natriumdodecylsulfat-

Polyacrylamidgelelektrophorese (SDS-PAGE) ausgeführt.  

Der Einfluss des Ultraschall-Einstellungen wurden durch eine Testreihe von 

unterschiedlichen NIPs untersucht. Es zeigte sich, dass die resultierenden NIP-

Partikel stark von unterschiedlichen Amplituden und Zeitspannen der 

Ultraschallanwendung beeinflusst wurden. Daher wurden für alle weiteren 

Polymersynthesen eine Amplitude von 10% und eine Zeit von 10 Sekunden 

festgelegt. 

Nach der Synthese von MIP und NIP 1 mit APTMA als funktionellem Monomer mit 

einem Verhältnis von Monomer zu Vernetzer von 1:4 war das 

Wiederbindungsvermögen der Polymere gering, sodass als funktionelles Monomer 

für MIP und NIP 2 MAA im selben Verhältnis eingesetzt wurde. 

Die wiedergebundene Menge an Templat durch die Polymere, welche mit MAA 

hergestellt wurden, war höher und daher wurde für alle weiteren Synthesen MAA als 

funktionelles Monomer eingesetzt. Anfangs wurden verschiedene Inkubationszeiten 

von 30 Sekunden, einer Minute, 5 Minuten, 10 Minuten, 15 Minuten, 30 Minuten, 

einer Stunde, 5 Stunden und 20 Stunden verwendet. Es war ersichtlich, dass die 

Polymere bei kurzen Inkubationszeiten eine höhere Menge an TL wiederbinden 

konnten. Bei zu kurzen Inkubationszeiten war der Unterschied zwischen MIPs und 

zugehörigen NIPs allerdings nur sehr gering, weshalb eine mittlere Inkubationszeit 

von 10 und 15 Minuten ausgewählt wurde. 

Für Wiederbindungsstudien mit anderen Proteinen wurde nur eine Inkubationszeit 

verwendet und diese Ergebnisse wurden mit dem Wiederbinden des 

Templatmoleküls bei der jeweiligen Zeit verglichen. 

EDMA und DVB wurden beide in einem 1:4 Verhältnis von funktionellem Monomer 

zu Vernetzer eingesetzt und es war zu erkennen, dass die Polymere, welche mit 

DVB synthetisiert wurden eine geringere Menge an Templat wiedergebunden haben 

im Vergleich zu den Polymeren mit EDMA als Vernetzer. Daher wurde EDMA als 

Vernetzer zur Studie des Einflusses auf die Prägeleistung in verschiedenen 
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Verhältnissen verwendet. Die Auswirkung der Variation der eingesetzten Menge an 

Vernetzer war deutlich erkennbar, da die durchschnittliche Partikelgröße und die 

Oberflächenladung für verschiedene Polymere, sowie die Wiederbindungsleistung für 

die Polymere unterschiedliche Ergebnisse lieferten. Für diverse Polymersynthesen 

wurden verschiedene Verhältnisse von Vernetzer und funktionellem Monomer 

eingesetzt. 

Präge- und Selektivitätsfaktoren wurden bestimmt, um eine bessere Vergleichbarkeit 

zwischen den MIPs und NIPs herstellen zu können und um das Wiederbinden von 

unterschiedlichen Proteinen zu untersuchen. Für manche Polymere waren die 

Prägefaktoren gut, allerdings waren diese Polymere nicht immer selektiv und 

umgekehrt. Von den Polymeren, welche mit TL geprägt wurden, zeigten nur MIP und 

NIP 5 eine Selektivität für ihr Templat und auch der Prägefaktor zeigte, dass das MIP 

mehr als das NIP wiederbinden konnte. 

Nach ausführlichen Studien mit TL geprägten Polymeren wurde die katalytische 

Domäne von MMP9 und MMP9 als Ganzes als weitere Templatmoleküle verwendet. 

Für Kreuzreaktivitätsstudien wurde BSA als Templat genutzt, da die katalytische 

Domäne von MMP9 und MMP9 in unterschiedlichen Puffern gelagert und zur 

Synthese verwendet wurden, und daher nicht direkt mit den TL Polymeren verglichen 

werden konnten. Zusätzlich konnten cd MMP9 und TL mittels SDS-PAGE nicht 

unterschieden werden, da beide Moleküle dieselbe molare Masse haben. 

MIP und NIP 16 wurden mit BSA als Templat hergestellt und auch hier war eine 

Selektivität für das Templatmolekül erkennbar, ebenso wie eine höhere 

wiedergebundene Menge vom MIP gegenüber dem NIP. Ein Vergleich von MIP und 

NIP 2 und 16 zeigte, dass es wichtig ist welches Templat während der Synthese 

anwesend ist, da ein MIP selektiv und erfolgreich geprägt war und das andere nicht. 

SDS-PAGE wurde eingesetzt, um das kompetitive Wiederbindungsverhalten der 

Polymere zu untersuchen. TL, LG und BSA haben unterschiedliche molare Massen 

und zeigen daher deutliche Banden in den Gelen. Für kompetitive Studien der 

Polymere, welche mit cd MMP9 und MMP9 hergestellt wurden, wird TL durch das 

jeweilige Templat ersetzt. Diese Studien ergaben unterschiedliche Ergebnisse im 

Vergleich zu den Wiederbindungsstudien mittels UV-Vis Spektroskopie. 

MIP und NIP 2 haben am meisten TL wiedergebunden, allerdings wurden auch die 

anderen Proteine in geringen Mengen gebunden. Der Unterschied zwischen MIP und 

NIP war allerdings vernachlässigbar. Bei MIP und NIP 4 war eine deutlich höhere 
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gebundene Menge vom MIP erkennbar, allerdings keine Selektivität für das Templat. 

Für MIP 5 war hier kein Unterschied zum NIP 5 erkennbar. MIP 9 zeigte in 

kompetitiven Studien einen Prägeeffekt gegenüber NIP 9 aber keine Selektivität. Für 

MIP und NIP 12, 13 und 14 war die Wiederbindung der jeweiligen Template gering. 

MIP und NIP 16 haben beide BSA am meisten wiedergebunden, allerdings war der 

Unterschied zwischen MIP und NIP, welcher in UV-Vis Studien deutlich zu erkennen 

war, hier nicht sichtbar. 

Um den Prägeeffekt zu verstärken wurden geringe Mengen an BSA oder PEG 

zugesetzt, um den Unterschied zwischen MIP und NIP 12 in Richtung des MIPs zu 

erhöhen. 

Da MIP und NIP 12, 13 und 14 mit cd MMP9 und MMP9 synthetisiert wurden, 

wurden diese zur Wiederbindung von MMP9 aus einer Pufferlösung und aus 

Zellkulturüberstand eingesetzt. Aus der MMP9 Lösung wurden von allen Polymeren 

geringe Mengen an MMP9 gebunden, der Unterschied zwischen MIPs und 

zugehörigen NIPs war gering bzw. die NIPs konnten eine größere Menge als die 

MIPs wiederbinden. Aus dem Zellkulturüberstand konnte keines der Polymere MMP9 

binden. 

Zur Synthese von MIP und NIP 17 wurden Fe2O3 und Toluol hinzugefügt, um 

magnetische Polymerpartikel zu erhalten, welchen den zeitaufwändigen Waschschritt 

deutlich verkürzen sollten. Wiederbindungsexperimente zeigten, dass das MIP und 

das NIP beide ungefähr 80% wiederbinden konnten, allerdings war kein Unterschied 

und somit kein Prägeeffekt erkennbar. 

MIP und NIP 16 wurden zur Studie des Quellverhaltens mittels DLS und TEM 

eingesetzt. Bei letzterem wurden die Partikel zum einen an Luft getrocknet und zum 

anderen gefriergetrocknet. Die Ergebnisse von MIP und NIP waren unterschiedlich. 

Bei den MIP-Partikeln nahm der Durchmesser beim gefriertrocknen zu, bei den NIP-

Partikeln hingegen nahm der Durchmesser ab. Dennoch nahm für beide Polymere 

die Standardabweichung und damit die Größenverteilung durch Gefriertrocknung ab. 

Zusammenfassend stellt diese Arbeit einen wichtigen Schritt bei der Entwicklung von 

Scavengermaterial durch molekulares Prägen von Metalloproteasen für die 

zukünftige Protein-Aufreinigung dar. 
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1  INTRODUCTION & SCOPE OF THIS WORK 

Proteases, enzymes that degrade proteins, can be found in a wide variety of sources, 

like animals, plants, and microorganisms.1 During the production of pharmaceutical 

proteins from microorganisms, proteases are a side product in cell culture solutions.2  

Proteases are enzymes that cleave the peptide bonds of proteins and catalyze the 

total hydrolysis of proteins to smaller molecules.1 Thus, proteases may digest 

pharmaceutical proteins and consequently reduce their yield. Therefore, the stability 

and the quality of the resulting product can be strongly influenced. In order to avoid 

this, proteases need to be deactivated or removed from the cell culture solution. For 

the deactivation, the number of available inhibitor molecules is limited, due to their 

toxicity. Common clean-up strategies are time-consuming and expensive. A 

promising alternative method to selectively remove the side product proteases is 

synthetic materials like molecularly imprinted polymers (MIPs).2  

MIPs are highly functional, artificially synthesized polymers with a high affinity for a 

specific target molecule. As synthetic receptors, MIPs can mimic the recognition of 

e.g. bio-macromolecules. The synthesis of this polymer material is relatively cheap, 

easy to handle and fast. The resulting particles are reusable and long-time stable.2 

Since the approach for rebinding and removal of large template molecules (TM), like 

e.g. proteases, is more complicated than for small molecules, a suitable imprinting 

technique must be determined. Surface imprinting is a convenient technique since 

the interactions with the template molecule take place at the surface of the polymer 

particles and thus no diffusion barrier is disturbing the binding/rebinding process. 

Different strategies for surface imprinting can be applied. The miniemulsion 

polymerization is a one-step reaction yielding spherical polymer particles. Two 

immiscible phases are mixed to form a stable emulsion and the reaction takes place 

in the resulting droplets. Hence, the system contains two phases; for example, the 

water-soluble proteases can be dissolved in the hydrophilic phase while the other 

components used for imprinting, like the cross-linker (CL), are dissolved in the 

organic phase.3,4 

A collaboration of Labor Dr. Merk & Kollegen GmbH (LMK) and the Institute for 

Analytical and Bioanalytical Chemistry (IABC) at the Ulm University was working on 

the development on such a scavenger material within the scope of a research 

project. The task of LMK was the identification of the interfering proteases in cell 
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culture solutions and to clean up and provide these proteases as templates for 

molecular imprinting. The IABC then developed a scavenger material for the 

purification of the culture solutions in form of molecularly imprinted polymers. Two 

main synthesis strategies were applied during the project, namely core-shell 

imprinting, and imprinting via miniemulsion. The latter strategy was used in this 

thesis. It was originally adapted and pursued from a former thesis that was also 

dealing with this subject in another research project.  

In this thesis, thermolysin (TL) was chosen as main template molecule, as a model 

metalloprotease since the proteases that contaminate and partly digest the cell 

culture solution were also metalloproteases. The properties of TL are more similar to 

these proteases, compared to other proteases used in earlier studies. The aim of this 

thesis was the synthesis and characterization of submicron polymer particles via 

miniemulsion polymerization that selectively binds and rebinds the target molecule 

thermolysin. Subsequently, the most promising synthesis strategy was identified and 

adapted to MMP9 as the template in order to develop a material for the purification of 

cell culture solutions in pharmaceutical production of proteins. 

 

2  THEORY AND STATE OF THE ART 

2.1  INTRODUCTION ON MOLECULARLY IMPRINTED POLYMERS 

Studies of Linus Pauling in the 1940s on the formation of antibodies are considered 

among the first publications on molecularly imprinted polymers (MIPs).5,6 He studied 

serological phenomena in terms of molecular structure and interactions and 

proposed a mechanism of the formation of molecule complex antibody structure due 

to interaction with an antigen molecule in six stages for globulin. The middle part of 

the antibody would be the same as the middle part of the “normal” globulin but both 

ends would be complementary to the antigen. Only one end of the antibody can 

interact with an antigen at the time since they are effective in different directions.5 In 

the 1970s Günter Wulff used polymers with enzyme-analogous structures for the 

resolution of racemates.7 A new method for introducing functional groups into a 

polymer network was investigated, thus the functional groups were bonded in form of 

polymerizable vinyl compounds. D-glyceric acid was used as a template molecule 

and the rebinding experiments showed a favor for the D-glyceric acid compared to 
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the L-glyceric acid. Klaus Mosbach described the synthesis of substrate-selective 

polymers by host-guest polymerization in the 1980s.8 Rhodamine blue and safranine 

O were used as template molecules for the synthesis with different acrylic-based 

monomers to investigate the binding ability of the resulting polymers. For the 

evaluation of the binding performance, the two templates and the smaller molecule 4-

aminophenethylamine were used and the polymers were compared to a blank 

polymer network. As conclusion, Mosbach stated that the size of the template 

molecule defines the size of the cavity and the composition of the polymer appears to 

be fundamental for the binding properties.8  

The publications of both authors describe the application of a template molecule to 

synthesize polymers with specific binding sites. This marked the start of the 

molecular imprinting concept. Nowadays, the applications of molecularly imprinted 

polymers are widespread in various fields such as purification9,10, sensors11–13, 

catalysts14,15, drug delivery16,17, chromatography18,19, sample pretreatment20,21, 

antibody mimicking22,23, pseudo immunoassays24 and imprinted membranes25,26. 

Molecularly imprinted polymers have some distinctive advantages, namely their high 

selectivity and affinity for the template molecule. Also, MIPs are more chemically inert 

against many acids, bases, organic solvents and metal ions than biological systems. 

The high temperature and pressure resistance, as well as their physical robustness 

and stability, are other advantages of these polymers especially compared to 

biological systems.27 

Nevertheless, molecular imprinting also suffers from several drawbacks. The creation 

of an imprinted polymer with high affinity and selectivity for the target molecule is a 

complex and time-consuming process, requiring lots of laboratory work. Still, 

numerous trial-and-error syntheses have to be carried out, followed by washing and 

rebinding steps for the evaluation of the imprinting performance.27 For different 

applications e.g. in clinical or environmental fields the templates (e.g. proteins) are 

not soluble in organic solvents which necessitates the use of water as a solvent for 

the synthesis. Water molecules can compete with the template and affect the non-

covalent interactions (hydrogen bonding, electrostatic and van der Waals bonds) 

between the template and the functional monomer. Thus syntheses using water as 

the solvent are highly challenging.27 
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2.1.1  BASICS OF MOLECULAR IMPRINTING 

MIPs are polymer networks with high selectivity and affinity towards their specific 

template molecule. The basic principle can be compared to the “key-and-lock” 

concept introduced by Fischer for biological systems28, such as the enzyme-

substrate or the antibody-antigen mechanisms. The binding sites that are formed due 

to interaction during the polymerization are specific for the applied target molecule. 

The functional groups of the functional monomer (FM) and of the template molecule 

are interacting during the so-called pre-polymerization complex and thus molecule 

specific structural information is added to the polymer matrix. Hydrogen bonding, 

van-der-Waals interactions, π-π stacking and electrostatic interactions are typical 

interaction forces between functional monomer and template molecule.29  

In addition to these two components, a cross-linker, a solvent, also called porogen, 

and a (radical) initiator are required for the polymerization, which is started by 

applying heat, UV-radiation or via electrochemically induced polymerization. 

After the synthesis, the polymer is washed and the template removed. The remaining 

binding sites have a complementary shape and arrangement of the functional groups 

as the template.  

A control polymer (CP), the so-called non-imprinted polymer (NIP), is prepared 

individually without adding template molecules to the reaction mixture. To evaluate 

the performance of the imprinted polymer and to analyze the influence of non-

selective binding sites MIPs are normally compared to the respective NIPs.29 

 

2.1.2  IMPRINTING APPROACHES 

There are two main imprinting approaches that take advantage of different types of 

interaction between the template molecule and the functional monomer in the pre-

polymerization complex, namely the covalent and the non-covalent approach. Also, 

variations have been established such as the semi-covalent approach combining 

advantages of both approaches. 
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COVALENT IMPRINTING 

The group of Wulff first introduced the covalent or pre-organized approach by 

developing a polymer that enabled the separation of racemates.7 In this approach the 

functional monomer is covalently bound to the template molecule, thus forming a 

stable pre-polymerization complex. This complex is then added to the polymerization 

solution. In the presence of a large amount of cross-linker and initiator, the complex 

is embedded in a polymeric network via copolymerization. A permanent pore 

structure is formed.30 The removal of the template demands much harsher conditions 

during this approach, compared to non-covalent imprinting, as chemical bonds 

between the template and the polymer network have to be cleaved. The main 

advantage is that no excess of functional monomer is needed and therefore less non-

selective binding sites are formed. In figure 1 the covalent and semi-covalent 

imprinting approaches are illustrated. 

 
Figure 1: General scheme for the covalent/semi-covalent approach. The functional monomer is 

chemically bound to the template molecule, thus the solvent and other components cannot affect the 
formation of the selective binding pockets during the polymerization. This complex is then 

copolymerized in the presence of the cross-linker and initiator. The extraction of the TM after the 

synthesis via chemical cleavage is the last step before rebinding can occur. For the rebinding covalent 

(covalent imprinting approach) and non-covalent (semi-covalent approach) interactions can be utilized. 
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NON-COVALENT IMPRINTING 

The non-covalent or self-assembly approach was introduced by the group of 

Mosbach in the 1980s and is most commonly used today.8 A pre-polymerization 

complex between the template molecule and the functional monomer is formed by 

non-covalent interactions such as hydrogen bonding, electrostatic and hydrophobic 

interactions. 31,32 This approach is more versatile than the covalent approach due to 

the various interaction types. Different functional monomers can be applied 

simultaneously and high amounts of functional monomer are used to shift the 

chemical equilibrium to the pre-polymerization complex based on the theory of Le 

Chatelier.33 

The stability of the pre-polymerization complex is crucial during this approach to 

allow successful transfer of the pre-polymerization complex into the polymer matrix, 

despite the harsh polymerization conditions. It depends on the affinity constants 

between template molecule and functional monomer.32 

After the polymerization, the most amount of the template molecule can be easily 

removed by solvent extraction32, for example by using an extraction device like the by 

our group designed ULEX.34 

The main disadvantage is the creation of non-specific binding sites due to the excess 

amount of functional monomer, which can randomly be embedded in the polymer 

network and therefore results in a loss of selectivity. However, this approach is 

commonly applied to synthesize imprinted polymers, since it is comparatively 

straightforward and easy to handle.29 In figure 2 the principle of molecular imprinting 

for the non-covalent imprinting approach is shown schematically. 
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Figure 2: General scheme for the non-covalent imprinting approach. The formation of a pre-

polymerization complex of template and functional monomer occurs via self-assembly. During 

polymerization, specific binding sites are fixed in the polymer, since polymerizable groups of the cross-

linker and the functional monomer react with each other and thus the MIP is formed. The template can 

be extracted after the synthesis and the rebinding should be specific and selective. 

 

SEMI-COVALENT IMPRINTING 

The semi-covalent imprinting approach combines the advantages of both techniques 

described before. The stable pre-polymerization complex is prepared, using the 

covalent approach (see figure 1), forming less non-selective binding sites. Then the 

template molecule is extracted via chemical cleavage as well. For the rebinding of 

the template molecule non-covalent interactions are utilized, offering the advantage 

of faster reaction kinetics. Sellergren and Anderson first introduced this approach.35 

 

2.1.3 POLYMERIZATION PARAMETERS 

As described before, the main components for the polymerization of molecularly 

imprinted polymers are the template molecule, the functional monomer, the cross-

linker, the initiator and the porogen. Each of these components has an influence on 

the resulting polymer network and can be varied widely. Furthermore, not only the 
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structure and the amount of the compounds affect the performance of the resulting 

polymers, but also the ratio of template molecule and functional monomer as well as 

functional monomer and cross-linker. Also, the polymerization initiation and the 

reaction temperature influence the properties of the resulting polymer. In this section, 

the above-mentioned compounds and their effects and function during polymerization 

are briefly described. 

 

TEMPLATE MOLECULE 

To create a polymer that successfully rebinds its template molecule, the template 

molecule needs to have certain features. Different functional groups enable the 

interaction between the template and the functional monomers during the pre-

polymerization complex.36,37 These groups should not provide polymerizable 

functionalities in order to avoid the integration of the template molecule into the 

polymer network. Also, the template has to be extractable after the polymerization. A 

major requirement is the heat and UV resistance of the template molecule, as the 

template is altered during the polymerization by the above-mentioned conditions;36 

the resulting cavities are not rebinding the unaltered template. Small organic 

molecules such as nitrophenols38, b-estradiol39, propranolol40, caffeine41, vanillin42 

etc. were frequently used as template molecules because of their structural rigidity. 

The application of bigger target molecules such as proteins is feasible, but the 

synthesis is far more challenging, because of the size and structural flexibility of the 

molecules.32 

  

FUNCTIONAL MONOMER 

As the strength of the interaction between functional monomer and template 

molecule during formation of the pre-polymerization complex has a major influence 

on the stability and rebinding ability of the MIP, a thorough selection is crucial.43 The 

monomer of choice depends on the applied imprinting approach, as the suitable 

monomer is different for non-covalent or covalent approach.  

For the non-covalent approach, the number of functional monomers in the 

polymerization solution depends on the number of the functional groups of the 

template. The functionalities of both molecules have to correspond to each other to 
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obtain a stable pre-polymerization complex and thus enable successful imprinting.32 

In order to find an optimal ratio between template molecule and functional monomer, 

different techniques have been applied to study the pre-polymerization complex and 

to lower the time-consuming trial-and-error syntheses. Molecular dynamic 

simulations39,44, as well as spectroscopic analysis (infrared spectroscopy45, 1H-

nuclear magnetic resonance spectroscopy39,44) and the isothermal titration 

calorimetry (ITC)46, are techniques used for studying the pre-polymerization complex. 

For the covalent approach, interactions of reversible bonds between template 

molecule and functional monomer with high binding kinetics are deployed. 1,3-diols, 

amides and boronic acids are commonly applied.30  

Functional monomers can be divided into different classes depending on their 

properties (e.g. acidic, basic, neutral).47 In figure 3 some typical functional 

monomers are shown. 

 

 
Figure 3: Typical functional monomers for molecular imprinting are acrylic acid (AA), methacrylic acid 

(MAA), 4-vinypyridine (4-VP), 2-hydroxyethylmethacrylate (HEMA) and N-(3-

acrylamidopropyl)trimethylammonium chloride (APTMA). 

 

CROSS-LINKER 

The main role of the cross-linker during molecular imprinting is to retain the functional 

monomers in the right position during polymerization in order to form stable cavities 

within the polymer matrix.48 Since the binding cavity is important for rebinding of the 
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template, the cross-linker is essential to fixate the functional monomer and to keep 

the structural information of the template and the functional monomer complex.36 The 

choice of the cross-linker also influences the morphology and stability of the polymer 

network.47 The cross-linker is used in a high amount compared to the functional 

monomer to ensure rigidity and in order to access preparation of permanently porous 

materials.27 The more cross-linker is present during the polymerization, the more rigid 

the resulting polymer will be. It is stated that cross-linkers may have a major impact 

on the physical characteristics and much less effect on the interactions of the pre-

polymerization complex.27 

If the amount of cross-linker is too low the resulting MIP does not feature stable 

cavities. If the amount of cross-linker is too high, the ability of the MIP to rebind the 

template selectively is lowered, because then the number of functional monomer in 

unit mass is decreased, which leads to a reduction of recognition sites.36,49 The 

access to the binding sites is hindered because the resulting polymer network is too 

rigid. Some commonly used cross-linkers are illustrated in figure 4. 

 

 
Figure 4: Typical cross-linkers for molecular imprinting are ethylene glycol dimethacrylate 

(EDMA/EGDMA), divinylbenzene (DVB) and trimethylolpropane trimethacrylate(TRIM). 
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POROGEN 

The main requirement on the porogen is that all the components for the reaction 

have to be soluble in the porogen.36 Commonly used solvents or porogens for 

molecular imprinting are acetonitrile38, chloroform38, toluene50, dichloromethane51 or 

water52. The volume and the type of the porogen have an enormous impact on the 

polymer network since it is responsible for the formation of the pores in the 

polymers.27 Therefore, the solvent is often referred to as “porogen”. Large pores are 

required to ensure a good flow of a liquid phase through the polymer network and 

allow access to the functional rebinding sites. By increasing the amount of solvent, 

the pore volume generally enlarges.  

For the non-covalent imprinting strategy, the selection of the porogen plays a crucial 

role53 since the interactions between template molecule and functional monomer are 

affected by the polarity of the solvent.27,54 Depending on how strong the interactions 

between template molecule and functional monomers are, the more these 

interactions can be influenced by the porogen.36 The complex formation for polar 

non-covalent interactions (e.g. hydrogen bonding) is facilitated by using less polar 

solvents (e.g. toluene) and vice versa. Polar solvents tend to dissolve the pre-

polymerization complex by weakening the template and functional monomer 

interaction.27  

 

POLYMERIZATION INITIATOR  

Radical initiators are predominately used for preparing MIPs since most of the 

reactions are initiated by applying heat or UV radiation.36 Depending on the 

temperature different radical initiators can be used for imprinting. Commonly, 2,2’-

azobis-(isobutyronitrile) (AIBN) (40-60° C) is applied.38 For milder synthesis 

conditions UV radiation is beneficial since the temperature for initiating the syntheses 

is apparently lower (even room temperature is possible). 2,2-dimethoxy-2-

phenylacetophenone (DMPAP)55 and 2,2-azobis(4-methoxy-2,4-dimethylvaleronitrile 

(V70)56 are often used for initiation via UV radiation. 

The radical polymerization technique is suitable for creating imprinted polymers as 

many functional monomers and cross-linkers are vinyl based and can easily be 

integrated into the polymer network.57 The radical reaction consists of three steps; 

the initiation, the propagation, and the termination. During the initiation, free radicals 
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are formed and the chain reaction starts. In step two, the propagation, the polymer is 

formed from a large number of monomers. Thus, the number of free monomers is 

decreasing. In the last step, the termination, the polymerization ceases because of 

the lack of monomers and thus the growth of the polymer stops.47,57 

 

2.1.4  POLYMERIZATION METHODS FOR THE SYNTHESIS OF MOLECULARLY 

IMPRINTED POLYMERS 

Nowadays a wide range of different imprinting techniques is available for the 

synthesis of molecularly imprinted polymers. In the following section, several 

imprinting strategies are explained in detail. Each technique has different advantages 

and thus needs to be thoroughly chosen depending on the eventual application of the 

MIPs. 

 

BULK POLYMERIZATION 

One of the commonly used techniques for synthesizing imprinted polymers is the 

bulk polymerization.58 The reaction mixture consists of the template molecule, the 

functional monomer, the cross-linker, the initiator and the porogen. Before starting 

the reaction, the solution is degassed to remove oxygen. During polymerization, a 

solid block of polymer is generated. The resulting polymer block is then mechanically 

ground and sieved in order to obtain smaller polymer particles of a certain size 

distribution. The polymer particles are washed afterward to extract the template.36,58  
 

 
Figure 5: Scheme of bulk imprinting. The reaction components (TM, FM, CL, porogen, and initiator) 
are mixed in a vial. After degassing the solution the polymerization is started by applying heat or UV 

radiation. After the synthesis, the resulting polymer block needs to be crushed, ground and sieved to 

obtain polymer particles. 
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In figure 5 a general scheme for bulk imprinting is shown. For small template 

molecules, the bulk polymerization technique is often used since the adsorption and 

release of such templates is theoretically reversible and characterized by fast 

reaction kinetics. 59  

A disadvantage of this technique is that, depending on the application of the 

particles, the bulk polymerization can be time-consuming since the removal of the 

very fine particles is performed by sedimentation. 

Also, the size and shape of the resulting particles are broadly distributed which can 

lead to disadvantages during application as well. For HPLC studies the column 

material should be uniform and also the reproduction of this material is difficult.60  

The grinding and sieving of the polymer network also imply a high particle loss, thus 

making it necessary to apply high amounts of chemicals, which can be a 

disadvantage upon using difficult to access/expensive template molecules.58 

 

PRECIPITATION POLYMERIZATION 

For imprinted polymers featuring more homogeneous binding sites and a high 

binding capacity, the precipitation polymerization is a simple alternative technique to 

the bulk polymerization. The resulting particles are spherical and often 

monodisperse. They can be washed directly after the synthesis without further 

treatment. The size and porosity of the resulting particles can be controlled via the 

polymerization conditions.36 

 

 
Figure 6: Scheme of imprinting using precipitation polymerization. The reaction solution consisting of 

the TM, FM, CL, radical initiator, and a high amount of porogen is continuously stirred during the 

polymerization. After the synthesis, the resulting spherical polymer particles are filtered and washed 

before further usage. 
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The pre-polymerization mixture in precipitation polymerization is similar to the 

mixtures during bulk imprinting except that the solvent amount is considerably higher 

and that the mixture is continuously stirred during polymerization.32 In figure 6 the 

concept of the precipitation polymerization is illustrated. 

 

SURFACE POLYMERIZATION 

During surface imprinting, the specific binding sites are formed at the surface of a 

substrate and thus the template/polymer interactions are not diffusion limited. The 

recognition sites are easily accessible for the respective template and therefore this 

technique is often used for the imprinting of biomolecules such as proteins56,61 or 

cells62,63.59 

Compared to other imprinting techniques less amount of template is needed during 

surface imprinting as the interactions between template molecule and functional 

monomer are limited to the surface of the polymers. The reduced number of binding 

sites compared to e.g. bulk imprinting can lead to a lower binding capacity of 

polymers synthesized via surface imprinting strategies.59  

Different approaches of surface imprinting have been applied so far, e.g. soft 

lithography, template immobilization, surface imprinting via grafting and emulsion 

polymerization. These approaches are briefly described in the following section. 

 

Bain and Whitesides first introduced the soft lithography technique in 1989.64 

Monolayers of long-chained thiols were adsorbed on a gold substrate. The terminal 

functional group of the thiols can be varied and lead to different properties on the 

surface. Also, a mixture of different thiols can be co-adsorbed on the substrate 

surface. In general micro- and nano-scaled patterns (30 nm – 100 μm) are formed 

using a polymeric stamp on solid substrates.  

A template stamp is pressed onto a surface that is coated with a pre-polymerized 

layer for a certain amount of time. No expensive and specialized equipment is 

needed for this polymerization technique.59 

An imprinting solution containing the template molecule, functional monomers, cross-

linkers and the initiator is added to the substrate. Subsequently, a patterned mold is 

then placed on the substrate with the polymerization mixture under pressure hence 

physical contact between mold and substrate is ensured. UV radiation is then applied 
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for a short amount of time (7-10 minutes). The mold is removed and the patterned 

MIP film is dried at 60°C. Afterward, the template needs to be removed and rebinding 

experiments can be performed.65 

 

The method of template immobilization on the surface is based on the oriented 

immobilization of the template molecule on solid supports via chemical linkage. This 

template-carrying surface is in close contact with the growing MIP and after the 

synthesis, the support of the template is dissolved. Shi et al. first introduced this 

approach in 1999.59,66 

Using this technique, solubility problems of the template in the polymerization mixture 

can be easily avoided. Also, aggregation can be minimized when using proteins as 

template molecules.67 

 

In the surface imprinting approach via grafting the template molecule is present 

during the polymerization step and thus absorbed or attached with the polymeric 

functional groups that are already grafted on the surface of the supporting substrate. 

The polymerization step follows the immobilization step of the template on the 

surface and the polymer network is molded around the template. Afterward, the 

template is extracted from the network.59 

The mobility of the template molecule is high and thus the resulting mass transfer is 

fast.68 This results in improved affinity interactions and is one of the main advantages 

of this technique, as well as a better control of the shape and the morphology of the 

polymer during the synthesis.59  

One example of surface imprinting via grafting is the synthesis of core-shell particles 

using silica beads. Among the first studies describing the use of silica materials for 

imprinting in 1985 was a publication by Glad et al.69 Organic silanes were used for 

the preparation of selective siloxane copolymers coated on porous silica. 

The surface of the silica particles can be functionalized with different functional 

groups. Depending on the interactions the template molecule can form, the functional 

groups on the surface can be adjusted. After the functionalization of the silica 

particles, the template molecule (e.g. a protein) is immobilized on the surface. 

Silanes are then added for the polymerization. After the synthesis, the template can 

be extracted and binding studies can be performed.67 
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Dispersed-phase polymerization is used as surface imprinting approach as well, 

often referred to as emulsion or suspension polymerization. The differentiation of 

both polymerization types for molecular imprinting is not clearly defined, as at the 

beginning of the synthesis rather an emulsion (two immiscible liquids) and after the 

synthesis a suspension (liquid and solid phase) is present.70,71 

The advantages of the dispersed-phase polymerizations are the high yield of 

spherical particles as well as an easy applicability.72 

This technique is based on the immiscibility of two phases containing the reaction 

mixture and additional stabilizers. Upon rapid stirring, droplets of one phase are 

formed in the second phase, providing the shape of the final polymer particles. 

Depending on the stirring rate the resulting size of the spherical particles is 

controlled.72 A disadvantage is, for example, the necessity for stabilizing agents to 

create a stable dispersion, which can interfere at the interface of the two phases and 

influence the interactions between functional monomer and template molecule.72  

A general scheme for the suspension polymerization is shown in figure 7. 

 
Figure 7: Scheme of imprinting using dispersed-phase polymerization. For this synthesis, the reaction 
mixture consists of two different solvents. One, the polymerization solution contains TM, FM, CL and 

the initiator. The other, called dispersing solution is the phase in which the droplets of the 

polymerization solution can be formed during the emulsification. The synthesis is then started via heat 

or UV radiation and the resulting polymer solution is afterward filtered and washed before further 

evaluation. This approach leads to spherical particles with different diameters. 

 

Ugelstad et al. were able to downscale the size of the resulting polymer particles to 

several hundred nanometers via suspension polymerization in 1973.73 Styrene was 

used as a monomer in a reaction solution containing deionized water, sodium lauryl 
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sulfate, cetyl alcohol and potassium persulfate. All reactants excluding styrene were 

stirred at 300 rpm for half an hour at 60 °C. Then the styrene was added under 

nitrogen inert gas and stirred for another 30 minutes. Different ratios of sodium lauryl 

sulfate and cetyl alcohol have been used to investigate their influence via optical 

microscopy and led to the conclusion that these ratios have a high impact on the 

resulting size of the emulsion and thus the particle size.73 The emulsions without 

cetyl alcohol were not stable and separated quickly without continuous stirring. In all 

styrene emulsions, the droplet diameter was less than 1 µm. An increase in the 

sodium lauryl sulfate alcohol combination led to smaller droplets, but the droplets 

were more uniform as well. 

 

EPITOPE POLYMERIZATION 

For the epitope imprinting approach, a short peptide is used as template molecule 

during polymerization. The short peptide is a part of a larger protein or peptide thus 

the resulting imprinted polymer can recognize both, the shorter template and the 

larger peptides/proteins.74 

For large molecules, there are two main factors that can complicate the successful 

imprinting, namely steric and thermodynamic problems. 

The epitope approach can facilitate the imprinting of these large template molecules 

because the templates that are used for the synthesis are not as bulky as the original 

molecules. Another advantage is that the smaller and thus less complex molecules 

are normally less expensive than the target molecules. 

This approach was first introduced by Rachkov and Minoura in 2001 and is called 

epitope imprinting, as it resembles the interaction of an antibody with only a small 

part of the antigen, the so-called epitope (antigenic site of macromolecules).74 

This approach was developed by using a small tetra-peptide as template molecule 

and the resulting polymers were able to recognize oxytocin, which is a considerably 

larger peptide. An example of an epitope and its respective protein is illustrated in 

figure 8 for MMP9. 
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Figure 8: Example for epitope imprinting. The catalytic domain of MMP9 (left) (Image from The RCSB 

PDB (www.rcsb.org) of PDB ID 4WZV)75,76 can be used as an epitope to generate imprints for MMP9 

(right) (Image from The RCSB PDB (www.rcsb.org) of PDB ID 1L6J)76,77.  

 

2.1.5  EVALUATION METHODS FOR MOLECULARLY IMPRINTED POLYMERS 

Performance evaluation of MIPs is an important step to assess their rebinding 

behavior and compare different polymers. In order to evaluate the MIP performance 

a so-called blank polymer (BP) or non-imprinted polymer (NIP) needs to be 

synthesized in the same way as the MIP, but without template molecules present in 

the reaction mixture. This enables analysis of the contribution of the non-selective 

binding sites in the polymer matrix to the overall binding characteristics.29 

The imprinting performance is usually evaluated by batch rebinding or 

chromatographic studies.29 The following chapter will cover the evaluation 

parameters and the two main techniques used for the evaluation of the performance 

of the MIPs. 

 

BINDING ASSAYS VIA BATCH REBINDING 

During a batch rebinding experiment, a certain amount of polymer is incubated with a 

solution containing a known concentration of the template molecule while shaking or 

stirring at a known temperature (usually RT) for a certain amount of time (ranging 
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from 5 minutes to 24 hours).33,56,78 The basic concept of batch rebinding is shown in 

figure 9. 

 

 

 
Figure 9: Scheme of a batch rebinding experiment. First, a certain amount of the polymer suspension 

is incubated with a template solution. The supernatant is then separated from the particles and 

analyzed to evaluate the residual analyte and finally the binding performance. 

 

After the incubation, the supernatant is separated from the MIP or NIP particles by 

filtration or centrifugation (depending on the size of the polymer particles). The 

concentration of the template molecule in the supernatant is then determined (e.g. 

via UV-vis spectroscopy). With the known concentration of the template in the initial 

solution and the amount of analyte after incubation, the bound amount of template 

molecule can be calculated.33,56,78 

 

To investigate the selectivity of a MIP, competitive studies are performed. For those 

studies, the polymer particles can be incubated with a solution containing not only 

template but also one or more structural analogs. The evaluation of several structural 

analogs at once in the supernatant is more complicated but possible (e.g. using SDS-

PAGE for proteins55 or HPLC38,79). The scheme for competitive rebinding is shown in 
figure 10.  
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Figure 10: Scheme of a competitive batch rebinding study. A solution containing both, the template 

and a structural analog is used for the evaluation of the binding performance. 

  

CHROMATOGRAPHIC EVALUATION 

For the evaluation of MIPs and NIPs via chromatographic methods, columns are 

packed with the polymer particles. The packed columns are then evaluated with 

different analyte concentrations in a HPLC unit.33  

For competitive studies, the columns are tested with solutions containing different 

analytes and the retention times of the template and the structural analogs are then 

compared to each other. 

This approach can only be used if the particles have a certain size (> 20 μm) since 

particles that are too small can block the columns.33,38 

In figure 11 exemplary chromatograms are shown for the HPLC columns packed 

with MIP (bottom) and NIP (top) particles, featuring signals from a template molecule 

and structural analog. The molecules are retained on the MIP vs. NIP column for a 

different amount of time thereby the selectivity of the MIP particles is analyzed. The 

higher the retention time of the template compared to the structural analog, the more 

selective are the MIP particles. The tailing of the peak of the template molecule in 

figure 11 for the MIP is also an indicator for successful imprinting since the retention 

time of the template peak is extended on the imprinted stationary phase and due to 

the heterogeneous binding site distribution.38,80 
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Figure 11: Exemplary chromatograms of a mixture of analytes obtained via HPLC on columns packed 

with the MIP (bottom) and the NIP (top) particles. 

 

IMPRINTING EFFICIENCY 

The imprinting efficiency is often divided into the binding capacity, the binding affinity 

and the selectivity of the resulting polymer. The separation factor α is used for the 

evaluation of the ability of the polymer to separate between the template molecule 

and structural analogs.81 

 

𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	(𝛼) =
k’345

k’67689:;<
 

Equation 1 

 

For the evaluation of MIPs via HPLC measurements the capacity factor k’ indicates 

how strong the compound is retained on the stationary phase. Generally, the 
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capacity factor k’ is defined by equation 2, whereas tR is the retention time of the 

respective compound and t0 is the retention time of the void marker.81 

 

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑘?) =
𝑡@ − 𝑡B
𝑡B

 

Equation 2 

 

The imprinting factor (IF) refers to the capacity factors of the specific (imprinted, k’MIP) 

and non-specific (non-imprinted, k’NIP) polymers.81 

 

𝑖𝑚𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔	𝑓𝑎𝑐𝑡𝑜𝑟	(𝐼𝐹) =
k’345
k’G45

 

Equation 3 

 

The IF represents how much better the substrate binds to the imprinted polymer 

compared to the non-imprinted polymer. Nevertheless, the results of such an 

evaluation can only be used as indicators for the efficiency of the polymers. The 

comparison between different polymers is limited. This occurs because the isotherm 

of the MIP is less linear (as MIP approaches saturation) than the isotherm of the NIP 

and the effect of the phase ratio.82 

The selectivity of an imprinted polymer is high if it predominantly rebinds the template 

used during the synthesis. The selectivity factor (S) is used to represent the ratio 

between the separation factors of MIP and NIP. It describes the selectivity of the 

imprinted polymer towards the template molecule.33 

 

𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑆) = 	
𝛼KLM
𝛼NLM

 

Equation 4 

 

The binding selectivity is used to describe the ability of the polymer to “distinguish” 

between the template and other molecules with similar structure. Hence, the 

recognition ability of the polymer is tested.33 To study the binding selectivity, two 

different approaches can be applied.  

In single selectivity studies, the polymer is incubated separately with different 

analytes to study the performance of the MIPs.  
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Competitive studies are used to study the selectivity of the polymer and can be 

performed, using a mixture of analytes (template and structural analogs) for the 

incubation of the polymer. To discriminate between selective and non-selective 

binding the cross-reactivity (comparison between different polymers and their 

respective templates) needs to be studied.83 

 

The binding capacity Bmax represents the maximum mass of selectively bound 

analyte (mb) by a certain amount of mass of the polymer matrix (mp). The binding 

capacity is related to the porosity of the material and therefore to the specific surface 

area of the polymer.29 

 

𝑏𝑖𝑛𝑑𝑖𝑛𝑔	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	𝐵RST =
𝑚U

𝑚V
 

Equation 5 

 

The binding affinity describes the binding strength between the polymer and the 

analyte. The binding affinity is dependent on the equilibrium association constant (KA) 

and to the equilibrium dissociation constant (KD), which is described by equation 6.29 

 

𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 + 𝑏𝑖𝑛𝑑𝑖𝑛𝑔	𝑐𝑎𝑣𝑖𝑡𝑦	
YZ[\

Y]
_̂	𝑏𝑜𝑢𝑛𝑑	𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 

Equation 6 

 

For batch rebinding experiments the following equation is used to calculate the 

amount of bound template (B) by subtraction of the concentration of free template (F) 

from the initial concentration of template molecule in the incubation solution (I).82 

 

𝐵 = 𝐼 − 𝐹 
Equation 7 

 

To evaluate the performance of the MIP and the NIP both concentrations can be 

plotted against each other (B vs F) for the generation of binding isotherms with as 

few as five data points.82 In figure 12 expected binding isotherms for MIPs and NIPs 

are illustrated. 
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Figure 12: Exemplary binding isotherm for MIP and NIP. 

 

Equilibrium binding analysis is the basis of this approach. Therefore, the 

concentration of analyte bound by a certain mass of the imprinted polymer (B) is 

plotted versus the equilibrium measured concentration of the analyte in the 

incubation solution (F). This analysis can give information on both, the affinity and 

capacity of the imprinted polymers.82 

For MIPs there is a distribution of binding sites throughout the polymer matrix. This 

distribution is not included in the isotherm in figure 12. Therefore, a so-called 

Scatchard plot is used for illustration.33 

The Scatchard equation can be used for the evaluation of the imprinting performance 

by plotting the ratio of the bound to the free (B/F) template versus the amount of the 

bound template. An exemplary optimal Scatchard plot is illustrated in figure 13. 
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Figure 13: Scatchard plot of a MIP with high and low affinity-binding sites. 

 

KD is the equilibrium dissociation constant and Bmax the maximum number of binding 

sites (binding capacity).29 
𝐵
𝐹 =

(𝐵RST − 𝐵)
𝐾a

 

Equation 8 

 

The Scatchard analysis is based on the Langmuir isotherm (Langmuir equation in 

equation 9), which is a binding model that assumes that all binding sites are identical 

(homogeneous).  

𝐵 =
𝐵RST ∗ 𝐾 ∗ 𝑐
1 + 𝐾 ∗ 𝑐  

Equation 9 

 

B corresponds the absorbed amount, Bmax the maximum absorbed amount 

(monolayer), K is the Langmuir constant and c the equilibrium concentration in this 

equation.84 

However, due to the heterogeneous binding site distribution in the MIPs (especially 

for the non-covalent imprinting approach), the evaluation is more difficult. The 

Scatchard plot for the MIP isotherm is curved since there is a distribution of different 

classes of binding sites in the polymer network. Two straight lines are fitted to these 
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curved plots and the slope of each is interpreted to belong to high- and low-affinity 

binding constants.33 

MIP isotherms can also be fitted using the Freundlich equation in equation 10.33 

 

𝐵 = 𝐾 ∗ 𝑐d ef  
 Equation 10  

  

In this equation, K is the Freundlich constant and n is an empirical parameter.85  

Hence, to adapt the binding models, experimental binding isotherms were 

established. Binding models that describe the adsorption at heterogeneous surfaces 

are for example the Freundlich and the Langmuir-Freundlich isotherms. 

The Langmuir-Freundlich or the Sips equation can be used to describe the binding 

behavior; at low concentrations, the model then follows the Freundlich equation, and 

at high concentrations the Langmuir equation (equation 11).86–88 For this equation K 

and n both are constants. 

  

𝐵 =
𝐵RST(𝐾 ∗ 𝑐)

d ef

1 + (𝐾 ∗ 𝑐)d ef
 

 Equation 11  

 

Both parameters, the binding capacity and the binding affinity, can be determined by 

batch rebinding27,89 or chromatography90,91 experiments.  

 

2.1.6  APPLICATIONS OF MOLECULARLY IMPRINTED POLYMERS 

SEPARATION 

Molecularly imprinted polymers can be used as stationary phase for chromatographic 

applications. Chiral compounds can be separated using HPLC with MIP particle 

packed columns. Therefore MIPs are prepared using one enantiomer to introduce 

enantio-selective binding sites into the polymer network. The column packed with the 

polymer prepared with one enantiomer is able to separate the two enantiomers, thus 

the retention time of the applied template enantiomer is longer than for the non- 

imprinted enantiomer.  
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Matsui et al. used (-)-cinchonidine and (+)-cinchonine as templates and methacrylic 

acid as the functional monomer to create bulk polymers that were 

diastereoselective.92  

Also, imprinted polymers that are able to separate template molecules with several 

chiral centers from all other stereoisomers can be synthesized. Ramström et al. used 

N-Ac-L-Phe-L-Trp-OMe as the template and methacrylic acid as the functional 

monomer to synthesize the bulk polymer. After grinding and sieving the particles, the 

MIP was packed into the HPLC column and washed with methanol/acetic acid (9:1) 

for 12 h.93 

The enantiomer DD and both diastereoisomers LD and DL could be separated from 

the LL form that was used as a template molecule during the synthesis.32,93  

Another separation technique that applies MIPs, is the capillary 

electrochromatography (CEC). With this technique, the chromatographic resolution 

and thus the separation factors are better compared to the resolution using the HPLC 

technique as separation method32. 

Nilsson et al. studied the analysis of imprinted polymers using CEC and introduced 

the so-called imprinted polymer electrophoresis (IMPCE) as a new separation 

method.94 For those studies, the polymers were synthesized using L-phenylalanine 

and pentamidine as templates and MAA as the functional monomer. The synthesis 

was directly prepared in the chromatographic capillary and the templates have been 

removed by hydrodynamic solvent replacement. However, for the polymer prepared 

with L-phenylalanine, no selectivity could be shown compared to D-phenylalanine. 

But for the polymers that were prepared by using pentamidine as the template, a high 

selectivity could be achieved against benzamidine.94 

Another example of the usage of this method was a study by Schweitz et al.. In this 

study, a mixture of functional monomer (MAA), cross-linker (TRIM) and the imprint 

molecule (R)-propranolol was prepared in the capillary. A racemate of both, (R)- and 

(L)-propranolol could be separated within 120 seconds.95 

A third separation method that takes advantage of MIPs is the solid phase extraction 

(SPE). 

SPE is a sample preparation method that enables isolation, cleanup or enrichment of 

chemical components from solutions. A sorbent is packed into small cartridges and 

an aqueous sample containing the analyte is brought into contact with this sorbent. 

Thereby the analyte is adsorbed on the surface of the sorbent and can be removed in 
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subsequent washing steps by a solvent.96 Sorbent materials can be divided into 

different classes i.e. normal phase, reverse phase and ion exchange resin.96 Due to 

their low price, selectivity and their stability, MIPs can be applied for this separation 

technique. Complex matrices can be used with MIPs as sorbent material even for 

organic molecules since the polymers are cross-linked with artificially generated 

recognition sites.96 SPE in combination with imprinted polymers is widely used for 

real samples, such as blood plasma97 water and sediment samples.32,98 

Nevertheless, there are also some disadvantages when using MIPs as SPE 

materials, such as template leakage, as it’s difficult to extract 100% of the template 

from the polymer matrix after synthesis.32 

The group of Chapuis et al. prepared an imprinted polymer with terbutylazine as the 

template molecule and MAA as the functional monomer. Different triazines were 

studied on MIP and NIP particles and it was determined that the retention was 

achieved via specific interactions for all triazines except hydroxterbutylazine. A 

selectivity study with phenylureas showed no retention thus the MIPs are selective. 

At first, due to matrix effects the application of real samples obtained low extraction 

recoveries. After optimizing the washing procedure, triazines were successfully 

extracted from industrial effluent and surface water samples.99 

Martin et al. studied the extraction of the drug propranolol from different aqueous 

media including biological samples.97 The MIP was prepared using racemic 

propranolol as the template molecule and MAA as the functional monomer. The 

biological samples used within this publication were dog plasma, rat bile and humane 

urine.97 The polymer can be used for SPE analysis for the target molecule, but it also 

does non-specifically extract a range of molecules structural similar and dissimilar to 

the template. However, the choice of eluent can enable a specific extraction for the 

template molecule.97 

Ferrer et al. prepared MIPs using terbutylazine as the template and MAA as the 

functional monomer with two different porogens, namely toluene and 

dichloromethane. These MIPs were used for solid phase extraction enrichment of six 

different chlorotriazines in sediment and water. In order to analyze the samples a 

combination of liquid chromatography and diode array detection was used.98 The 

recoveries were up to 80% for all chlorotriazines except one, namely propazine 

(53%). After optimizing the washing step, the researchers showed that this technique 

is suitable for analyzing environmental samples.98 
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MIPs are also applied in other separation techniques, e.g. membrane-based 

separations or thin layer chromatography.32 

BINDING ASSAYS 

Due to the ability of MIPs to bind a specific target molecule selectively, they can be 

used for immunoassay-type binding assays instead of antibodies since antibodies 

can bind specific target molecules analog to MIPs. Several techniques can be used 

for the detection of specific analytes, two of which are radio immunoassays (RIA)100 

and enzyme-linked immunosorbent assays (ELISA)101. 

The first to develop a MIP based binding assay was the group of Mosbach in 1993.100 

Vlatakis et al. prepared imprinted polymers with theophylline and diazepam as the 

templates and MAA as the functional monomer. Competitive binding assays were 

performed in human blood serum, thus radiolabelled ligands that can be bound by 

the serum analyte, are needed for this method. For both methods, a calibration curve 

had to be prepared for the molecularly imprinted sorbent assay (MIA). Before the 

actual assay was performed, the drug needs to be extracted from the serum. For 

theophylline the MIA seemed to be highly specific; for diazepam and several other 

benzodiazepines showed cross-reactivity, since all of them have a similar structure 

and it is difficult for antibodies to distinguish between them.100 32 patient serum 

samples were evaluated via MIA as well as with an enzyme-multiplied immunoassay 

technique (EMIT) to analyze the accuracy of the method. The correlation between 

both methods was excellent.100 

The development of different assay systems for drugs102, herbicides103, 

corticosteroids104 and diluted blood plasma105 have been adopted from those works 

on molecularly imprinted sorbent assays (MIA).32  

To avoid radiolabeling, other assays were developed as well, such as a competitive 

fluorescence immunoassay.103 Also, ELISA type assays were implemented; the 

analyte needs to be labeled with an enzyme for this method. 

Different detection techniques can be used, such as the colorimetry106 or the 

chemiluminescence32,106, depending on the respective method. 

The group of Haupt synthesized MIP-microspheres via precipitation polymerization 

with 2,4-dichlorophenoxyacetic acid (2,4-D) as the template and 4-vinylpyridine (4-

VP) as the functional monomer. Tobacco peroxidase was used to label the analyte 
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for colorimetric and chemiluminescence detection. It was shown that the polymer 

could selectively bind the analyte in solution.106 

 

SENSORS 

In (bio-) chemical sensors, a signal is generated by the event of binding a specific 

analyte to a recognition site; this signal is then transformed into an output signal. 

MIPs can be used as recognition elements, as the template molecule used for the 

synthesis of those MIPs triggers the signal by binding to the MIPs.32 Different 

properties of the analyte can be used for signal detection such as IR spectroscopy107, 

fluorescence108, electrochemical activity109 or changes of physico-chemical 

parameters110. To enhance the sensor response, reporter groups can be 

incorporated into a polymer.32 Several advantages are expected when using MIPs as 

sensor materials. Due to the mechanical and thermal stability of the polymers, the 

sensors can be used for sterilizing (e.g. fermentors) the samples. Two other 

important advantages are the expected long lifetime of the sensor and the sensors’ 

ability to respond to specific compounds.111 

One of the first publications using MIPs for sensing devices was a study by the group 

of Mosbach in 1993.111 Field effect capacitors with imprinted membranes were used 

to detect the analytes in liquid samples during this study. Phenylalanine anilide (PAA) 

was used as the template molecule and MAA as the functional monomer for the 

synthesis of the polymer on the surface of a silicon wafer. Two structural analogs 

were used to evaluate the imprinted polymer membrane, namely phenylalaninol (PA) 

and tyrosinanilide (TA). This study showed that PAA and TA could be measured and 

distinguished from PA using the MIP membranes via cyclovoltamogrammic 

measurements.111 

The number of applications that are using MIPs as sensor devices have been 

increasing during the last years.112–116 Techniques such as the surface-acoustic wave 

(SAW) oscillator117, Love-wave oscillator118, the quartz crystal microbalance 

(QCM)117 and sensors based on conductometric transducers119,120 have been 

applied.  

Dickert et al. studied the combination of molecularly imprinted polymers and mass-

sensitive transducers, namely QCM and SAW.117 QCMs were coated with 

polyurethane polymers imprinted with different solvents. The binding capability and 
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sensitivity to vapors of solvents were tested. They showed an example of a 

tetrahydrofurane (THF) imprinted polymer in which all other solvents could be 

detected but the effect of the sensor was significantly higher for THF than to any 

other solvent. After studying the imprinted layers on the QCM, sensitivity 

measurements were performed on SAWs as well. For both techniques, the signal to 

noise ratios were compared. A sensitivity enhancement could be achieved using both 

techniques, by rising the resonant frequencies of both resonators.117 

 

 

2.2  PROTEIN IMPRINTING 

2.2.1  BACKGROUND ON PROTEINS AND PROTEASES 

PROTEINS 

The word protein was probably first used by the Swedish chemist Jöns J. von 

Berzelius in 1838 and then published by the Dutch scientist Gerardus J. Mulder in 

combination with a chemical formula.121 

20 different amino acids that are linked via peptide bonds are the building blocks of 

proteins.122 The carboxyl group of an amino acid forms a peptide bond (-CO-NH-) 

with the α-amino group of another amino acid. This reaction is called condensation 

since formally a water molecule is released during this reaction. This reaction is 

repeated many times to finally form a protein. The polypeptide grows from one side, 

the α-amino acid or so-called N-terminus to the last carboxy group on the other side, 

the so-called C-terminus. Short peptides, consisting of up to 10 amino acids are 

called oligopeptides. Peptides with more than 10 amino acids are called 

polypeptides. All polypeptides that consist of more than 50 amino acid building blocks 

are called proteins. Nevertheless the transition between these groups can overlap.122 

The size of proteins varies between small, featuring about 51 amino acids to very big 

proteins with a chain of about 4600 amino acids.121 Proteins are biomacromolecules 

with a complex composition with primary (sequence), secondary (folding; α-helix, β-

sheet, loops etc.), tertiary (disulfide bonds) and quarternary (multimers) structures.123 

Proteins can be separated into globular and fibrous proteins. Globular proteins form a 

compact sphere, like Myoglobin, which was the first globular protein whose structure 

was determined. However fibrous proteins are stretched proteins, e.g. elastin, 
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collagen and α-keratin. Those proteins are used for mechanical and structural 

functions inside and outside of cells.122 

 

PROTEASES 

Proteases, proteins themselves, are a class of enzymes that catalyze the cleavage of 

peptide bonds in other proteins. Proteases are degradative enzymes that catalyze 

the total hydrolysis of proteins. Therefore, proteases are of interest for applications in 

physiological and commercial fields. The functions of proteases are diverse; they 

range from cellular level to organ and organism level and they produce cascade 

systems (e.g. inflammation). The process of normal physiology of the cell and 

abnormal pathophysiological conditions are also processes where proteases are 

responsible.1 Proteases are classified depending on the type of reaction they 

catalyze, on the chemical nature of the catalytic side and on the evolutionary 

relationship (revealed by structure).124  

Proteases are separated into two main groups, namely the endopeptidases and the 

exopeptidases. This separation depends on their site of reaction in proteins. 

Endopeptidases cleave the peptide bonds in the inner regions of the polypeptide 

chain, while exopeptidases cleave the peptide bond near the ends of the polypeptide 

chain and are further subdivided into amino- and carboxypeptidases depending on 

the terminus of the protein they react with. Endopeptidases are subdivided into four 

groups, i.e. serine proteases (S), aspartic proteases (A), cysteine proteases (C) and 

metalloproteases (M) based on their catalytic mechanism.125 

The template molecules used during this thesis are both metallopeptidases, namely 

thermolysin and MMP-9 (see below) that belong to the most diverse catalytic type of 

proteases.126 As their name indicates, a metal ion is required for their activity. These 

proteases can be categorized into four different groups, namely the neutral, alkaline, 

Myxobacter I and Myxobacter II. The proteases are classified in these four categories 

based on the specificity of their action. Neutral proteases are specific for hydrophobic 

amino acids, alkaline proteases feature a broad specificity. Myxobacter I proteases 

are specific for small amino acid residues on either side of the cleavage bond and 

Myxobacter II proteases are specific for lysine residue on the amino side of the 

peptide bond. Metalloproteases can be inactivated by dialysis by the addition of 

chelating agents.1 
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2.2.2  TEMPLATE MOLECULES USED IN THIS THESIS: THERMOLYSIN, MMP9, AND 

BOVINE SERUM ALBUMINE 

THERMOLYSIN 

Thermolysin (TL) is a neutral metallo-endopeptidase. It is isolated from the culture 

broth of Bacillus thermoproteolyticus. TL is thermostable (half-life of 1 h at 80 °C) and 

it requires a zinc ion for the enzymatic activity. For structural stability and for the 

catalysis of the hydrolysis of peptide bonds four Calcium ions are included in the 

protein.127 

The molecular weight of TL containing the metal ions is 34600 Da. The total amount 

of amino acids in TL is 316, as determined via different analytical methods used for 

sequence analysis.128 TL features two different structural parts with most of the 

helical secondary structure is in the carboxyl-terminal half and the most of the β-

structure in the amino-terminal half of the molecule.129 It is a single peptide without 

disulfide bridges.1 

 

MATRIX METALLOPEPTIDASE-9 

Matrix metalloproteases (MMPs), also called matrixins, are important for the 

degradation of extracellular matrix during tissue morphogenesis, differentiation and 

wound healing; also they may eventually be useful for the treatment of cancer and 

arthritis.1 There are 23 MMPs coded in the human genes including a twofold MMP-23 

gen. Most of the matrixins’ activities are low or negligible in normal steady-state 

tissues.130 

In this thesis, MMP9 was applied as a template molecule next to thermolysin. MMP9 

(92 kDa)131, also called gelatinase B, consists of different domains, namely the 

propeptide (Pro) domain (~80 amino acids), the catalytic domain (Cat) (~170 amino 

acids), three repeats of the fibronectin-type II (FN2) within the catalytic domain, a C-

terminal hemopexin-like domain (Hpx) (~200 amino acids) and a linker peptide 

(LK).132 Bioassays with mice indicated that MMP9 plays an important role in cardiac 

rupture after myocardial infarction, and for the development of abdominal aneurysm. 

It cleaves elastin and type IV collagen.130 MMP9 and the catalytic domain of MMP9 

are illustrated in figure 8 in chapter 2.1.4 Polymerization methods for the synthesis of 

Molecularly Imprinted Polymers. 
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BOVINE SERUM ALBUMIN 

Due to the high water solubility and the higher molecular weight compared to TL, 

bovine serum albumin (BSA) was used as the template for cross-reactivity and 

swelling studies. BSA is a serum albumin consisting of 583 amino acids133 with a 

molecular weight of 66 kDa134. It forms a single polypeptide chain and at a pH of 5-7, 

it contains 17 interchain disulfide bridges (cystine) and one sulfhydryl group 

(cysteine).133,134 The structure consists of three helical domains (I, II and III), each of 

which can be divided into two subdomains (A and B). In the crystalline structure, 

three calcium ions are localized in close proximity to fatty acid binding sites in domain 

I. BSA is classified as allergen.134 

 

2.2.3  SPECIAL FEATURES FOR PROTEIN IMPRINTING  

The imprinting of proteins is one of the most challenging tasks in the field of 

molecular imprinting. Glad et al. was the first group that published their studies on 

protein imprinting in 1985.67,69 

Glad et al. studied a polymer with a new class of monomer suitable for molecular 

imprinting, namely organic silanes. This type of monomer was chosen because 

silanes form siloxane polymers in aqueous solutions, thus enabling the usage of 

water-soluble compounds as templates during imprinting, such as biomolecules. 

Glycoprotein transferrin and BSA were used as template molecules during these 

studies. Column experiments were applied to evaluate the performance of the 

polymers. For glycoprotein transferrin, an imprinting effect was detected. The affinity 

of the transferrin-imprinted polymer for transferrin was higher than for BSA. The BSA 

imprinted polymer yielded the same rebinding behavior as the NIP, thus the BSA 

polymer did not specifically rebind it´s template.69 

For the following years, this remained the only published research effort on protein 

imprinting, as the conditions for imprinting proteins are challenging. 

The synthesis of MIPs typically takes place in an organic environment, however, 

most proteins are water-soluble. The structure and the conformation of proteins are 

complex so, at certain conditions (e.g. temperature change, pH change, ionic 

strength and presence of organic solvents) their structural integrity can be affected. 

The synthesis ideally occurs in the same solvent in which the rebinding takes place 

afterward. Proteins consist of amino acids thus many functional groups are present 
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and can interact with functional monomers in manifold ways.67 The main difference 

when using aqueous solutions instead of organic solvents is that the hydrogen 

bonding is less important while the hydrophobic interactions become more 

significant. Also, different cross-linkers have to be used for imprinting in aqueous 

conditions since many cross-linkers are commonly soluble essentially in organic 

solvents (e.g. ethylene glycol dimethacrylate).123 For small molecules it is common 

that the template molecule is completely surrounded by the polymer. Nevertheless, 

for proteins, this is not practical since the protein could not be removed from the 

polymer matrix.123 For bulk polymers the binding sites are inside the bulk material 

and thus mass transfer is slow even for smaller molecules. The mass transfer 

becomes faster if the binding sites for the template molecule are arranged on the 

polymer surface because the binding sites are more easily accessible.135 For 

macromolecules, such as proteins, the template molecule will be stuck in the polymer 

matrix for bulk imprinting strategies, if the network is too rigid and highly cross-

linked.136 

To avoid some of these problems, a smaller dummy or surrogate template can be 

used for imprinting proteins. This approach is called epitope imprinting and is 

explained in detail in chapter 2.1.4 Polymerization Methods for the Synthesis of 

Molecular Imprinted Polymers. 

For bulk imprinting of proteins, the main problem is the large size of the protein. The 

template needs to be extracted after the synthesis and thus a certain pore size inside 

the polymer material is required.123,137 

For surface imprinting, one strategy is the complex formation at a metal ion center. 

The interactions between metal ion and protein have to be strong, however, only a 

few interactions are strong enough to form the pre-polymerization complex.123 Kempe 

et al. prepared MIPs for the enzyme RNase A via the surface imprinting procedure 

based on metal coordination. In the presence of RNase A and metal ions a metal-

chelating monomer, N-(4-vinyl)-benzyl iminodiacetic acid was polymerized onto 

methacrylate-derivatized silica particles. The MIP particles were packed into HPLC 

columns and RNase A and lysozyme were separated in HPLC measurements.61 

Since most of the structure of the protein is neglected using this imprinting approach 

it is unlikely to be an effective method.123  

Another approach for surface imprinting is the formation of a thin imprinted layer at 

the surface via the adsorption of proteins at a planar surface (e.g. silicon wafers, 
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glass slides or mica) as a “stamp”.123 The group of Chou prepared thin-film MIPs for 

C-reactive protein using the micro contact approach. The template molecule is 

absorbed together with the functional monomer on the microscope cover glass. The 

support contains the cross-linker and initiator. The cover glass is brought in contact 

with the support and placed in the UV reactor. Then the cover glass is removed and 

the polymer is on the substrate. The template needs to be extracted before rebinding 

studies can be performed. The so produced polymers show good selectivity for the 

template compared to single and competitive studies.138 Not only planar surfaces can 

be used as adsorption material. This approach has been adapted to three-

dimensional objects such as microparticles, nanoparticles, nanowires, and 

nanotubes.123 These surface-imprinting approaches can be divided into top-down 

and bottom-up methods. For the top-down approach the template molecule is 

attached to a support, which is removed after the formation of the polymer network 

and for the bottom-up method this support becomes the substrate on which the 

polymer is grafted.123 

Hydrogels are polymer networks extensively swollen with water and they offer 

another promising route for imprinting proteins.139 An advantage for the mass transfer 

of macromolecules as the template may be the lower density of the cross-linking 

during formation of hydrogels. However, the network is less rigid and highly prone to 

swelling and shrinking so that the imprinting efficiency might be affected in a negative 

way.123 Kimhi et al. studied the interaction between the lysozyme-imprinted hydrogel 

and their template protein. Adsorption measurements and isothermal titration 

calorimetry (ITC) were used. The interactions between the MIP were compared to a 

reference protein, namely cytochrome c. A better affinity and higher capacity of the 

imprinted polymer towards the template protein was detected via adsorption 

isotherms and competitive adsorption studies. The ITC analysis yielded major 

differences in binding enthalpy of lysozyme when MIP and NIP were compared. The 

imprinting within hydrogels creates three-dimensional binding sites that eventually 

lead to improved selectivity.46 

 

APPLICATIONS FOR PROTEIN-IMPRINTED MATERIALS 

Bossi et al. published an example of surface-grafted molecularly imprinted polymers 

using proteins as templates in 2001. Microplate wells were coated with MIPs with 
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different template molecules namely microperoxidase, horseradish peroxidase, 

lactoperoxidase, and hemoglobin. A thin polymer layer was grafted onto the 

polystyrene surface of the microplates. The affinity towards the template molecules 

increased and it was shown that the stabilizing function of the support and spatial 

orientation of polymer chains and the templates functional groups were the major 

factors effecting the imprinting performance.140 

Turner et al.136 imprinted ferritin at the water/air interface of a Langmuir-Blodgett 

trough on three-component-monolayers bearing phospholipids and subsequently, it 

was transferred to hydrophobic substrates. Fluorescence correlation spectroscopy 

was used to study this immobilization, which was shown to hinder any further 

diffusion in lipids. The studies gave evidence that lipids in the transferred monolayer 

are immobile. Rebinding studies showed a six-fold increase in ferritin adsorption 

when comparing imprinted against control monolayers. The reduction of the pH to 

below the proteins isoelectric point resulted in a diminished rebinding of ferritin to its 

imprint. The steric influence of poly(ethylene glycol) in the monolayer for the 

formation of the binding pockets for the protein was studied by using a smaller acidic 

protein. Albumin-imprinted monolayers showed low binding of ferritin, while ferritin-

imprinted monolayers could also bind albumin. An alternative strategy for imprinting 

proteins at the surface has been developed, by the formation of imprints in self-

assembling of lipids with following transfer and immobilization for sensor 

developement.136 

Using cyclic voltammetric deposition of conductive polymers, protein imprinted 

electrodes were prepared by Chou et al. in 2006.141 As supporting layer a layer of 

polypyrrole was used upon two layers of poly-aminophenylboronic acid were 

deposited. The inner layer was non-imprinted and formed a barrier between the 

polypyrrole and the outer layer that was deposited in the presence of a protein 

molecule (lysozyme or cytochrome c). Control polymers were synthesized in the 

same way without a template being present in the second layer of 

polyaminophenylboronic acid. 

After the template removal, rebinding experiments were performed with both 

electrodes. For the imprinted electrode, the signal showed a distinct two-phase 

binding profile whereas the non-imprinted electrode showed progressive binding. To 

measure the amount of rebound protein, reductions in the observed current 

transmission were analyzed. The current reductions for the imprinted electrodes for 
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lysozyme and cytochrome c were 30.3 and 66.2% compared to 4.5 and 29.9% for the 

control electrodes. Cyclic voltammetry has been used for the reproducible formation 

of imprinted thin-film surfaces since this polymerization method could be carried out 

more controlled compared to other polymerization techniques. 

 

2.2.4  MINIEMULSION POLYMERIZATION 

Miniemulsion polymerization is based on the dispersion of liquid droplets (dispersed 

phase) in a continuous liquid phase. Small monomer droplets (100 – 500 nm) with 

very large surface areas are formed during miniemulsion polymerization. To form 

stable droplets an effective surfactant/costabilizer system is needed. Shearing the 

droplets via ultrasonication into submicron monomer droplets produces the 

miniemulsion with a statistical size distribution.3 The dispersed phase normally 

contains the monomer, the costabilizer, and the initiator. The continuous phase 

contains the solvent and the surfactant. Coalescence, the process of several droplets 

merging to one bigger droplet after collision has to be prevented. To restrain droplet 

coalescence caused by Brownian motion the surfactant is added. Surfactants can be 

either ionic or non-ionic. In literature,142–144 anionic surfactants are widely used. The 

reason for this is considerable that for macroemulsion polymerization the application 

of anionic surfactants is widespread. Also, the compatibility of these surfactants with 

neutral or anionic monomers and anionic initiators is beneficial. SDS, sodium dodecyl 

sulfate, is a commonly used anionic surfactant. Cetyltrimethyl ammonium bromide 

(CTAB) and cetyltrimethyl ammonium tartrate were used as cationic surfactants for 

the production of miniemulsions as well.3 Lutensol AT50 (an alkylpolyethylene glycol 

ether) can be used as the non-ionic surfactant when miniemulsion polymerizations 

are carried out. The so-called diffusion degradation (or Oswald ripening) describes 

the interdroplet mass transfer due to their higher Laplace pressure.145 Smaller 

droplets will disappear if they are not stabilized against degradation and the average 

droplet size will increase. To prevent Oswald ripening a costabilizer is needed. Cetyl 

alcohol (CA) and hexadecane (HD) are often used as costabilizers since their 

solubility in the monomer phase is high and at the same, it is low in the aqueous 

phase. The interaction between costabilizer and monomer is large due to the high 

solubility in the monomer phase and the distribution coefficient for the stabilizer is 

ensured by the low water solubility. Also, their molecular weight is low. In the droplet, 

the low molecular weight leads to a high ratio costabilizer and monomer.3 The 
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nucleation of the particles primarily occurs via radical entry into the droplets. Free 

radicals enter into the monomer droplet and the particles are formed upon 

entry.145,146 The reaction is initiated in each of the small droplets. Miniemulsions do 

not form spontaneously and in an ideal miniemulsion the ratio between the initial 

monomer droplet size and the final polymer particle size should be 1:1.3,145 

 

Miniemulsion polymerization is suitable for the preparation of molecularly imprinted 

polymers, in both, the covalent as well as the non-covalent approach. The resulting 

MIP particles have a high specific surface area and a defined shape. 

In studies of Vaihinger et al. a mixture of cross-linker and functional monomer was 

used as monomer phase. EDMA and MAA were used in different ratios to form 

polymer particles. Despite, MAAs high solubility in water, the obtained dispersions 

were stable. Sodium dodecyl sulfate (SDS) was used as surfactant and hexadecane 

(HD) as hydrophobic agent/costabilizer. L- or D-boc-phenylalanine was the template 

molecule for this reaction. Best results have been obtained using a ratio of 

nMAA:nEDMA= 0.25:1.4 In figure 14 the general scheme for preparing MIPs via 

miniemulsion polymerization with organic functional monomers is shown. 

 

 
Figure 14: Scheme of miniemulsion polymerization using a functional monomer in the organic phase. 

The hydrophobic phase (purple) contains the functional monomer, the cross-linker, the radical initiator, 

and the hydrophobic agent. The hydrophilic or continuous phase (light blue) contains the template 

molecule and the surfactant. Via miniemulsification small hydrophobic droplets are formed with the 

oriented functional monomer on their surface. During the self-assembly, the template molecules 

interact with the functional monomers and the surface of the droplets. Then the polymerization is 

started by applying heat or UV radiation.  
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Pluhar et al. adapted this synthesis and used (3-

acrylamidopropyl)trimethylammonium chloride (APTMA) as the functional monomer 

and EDMA as the cross-linker for the synthesis of pepsin-imprinted polymers via 

miniemulsion polymerization.55,56 APTMA is a functional monomer that is soluble in 

the water phase of the emulsion. The scheme for the miniemulsion using this kind of 

monomers is illustrated in figure 15. 

 

 
Figure 15: Scheme of miniemulsion polymerization using a functional monomer in the water phase. 

The hydrophobic phase (purple) contains the cross-linker, the radical initiator, and the hydrophobic 

agent. In this case, the hydrophilic phase not only contains the template molecule and the surfactant, 

but also the functional monomer. After the miniemulsification, the TM and the FM interact via self-

assembly and the hydrophobic group of the FM is attracted by the droplets of the hydrophobic phase. 

Heat and UV radiation are applied to initiate the polymerization.  

 

Equilibrium binding was observed after 1 minute of incubation and the selectivity of 

the imprinted polymers was studied during competitive binding experiments with 

bovine serum albumin (BSA) and β-lactoglobulin (LG) via SDS-PAGE. The imprinted 

particles showed prevalence for pepsin but also the NIP preferred pepsin over BSA 

and LG, but in a lower amount than the MIPs. α1-acid glycoprotein (AG) was then 

used to compare the imprinting performance of the polymers since pepsin has a high 

amount of acidic amino acids and the amount of acidic groups of AG is similar (unlike 

BSA and LG). More AG was bound to the MIPs and NIPs imprinted with pepsin than 

the other proteins (BSA and LG), therefore obviously the ionic interactions mainly 

contribute to the binding performance.55 
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2.3 ANALYTICAL METHODS FOR THE EVALUATION OF THE PERFORMANCE OF 

IMPRINTED POLYMERS 
 

2.3.1  UV-VIS SPECTROSCOPY 

UV-Vis-spectroscopy is an analytical method using the ultraviolet (UV) (100 – 400 

nm) and visible (Vis) (400 – 780 nm) spectral range for the analysis of different 

molecules.147 

H. v. Halban was the first who used UV-Vis-spectroscopy to analyze the 

concentration of molecules in 1920.147,148 By 1941 more than 800 publications for 

concentration analysis of clinical substances in the Vis range existed. Spectroscopy 

in the UV range commenced its’ commercial success in the 1940s when H. H. Cary 

and A. O. Beckman developed a spectrometer.147 

Absorption-spectroscopy for the evaluation of molecules in the UV-Vis range is the 

most used optical analytical-chemical technique.147 UV-Vis-spectroscopy uses the 

excitation of electrons from molecules by absorption of light of a certain wavelength. 

The energy of a photon is absorbed by a molecule and thus, the energy level of an 

electron is transferred from the ground state (M) to an excited state (M*). 

 

𝑀 + ℎ𝜈 → 𝑀∗ 
Equation 12 

 

Electronic transitions can be influenced by minor energy differences (vibration and 

rotation transitions). This is shown in figure 16. 
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Figure 16: Energy levels for rotational, vibrational and electronic transitions.  

 

Generally, four types of electronic transitions are existent. The four types are 𝜎 →

𝜎∗, 𝑛 → 𝜎∗, 𝑛 → 𝜋∗ and 𝜋 → 𝜋∗. The 𝜎 → 𝜎∗	transition occurs especially for saturated 

hydrocarbons in vacuum-UV at around 130 nm. 𝑛 → 𝜎∗  transitions can only be 

excited at wavelengths around 200 nm and occur for saturated molecules with 

heteroatoms with free electrons. Thus, these two transitions play a minor role in most 

quantitative analysis. The wavelength range of the UV-Vis region between 200 – 700 

nm is easier to access experimentally and thus the commonly used transitions are 

the 𝑛 → 𝜋∗ and 𝜋 → 𝜋∗ transitions that are schematically shown in figure 17. Both 

transitions are for conjugated systems.147,149 

 

 

 
Figure 17: Absorption range of different electronic transitions. 
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The Beer-Lambert law is the fundamental equation for quantitative UV-Vis 

spectroscopy (see equation 13). The intensity of the incident light (I0) is attenuated 

by the sample via absorption of certain wavelengths. Thus, the intensity of the 

radiation is lowered after interaction with the sample by a specific portion, as 

illustrated in figure 18. 

 

 
Figure 18: Dependence of the light attenuation of optical path length and concentration. 

 

I0:  intensity of the incident light 

I:  intensity of the transmitted light 

d:  optical path length 

c:  concentration of the sample 

 

 

The attenuation is dependent on different factors such as the concentration of the 

sample and the path length of the cuvette. The molar extinction coefficient ε is 

individual for each analyte and dependent on the wavelength λ. The absorbance E is 

given by equation 13: 

 

𝐸 = log
𝐼B
𝐼 = 𝜀s𝑐𝑑 

Equation 13 

 

The transmission T is the correlation between the intensity of the incident and 

transmitted light. 
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𝑇 =
𝐼
𝐼B

 

Equation 14 

 
The validity of the Beer-Lambert-law is only given if the following terms are applied: 

 

- the incident light is monochromatic and collimated, 

- the absorbing molecules are distributed homogeneously in the sample solution, 

- no scattering occurs and 

- interactions between the molecules are excluded (adequate dilution). 

 

The instrumentation of a conventional UV-Vis spectrometer is explained in detail 

below in figure 19. 

 

 
Figure 19: Main components of a conventional UV-Vis spectrometer. 

 

A stable light source is essential for the excitation of the electrons of the analyte 

molecules. Typically, a tungsten-halogen lamp and a deuterium arc are used for a 

continuous spectrum of UV-Vis radiation. The light is then focused on a dispersion 

device where the wavelengths are broken down and a selected wavelength is passed 

through onto the sample device. To measure the sample, a reference needs to be 

measured first with the same optical path length to reduce/subtract background 

signals. After the sample compartment, the transmitted light is passed onto the 

detector where the analytical signal is produced.147 
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2.3.2  SDS-PAGE 

Electrophoresis describes the migration of charged molecules through a substrate by 

applying an electric field. The variation in ion size and charge of the molecules cause 

a different electrophoretic mobility. A mixture of substances can be separated into 

particular zones.121 Electrophoresis is a technique used for the separation of different 

proteins in solution. In figure 20 the separation via electrophoreses is shown. 

 

 

 
Figure 20: Separation of a substance via electrophoresis. 

 

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a 

useful method for the separation of proteins. SDS is an anionic detergent that can be 

used to effectively overlay the charge of the proteins, forming micelles with a 

constant negative charge per mass unit (~1.4 g SDS/1.0 g protein). For the sample 

preparation, an excess amount of SDS is added to the samples (e.g. protein 

solutions) and heated to 95 °C. The secondary and tertiary structures are destroyed 

by splitting the hydrogen bonds and by denaturation of the molecules. Addition of 

reducing thiol agents such as β-mercaptoethanol or dithiothreitol splits disulfide 

bridges of cysteine. 

Nowadays, a standard buffer system for the separation of proteins is the so-called 

Laemmli buffer containing SDS and TRIS-glycine/TRIS-HCl buffer.  

The gels are completely covered by glass plates and soaked in the buffer solution for 

vertical electrophoresis systems. The samples are loaded into pockets at the top of 
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the gel. By applying an electric field across the buffer chambers, the negatively 

charged proteins migrate through the gel according to their size and charge.121  

By using a standard solution, the molar mass of different proteins can be identified. 

There are different methods to detect and analyze the proteins. The proteins can be 

dyed directly in the gel by using organic stains. A widespread and frequently used 

stain is coomassie-blue, a triphenylmethane-stain. There are different protocols with 

varying amounts of components, but generally the gel is put into a solution containing 

coomassie blue for a defined amount of time. Afterward, the excess stain is removed 

by destaining solutions.121 

The SDS-PAGE technique has several advantages. First, even very hydrophobic and 

denatured proteins can be transferred in solution. Aggregation of proteins is 

prevented by the negative charge of the surface. The separation is fast because the 

micelles formed by SDS and the proteins are highly charged. The separation is 

determined by only one parameter, namely the molar mass. For each enzyme, one 

band is formed, because charge heterogeneities are not shown since the proteins 

are completely surrounded by SDS molecules. 

The main disadvantage is the denaturation of proteins. For taxonomic analysis, SDS-

PAGE is mostly not useful as amino acid exchange leads to differences in the 

charge, which cannot be detected. SDS-PAGE is not compatible with non-ionic 

detergents.121  



 64 

3.  STUDIES ON THE POLYMERIZATION CONDITIONS FOR NON-
IMPRINTED POLYMERS 

3.1  EXPERIMENTAL 

3.1.1  SYNTHESIS OF THE NON-IMPRINTED POLYMER PARTICLES 

The synthesis was adapted from B. Pluhar55,56,150 with thermolysin as the template 

molecule. Since the solubility of thermolysin in water is low, compared to pepsin, 

which was used in the previous studies by B. Pluhar, the amount of reacting agents 

during imprinting were reduced to one-tenth. The hydrophobic phase consisted of the 

cross-linker ethylene glycol dimethacrylate (EDMA) (0.419 g), the initiator 2,2-

dimethoxy-2-phenyl-acetophenone (DMPAP) (0.014 g) and the hydrophobic agent n-

hexadecane (HD) (0.022 g). The hydrophilic phase was prepared by dissolving 

Lutensol AT50 (0.528 g) and the functional monomer (3-

acrylamidopropyl)trimethylammonium chloride (APTMA) (0.066 g) in degassed water 

(43.636 g). 0.200 g of the hydrophobic phase was added to 20.075 g of the 

hydrophilic phase and the pre-emulsion process was started by stirring at RT for 1 h. 

Afterward, an ultrasonication step was carried out using different conditions for each 

NIP at 0 °C. Finally, the polymerization was started by UV radiation at 365 nm. The 

reaction time was 20 h. 

The amount of the resulting polymers was thus also lower and after washing almost 

no particles were left. To yield a higher amount of particles and thus facilitate 

characterization and incubation studies, different ultrasonication conditions were 

applied for the synthesis of the NIPs to study the influence of this reaction step. In 
table 1 and table 2, the different amplitudes and ultrasonication times during two test 

series are illustrated.  

 

 NIP 1 NIP 2 NIP 3 NIP 4 NIP 5 NIP 6 NIP 7 NIP 8 

amplitude [%] 10 30 50 70 10 30 50 70 

time [s] 10 10 10 10 20 20 20 20 

Table 1: Changes of the amplitude (10, 30, 50 and 70%) and time intervals (10 and 20 s) during 

ultrasonication for NIPs of test series A. 
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In table 1, the settings for test series A are shown while table 2 illustrates the 

settings for test series B. NIP 1 was the same in both series and NIP 5 in series A 

was identical with NIP 2 in series B. 

 

 
NIP 
1 

NIP 
2 

NIP 
3 

NIP 
4 

NIP 
5 

NIP 
6 

NIP 
7 

NIP 
8 

NIP 
9 

NIP 
10 

amplitude [%] 10 10 10 10 10 60 60 60 60 60 

time [s] 10 20 30 60 120 10 20 30 60 120 

Table 2: Changes of the amplitude (10 and 60%) and time intervals (10, 20, 30, 60 and 120 s during 

ultrasonication for NIPs of test series B. 

 

3.1.2  WASHING PROCEDURE OF THE NIPS 

First of all, the solvent was removed by centrifugation after the synthesis. 8 mL of 

water was added and the particles were redispersed with a vortex for 30 minutes. 

After this redispersion step, the supernatant was, again, removed by centrifugation. 

Although there was no template present in the synthesis for the NIPs the 

washing/redispersion cycle was carried out ten times. After the last centrifugation 

step, the particles were dried at 100 - 200 mbar at 40 °C. Finally, the particles were 

redispersed in water with a solid content of 1.5 wt.-%.  

 

3.1.3  CHARACTERIZATION OF THE POLYMER PARTICLES 

DYNAMIC LIGHT SCATTERING 

For DLS measurements the polymer suspensions were diluted by adding 1.5 mL 

pure water to 20 μL polymer suspension after the synthesis and 2 μL after washing of 

the polymer particles. Three measurements were performed and averaged. The 

scattering angle was 173° and the wavelength of the laser was 633 nm. Both, the 

average hydrodynamic particle diameter (z-average) and the polydispersity index 

(PDI) were determined by this technique. The standard deviation was calculated to 

determine the error of the analysis. 
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ZETA-POTENTIAL MEASUREMENTS 

For zeta-potential measurements, the polymer suspensions were diluted by adding 

1.5 mL 10-3 M KCl to 20 μL polymer suspension after the synthesis and 2 μL after 

washing of the polymer particles. Three measurements were performed and 

averaged and the standard deviation was calculated as an error of the analysis. 

 

TRANSMISSION ELECTRON MICROSCOPY 

All TEM images were all recorded after washing of the particles as described above. 

Therefore, 100 μL of the respective polymer suspension was diluted in 1 mL of pure 

water. Then, 100 μL of this diluted polymer suspension was pipetted onto the surface 

of a copper grid, which was placed on a sheet of parafilm. The particles were given 

15 min to deposit on the grid before the residual solution was removed. The grids 

were dried at room temperature and TEM images were recorded. In order to evaluate 

the average particle diameter and the size distribution, the diameters of at least 500 

particles were determined by hand via the software ImageJ at a magnification of 

5000, 10000 or 15000 times, depending on the different polymers. The standard 

deviation was calculated to gather information on the size distribution of the polymer 

particles. 

 

SCANNING ELECTRON MICROSCOPY 

For the recording of SEM images, 100 μL of the respective polymer suspension was 

diluted with 1 mL of pure water. 5 μL of this dilution was applied on a silicon wafer 

and the wafer was dried at 80 °C. The SEM images were recorded at a voltage of 5 

kV and a horizontal field width (HFW) of 11.9 μm. 
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3.2  RESULTS AND DISCUSSION  

DYNAMIC LIGHT SCATTERING 

In table 3 and table 4, the resulting values for the z-average and PDI via dynamic 

light scattering (DLS), each before and after washing of the particles, are displayed 

for test series A.  

 

 NIP 1 NIP 2 NIP 3 NIP 4 

size [nm] b 497 ± 114 215 ± 2 200 ± 2 203 ± 2 

PDI [-] b 0.49 ± 0.07 0.29 ± 0.02 0.21 ± 0.01 0.18 ± 0.01 

size [nm] a 1072 ± 90 645 ± 18 619 ± 38 641 ± 42 

PDI [-] a 0.47 ± 0.08 0.22 ± 0.04 0.20 ± 0.01 0.40 ± 0.06 

Table 3: Average of measurements for the z-average and the PDI before (b) and after (a) washing of 

the particles of test series A (NIP 1 – 4). Standard deviations were calculated. 

 

Clearly, the average particle diameter of the NIPs of test series A was higher after 

extraction. The changes in the PDI were generally lower and not consistent within the 

test series. 

 

 NIP 5 NIP 6 NIP 7 NIP 8 

size [nm] b 890 ± 459 193 ± 2 188 ± 2 171 ± 1 

PDI [-] b 0.66 ± 0.30 0.17 ± 0.01 0.15 ± 0.01 0.13 ± 0.00 

size [nm] a 541 ± 141 732 ± 8 328 ± 2 401 ± 4 

PDI [-] a 0.65 ± 0.00 0.23 ± 0.08 0.21 ± 0.02 0.40 ± 0.01 

Table 4: Average of measurements for the z-average and the PDI before (b) and after (a) washing of 

the particles of test series A (NIP 5 – 8). Standard deviations were calculated. 

 

The average particle diameter increased supposedly due to the loss of small particles 

during the centrifugation steps. The smaller PDI indicates a more monodisperse size 

distribution of the polymer particles. For NIPs 1 – 4 the ultrasonication time was 10 

sec, for NIPs 5 – 8 it was set to 20 sec. The amplitude changed from 10, 30, and 50 

to 70% for both time settings, respectively. The biggest effect of the different 

amplitude settings was between 10 and 30% amplitude. At higher amplitude settings, 
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the effect on the average particle diameter for the NIPs with an ultrasonication time of 

10 sec was negligible. The NIPs that were ultrasonicated for 20 sec showed the 

biggest difference in average particle size between NIP 6 and 7. In both test series, 

NIP 5 was the only polymer with a smaller average size diameter after washing of the 

particles. This is presumably due to aggregation of particles in the solution before the 

washing process. 

 

For test series B the results of DLS and PDI before and after washing are displayed 

in table 5 and table 6. 

 

 NIP 1 NIP 2 NIP 3 NIP 4 NIP 5 

size [nm] b 497 ± 114 890 ± 459 1365 ± 466 1285 ± 244 2410 ± 671 

PDI [-] b 0.49 ± 0.07  0.66 ± 0.30 0.94 ± 0.10 0.98 ± 0.03 1.00 ± 0.00 

size [nm] a 1072 ± 90 541 ± 141 641 ± 19 568 ± 8 853 ± 18 

PDI [-] a 0.47 ± 0.08 0.65 ± 0.22 0.30 ± 0.06 0.26 ± 0.03 0.33 ± 0.02 

Table 5: Average of measurements for the z-average and the PDI before (b) and after (a) washing of 

the particles of test series B (NIP 1 – 5). Standard deviations were calculated. 

 

For test series B, no trend could be observed for the average particle diameter before 

and after extraction. Two effects are evident from the PDI values. First, the PDI of 

around 1.00 before washing of the particles indicates an aggregation of the particles 

and thus, higher average particle diameters were measured. Second, at lower PDI 

values, an increase in particle diameter after washing was measured. This is due to 

the loss of small particles during the washing procedure. The same is true for test 

series A. 

 

 NIP 6 NIP 7 NIP 8 NIP 9 NIP 10 

size [nm] b 388 ± 96 2718 ± 486 4587 ± 2040 217 ± 1 231 ± 6 

PDI [-] b 0.44 ± 0.10 1.00 ± 0.00 1.00 ± 0.00 0.26 ± 0.00 0.29 ± 0.03 

size [nm] a 447 ± 1 812 ± 125 535 ± 16 342 ± 4 375 ± 5 

PDI [-] a 0.15 ± 0.02 0.41 ± 0.23 0.34 ± 0.05 0.16 ± 0.02 0.14 ± 0.02 

Table 6: Average of measurements for the z-average and the PDI before (b) and after (a) washing of 

the particles of test series B (NIP 6 – 10). Standard deviations were calculated. 
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For test series B the amplitude of ultrasonication was 10% for NIPs 1 – 5 and 60% 

for NIPs 6 – 10. The ultrasonication time was set to 10 (NIPs 1 & 6), 20 (NIPs 2 & 7), 

30 (NIPs 3 & 8), 60 (NIPs 4 & 9) and 120 sec (NIPs 5 & 10) for each amplitude. The 

average particle diameters for the NIPs prepared in 10 sec were generally higher 

compared to the NIPs prepared in 60 sec of ultrasonication. For NIPs 2, 3, 4, 5, 7, 

and 8 the particle size was decreasing upon washing. For the other NIPs (1, 6, 9 & 

10) it was increasing. 

 

ZETA-POTENTIAL MEASUREMENTS 

In table 7, the results for the zeta-potential before and after the washing step of test 

series A are displayed. 

 

 NIP 1 NIP 2 NIP 3 NIP 4 NIP 5 NIP 6 NIP 7 NIP 8 

ζ [mV] b 
-23.7 ± 

0.8  

-26.3 ± 

2.2 

-18.5 ± 

3.5 

-13.3 ± 

1.6 

-22.9 ± 

0.8 

-21.0 ± 

1.6 

-14.7 ± 

0.8 

-13.2 ± 

0.7 

ζ [mV] a 
-41.6 ± 

1.6 

-44.8 ± 

0.4 

-36.5 ± 

1.0 

-28.7 ± 

0.6 

-39.9 ± 

0.8 

-39.1 ± 

0.9 

-40.7 ± 

4.6 

-39.5 ± 

1.1 

Table 7: Average of measurements for the zeta-potential before (b) and after (a) washing of the 

particles of test series A with standard deviations. 

 

Obviously, in test series A, the surfaces of NIPs 1 – 8 were all negatively charged. 

Since APTMA was used as the functional monomer the surface was expected to be 

positively charged.56 Currently, there is no suitable explanation for the negative zeta-

potentials. Generally, the values of the zeta potential decreased to a similar value for 

all the NIPs after extraction. 

table 8 illustrates the results for the zeta-potential before and after washing of the 

polymer particles of test series B. 

The surfaces of the NIPs were both, positively and negatively charged, according to 

the zeta-potential values. The different zeta potentials can assumingly occur due to 

remaining synthesis reagents that were not completely polymerized into the matrix. 

During the washing procedure, the reagents were removed and the zeta potential 

decreased for most polymers to end up with a negative surface charge. 
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 NIP 1 NIP 2 NIP 3 NIP 4 NIP 5 NIP 6 NIP 7 NIP 8 NIP 9 
NIP 
10 

ζ [mV] b 
-23.7 

± 0.8 

-22.9 

± 0.8 

2.4  

± 0.1 

8.2  

± 0.5 

-2.2  

± 0.2 
16.4 

± 1.6 

-3.6  

± 0.5 

2.4   

± 0.3 

24.3 

± 0.4 

26.5 

± 0.5 

ζ [mV] a 
-41.6 

± 1.6 

-39.9 

± 0.8 

-32.9 

± 0.7 

-27.5 

± 1.0 

-10.1 

± 0.3 

13.2 

± 0.9 

-25.8 

± 2.1 

-24.8 

± 1.7 

-1.4  

± 0.3 

2.8   

± 0.3 

Table 8: Average of measurements for the zeta-potential before (b) and after (a) washing of the 

particles of test series B with standard deviations. 

 

NIP 6 and 10 still had a positive zeta potential value. In test series B, as in test series 

A, the functional monomer for all NIPs is APTMA. Still, in this test series, some 

polymers were positively, and some were negatively charged. The zeta potential of 

NIPs 1 – 5 was generally lower compared to the zeta potential of NIPs 6 – 10. For 

NIPs 1 – 5 an increase in surface potential was observed. The same is true for NIPs 

7 – 10. The zeta potential of NIP 6 did not fit into this set.  

 

TRANSMISSION ELECTRON MICROSCOPY 

The shown TEM images in figure 21, figure 22, and figure 23 revealed spherical 

particles with various average diameters and particle size distributions for each 

polymer. The particle size distribution is shown in the range of 10 – 600 nm since this 

is the optimal size range for the resulting polymer particles, concerning molecular 

imprinting, according to literature.4,56 Particles larger than 600 nm in diameter were 

considered in the evaluation, hence not included in the bar graphs, while particles 

with a diameter of less than 10 nm were not visible in any of the TEM images. 

 

As obvious from figure 21, the particles were not monodisperse, as already indicated 

by the PDI values, via DLS measurements. The majority of the particles had a 

diameter between 10 and 600 nm. NIPs 1 and 2 showed a maximum in particle size 

distribution between 100 – 200 nm; the maximum for NIP 3 was between 300 – 500 

nm. Each of these polymers was ultrasonicated for 10 sec with different amplitudes 

(see table 1). The particle size distribution was broad for the three polymers. The 

average particle diameters are summarized in table 9. 
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Figure 21: TEM images of NIP 1 (mag. 5000 x), NIP 2 (mag. 15000 x), and NIP 3 (mag. 5000 x) (top) 

with according bar charts of particle size distribution (bottom) of test series A. 

 

In figure 22, TEM images of NIPs 4, 5 and 6 are displayed. As before, the 

distribution of the particle diameter was broad for NIPs 5 and 6 with no distinct 

maximum. The size distribution of NIP 4 was smaller with its maximum at 

approximately 100 nm. NIP 4 was ultrasonicated for 10 sec at an amplitude of 70%, 

whereas NIPs 5 and 6 for 20 sec at amplitudes of 10 and 30%, respectively. 

Apparently, the higher amplitude used during the synthesis of NIP 4 resulted in a 

narrower size distribution at a lower average particle diameter, compared to the NIPs 

synthesized at low ultrasonication amplitudes (NIPs 1, 2, 3, 5 and 6). The average 

particle diameters are shown in table 9. 
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Figure 22: TEM images of NIP 4 (mag. 5000 x), NIP 5 (mag. 5000 x), and NIP 6 (mag. 5000 x) (top) 

with according bar charts of particle size distribution (bottom) of test series A. 

 

Figure 23 shows the results of the TEM studies for NIPs 7 and 8. 

 

  

 
Figure 23: TEM images of NIP 7 (mag. 5000 x) and NIP 8 (mag. 5000 x) (top) with according bar 

charts of particle size distribution (bottom) of test series A. 
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Both polymers were ultrasonicated for 20 sec at an amplitude of 50% and 70%, 

respectively. The average particle diameters were significantly smaller compared to 

the polymers that were ultrasonicated at low amplitudes. Also, as in NIP 4, the size 

distributions were considerably narrower at higher amplitudes. The average particle 

diameters are listed in the table below and compared to the other polymers. 

 

 NIP 1 NIP 2 NIP 3 NIP 4 NIP 5 NIP 6 NIP 7 NIP 8 

dTEM [nm] 
542 ± 

461 

476 ± 

446 

547 ± 

274 

151 ± 

80 

678 ± 

751 

607 ± 

281 

223 ± 

81 

103 ± 

38 

Table 9: Average of the particle size of the different polymers in test series A, including the respective 

standard deviations. For each polymer at least 500 particles were evaluated. 

 

Table 9 summarizes the average particle diameters of NIPs 1 – 8. The standard 

deviation was calculated for the size of at least 500 particles. It provides information 

on the distribution of the particle sizes. It is obvious from the displayed data that the 

polymers with narrow particle size distributions also have a smaller average particle 

diameter, namely NIP 4, 7 and 8 in this test series. Both, NIPs 4 and 8 were 

ultrasonicated at a high amplitude (70%). Although NIP 7 was ultrasonicated twice as 

long as NIP 4, however at a lower amplitude (50%), NIP 4 clearly provided smaller 

particles. NIP 5 had the largest average diameter (ultrasonication: 20 sec at 10%). 

The high values for the standard deviation indicate the presence of very large 

particles. 

 

As NIPs 1 and 2 of test series B were already included in test series A (NIP 1 & NIP 

5), the TEM images and bar graphs are not shown again in the following. 

TEM images and bar graphs of NIP 3, 4 and 5 are shown in figure 24. The particle 

size distribution of these polymers is broad; hence the particles are not 

monodisperse. All three NIPs were ultrasonicated at 10% of the amplitude for 30, 60 

and 120 sec. Apparently, at longer sonication times, the size distribution becomes 

narrower. 
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Figure 24: TEM images of NIP 3 (mag. 5000 x), NIP 4 (mag. 5000 x), and NIP 5 (mag. 5000 x) (top) 

with according bar charts of particle size distribution (bottom) of test series B. 

 

Also, the maximum in the size distribution charts shifts from 300 – 500 nm for NIP 3, 

to 100 – 300 nm for NIP 4 to 0 – 200 nm for NIP 5. In table 10, the average particle 

diameters are summarized. 

 

   

 
Figure 25: TEM images of NIP 6 (mag. 5000 x), NIP 7 (mag. 5000 x), and NIP 8 (mag. 5000 x) (top) 

with according bar charts of particle size distribution (bottom) of test series B. 
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The results for NIP 6, 7 and 8 are illustrated in figure 25. The particles appeared 

smaller than the particles of NIP 3 – 5. The maximum of the particle size distribution 

is between 100 – 300 nm for all three polymers. The amplitude for the ultrasonication 

step was 60% for all polymers, whereas the time changed from 10 to 20 to 30 sec for 

NIP 6, 7 and 8, respectively. The average particle sizes are listed in table 10. 
 

  

 
Figure 26: TEM images of NIP 9 (mag. 5000 x) and NIP 10 (mag. 5000 x) (top) with according bar 

charts of particle size distribution (bottom) of test series B. 

 

In figure 26, the results for NIP 9 and 10 are shown. These polymer particles are 

even smaller compared to the NIPs shown in figure 25. The maximum amount of 

particles ranges from 50 – 200 nm for both polymers. An amplitude of 60% was 

applied for ultrasonication for 60 and 120 sec for NIP 9 and 10, respectively. In the 

table below the average size of the particles are illustrated for all 10 polymers of test 

series B. 

 

 NIP 1 NIP 2 NIP 3 NIP 4 NIP 5 NIP 6 NIP 7 NIP 8 NIP 9 
NIP 
10 

dTEM [nm] 
542 ± 

461 

678 ± 

751 

573 ± 

377 

375 ± 

264 

178 ± 

110 

238 ± 

124 

375 ± 

240 

265 ± 

127 

196 ± 

93 

200 ± 

89 

Table 10: Average of the particle size of different polymers in test series B, including the respective 

standard deviations. For each polymer at least 500 particles were evaluated. 
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It is obvious that the average particle diameters of the polymers that were 

ultrasonicated at 60% amplitude (NIPs 6 – 10) generally yielded in smaller particles 

compared to the polymers synthesized at 10% (NIPs 1 – 5). In both of these subparts 

of test series B, polymers with longer ultrasonication times, namely 20 and 30 sec 

(NIPs 2 and 3 and NIPs 7 and 8) obtained larger particle diameters than polymers 

produced at short ultrasonication times (10 sec; NIP 1 and NIP 6). The influence of 

the amplitude appears to be stronger at shorter sonication times. 

 

SPECIFIC SURFACE AREA 

The specific surface areas for all NIPs were calculated from the average particle 

diameters obtained via DLS and TEM. It was assumed that all particles were smooth 

spheres and the density of particles corresponded with the density of the cross-linker 

since the amount of the cross-linker was the main component in the reaction solution.  

 

 
Figure 27: Average specific surface areas (As) for NIPs of test series A calculated from the average 

diameter obtained by DLS (left) and TEM (right) measurements. To facilitate comparison of the As, the 

standard deviations are only shown in table 11 with their respective As values. 

 

In figure 27, the comparison of the resulting specific surface areas As for the NIPs of 

test series A obtained via DLS (left) and TEM (right) are shown. Generally, it can be 

seen that the specific surface areas calculated from the particle diameters of the 

TEM data were higher compared to DLS data. From the DLS data, the highest As 

was obtained for NIPs 7 and 8. Nevertheless, the specific surface areas of the other 

polymers are in the same dimension. For both, NIP 7 and 8, the ultrasonication time 

was 20 sec while the amplitude was changed from 50% (for NIP 7) to 70% (for NIP8). 

For the As values calculated using the TEM data NIP 4 and 8 clearly showed the 
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highest specific surface area. Both polymers were ultrasonicated at 70% amplitude, 

NIP 4 for 10 sec and NIP 8 for 20 sec.  

For the recording of TEM images, the particles were dried whereas they were 

suspended in aqueous solution during the DLS measurements. In the wet state, the 

particles are swollen and solvated and thus have a larger diameter. Also, 

agglomerated particles can be evaluated individually in the TEM images, while they 

are recorded as one single particle in the DLS analysis. 

In table 11, the correlation of the average particle diameters and the respective 

calculated specific surface areas obtained from DLS and TEM results are 

summarized. 

 

polymer dDLS [nm] PDI As,DLS [m2/g] dTEM [nm] As,TEM [m2/g] 

NIP 1 1072 ± 90 0.47 ± 0.08 5.4 ± 0.5 542 ± 461 19.1 ± 14.7 

NIP 2 645 ± 18 0.22 ± 0.04 8.9 ± 0.3 476 ± 446 20.5 ± 14.9 

NIP 3 619 ± 38 0.20 ± 0.01 9.3 ± 0.6 547 ± 274 15.0 ± 11.7 

NIP 4 641 ± 42 0.40 ± 0.06 8.9 ± 0.6 151 ± 80 48.4 ± 24.7 

NIP 5 541 ± 141 0.65 ± 0.00 11.3 ± 3.2 678 ± 751 22.2 ± 22.2 

NIP 6 732 ± 8 0.23 ± 0.08 7.8 ± 0.1 607 ± 281 12.2 ± 7.6 

NIP 7 328 ± 2 0.21 ± 0.02 17.5 ± 0.1 223 ± 81 31.2 ± 19.7 

NIP 8 401 ± 4 0.40 ± 0.01 14.3 ± 0.2 103 ± 38 62.4 ± 21.4 

Table 11: Summary of average particle size (d) obtained via DLS and TEM measurements and 

resulting As of test series A with standard deviations.  

 

Standard deviations for the surface area calculated from TEM results are 

considerably higher than those obtained from DLS results since the particle size 

distribution was taken into account for TEM results. For DLS results the size 

distribution is indicated by the PDI of the polymers. The higher the PDI of a NIP, the 

broader its particle size distribution. 

In figure 28, the specific surface areas of test series B obtained from DLS and TEM 

measurements are illustrated. Again, the values from the TEM data are higher than 

from the DLS data. The specific surface areas calculated from the DLS 

measurements are basically increasing from NIP 1 to 10. The highest As were 

obtained for NIPs 9 and 10. This increasing trend can also be seen in the As 

calculated from TEM data if NIP 5 is excluded. The specific surface area is 
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increasing from NIPs 1 – 6 and NIPs 7 – 10. NIPs 9 and 10 again have the largest 

surface areas (with exception of NIP 5).  

 

 
Figure 28: Average specific surface areas (As) for NIPs of test series B calculated from the average 

diameter obtained by DLS (left) and TEM (right) measurements. To facilitate comparison of the As, the 

standard deviations are only shown in table 12 with their respective As values. 

 

In the table below the resulting As calculated from particle diameters obtained via 

DLS and TEM are summarized. As in test series A, the specific surface area 

calculated from TEM data is higher than from DLS data for the above-mentioned 

reasons. The standard deviations follow the same trends as in test series A. 

 

polymer dDLS [nm] PDI As,DLS [m2/g] dTEM [nm] As,TEM [m2/g] 

NIP 1 1072 ± 90 0.47 ± 0.08 5.4 ± 0.5 542 ± 461 19.1 ± 14.7 

NIP 2 541 ± 141 0.65 ± 0.22 11.3 ± 3.2 678 ± 751 22.2 ± 22.2 

NIP 3 641 ± 19 0.30 ± 0.06 8.9 ± 0.3 573 ± 377 14.9 ± 10.4 

NIP 4 568 ± 8 0.26 ± 0.03 10.1 ± 0.2 375 ± 264 21.6 ± 12.9  

NIP 5 853 ± 18 0.33 ± 0.02 6.7 ± 0.2 178 ± 110 44.2 ± 25.7 

NIP 6 447 ± 1 0.15 ± 0.02 12.8 ± 0.0 238 ± 124 31.3 ± 17.4 

NIP 7 812 ± 125 0.41 ± 0.23 7.2 ± 1.0 375 ± 240 19.0 ± 8.2 

NIP 8 535 ± 16 0.34 ± 0.05 10.7 ± 0.3 265 ± 127 25.6 ± 10.6 

NIP 9 342 ± 4 0.16 ± 0.02 16.7 ± 0.2 196 ± 93 36.0 ± 17.3 

NIP 10 375 ± 5 0.14 ± 0.02 15.2 ± 0.2 200 ± 89 36.0 ± 19.8 

Table 12: Summary of average particle size (d) obtained via DLS and TEM measurements and 

resulting specific surface areas (As) of the polymers of test series B, including standard deviations.  
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SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy was applied to evaluate the influence of various 

ultrasonication conditions on the surface properties of the polymers. In the figures 

below the images from NIP series A are shown. 

 

 

 
Figure 29: SEM images of NIPs 1 – 4 (top) and NIPs 5 – 8 (bottom) of series A recorded with 5 kV 

and an HFW of 11.9 μm. 

 

As obvious from figure 29, the difference in the surface appearance of the NIPs of 

test series A is relatively low. The surfaces are mostly smooth. NIPs 1, 3, 4 and 6 

have slightly rougher surfaces compared to the other polymers.  

 

In figure 30 the SEM images of the NIPs of test series B are illustrated. The images 

of the NIPs of test series B generally show a rougher surface compared to test series 

A. NIPs 7 and 8 are the polymers with the smoothest surface, while NIPs 5 and 6 

showed the roughest surface. The surfaces of NIPs 5 and 6 appear “fluffy” and 

irregular whereas the surfaces of NIPs 3, 4, 9, and 10 appear to be more solid, 

roughly resembling a golf ball. 
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Figure 30: SEM images of NIPs 3 – 6 (top) and NIPs 7 – 10 (bottom) of series B recorded at 5 kV and 

an HFW of 11.9 μm. 

 

The surfaces of the polymers of test series A that were ultrasonicated for 10 sec 

(NIPs 1 – 4) have a rougher surface than those that were ultrasonicated for 20 sec 

(NIPs 5 – 8). Still, these polymers had rather smooth surfaces. The surface 

roughness of NIPs 1 – 4 is increasing as the amplitude is increasing. This effect 

cannot be observed at longer ultrasonication times (NIPs 5 – 8). 

In test series B, generally, the surfaces of the polymers prepared at an 

ultrasonication amplitude of 10% are rougher than the surfaces of the particles 

prepared at 60% amplitude. Also, with higher according ultrasonication time, the 

surface roughness is increasing from NIP 1 – 5 (10%) and from NIP 7 – 10 (60%). 

NIP 6, prepared at 60% amplitude for 10 sec has a very rough surface. 

Apparently, short ultrasonication times and low amplitudes generally lead to rough 

polymer surfaces. The very rough surface of NIP 6 indicates that the influence of time 

(10 sec) is stronger than the effect of amplitude (60%). 

 

3.3  CONCLUSIONS AND OUTLOOK 

Generally, the DLS data showed that the size of the particles was strongly affected 

by the time and amplitude of the ultrasonication step before initiation of the 

polymerization. Test series A showed that the contribution of short sonication times 

was stronger than the contribution of the amplitude. Depending on the time set for 



 81 

ultrasonication, the amplitude had a different effect. Test series B showed that long 

ultrasonication times at high amplitudes not generally led to smaller particles. The 

amount of the loss of smaller particles during washing seemed to be different for 

each polymer. The DLS data, collected after the washing steps, were principally 

more interesting than that before washing since the washed particles were used for 

any further studies. 

The charge of the surface of the polymer particles can also play an important role 

during the extraction step. In test series A, the zeta potentials of all the NIPs were in 

the same dimension. In test series B, the surface charges of most of the NIPs were 

negative, except for NIPs 6 and 10. NIPs 1 – 5 of test series B showed an increase in 

zeta potential as did NIPs 7 – 10, but NIP 6 did not fit into this range. Compared to 

series A, it seems that the influence of different amplitudes during ultrasonication was 

higher than the influence of the time. DLS data were collected in an aqueous 

suspension of the particles, thus the particles were swollen and solvated and the 

average size diameters are higher compared to the results of TEM measurements. 

Also, agglomerated particles are counted as one single particle in this technique. For 

TEM measurements the particles were dry and, as expected, significantly smaller. 

The evaluation of the TEM measurements for both test series showed that the 

amplitude had a greater influence on the polymer size than the different time settings. 

The shorter the ultrasonication time was, the higher the influence of the applied 

amplitude. 

The specific surface areas were calculated from the average particle diameters of 

both DLS and TEM measurements and it was shown that the specific surface area 

yielded higher values for TEM measurements since the particle diameters were 

smaller here. Generally, the surface areas show the same trends for both datasets, 

DLS and TEM.  

SEM data showed that the polymers prepared at a short ultrasonication time 

generally had a rougher surface compared to polymers prepared at longer 

ultrasonication times. When these results were compared to the zeta potential results 

it could be seen that for most of the rougher polymers the zeta-potential was higher 

than for the other polymers. Compared to the diameter obtained via TEM most of the 

rougher particles were the particles with the smallest diameter. The correlation 

between surface roughness, zeta-potential and particle size was most distinct for NIP 

5 and 6 of test series B. 
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Eventually, the average particle diameter, the particle size distribution and the 

surface roughness are strongly influenced by the conditions during ultrasonication. 

Depending on the time, the amplitude had a more or less distinct influence and the 

other way around. For future synthesis conditions, 10% of amplitude and 10 sec time 

were chosen since fewer particles were lost during centrifugation in the washing 

process. Also, in order to compare different MIP and NIP particles amongst 

themselves and amongst other polymer compositions, the amplitude and the time 

needed to be the same since even small changes in both factors led to considerable 

changes in the polymer network. 
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4.  MOLECULAR IMPRINTING OF THERMOLYSIN, BOVINE SERUM 

ALBUMIN AND MMP9 VIA MINIEMULSION 

4.1  EXPERIMENTAL 

4.1.1  SYNTHESIS OF THE IMPRINTED POLYMER PARTICLES 

The synthesis protocol was adapted from the thesis of B. Pluhar, who worked at 

similar studies.55,56,150 In order to prepare the surfactant solution, Lutensol AT50 

(0.528 g) was dissolved in degassed pure water (43.636 g). Depending on the 

solubility of the functional monomer, it was added to the hydrophilic phase (APTMA) 

or to the hydrophobic phase (MAA) (see table 13). The template molecule (0.020 g) 

was added to the surfactant solution to prepare the MIP. The hydrophobic phase was 

prepared by mixing the functional monomer, depending on its solubility, the cross-

linker and the hydrophobic agent n-hexadecane (HD) (0.022 g). Then the initiator 

2,2-dimethoxy-2-phenyl-acetophenone (DMPAP) (0.014 g) was dissolved in this 

solution. After that 0.230 g of the hydrophobic phase was added to the hydrophilic 

phase (20.075 g) of each, the MIP and the NIP. The pre-emulsion was prepared by 

stirring the solutions for 1 h. For the preparation of the miniemulsion, ultrasonication 

was applied for 10 s at 10% amplitude at 0 °C to prevent polymerization. Afterward, 

the polymerization was initiated by irradiation with a UV lamp (365 nm). The reaction 

solution was stirred for 20 h at room temperature to allow sufficient time for 

polymerization. 
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polymer 
functional 

monomer [g] 
cross-linker 

[g] 
ratio FM:CL surfactant 

1 0.0662 APTMA 0.4188 EDMA 1:4 Lutensol AT50 

2 0.0455 MAA 0.4188 EDMA 1:4 Lutensol AT50 

3 0.0207 MAA 0.4188 EDMA 1:8 Lutensol AT50 

4 0.0455 MAA 0.2618 EDMA 1:2.5 Lutensol AT50 

5 0.0455 MAA 0.5759 EDMA 1:5.5 Lutensol AT50 

6 0.0455 MAA 0.7067 EDMA 1:6.75 Lutensol AT50 

7 0.0455 MAA 0.1309 EDMA 1:1.25 Lutensol AT50 

8 0.0455 MAA 0.2753 DVB 1:4 Lutensol AT50 

9 0.0455 MAA 0.4188 EDMA 1:4 SDS 

10 0.0455 MAA 0.4188 EDMA 1:4 SDS 

11 0.0455 MAA 0.4188 EDMA 1:4 Lutensol AT50 

Table 13: The composition of MIP and NIP particles using thermolysin as template molecule for 
different ratios of functional monomer and cross-linker including other parameters; e.g. type of 

surfactant or type of cross-linker. Polymer 11 was prepared via reverse miniemulsion. 

 

The polymers 1 – 11 were synthesized with thermolysin as a template molecule. For 

MIP and NIP 11 the synthesis was carried out via reverse miniemulsion 

polymerization in cyclohexane (CH) (20 mL). The functional monomer, cross-linker, 

initiator and the hydrophobic agent were dissolved in this phase. The hydrophilic 

phase was prepared as described above. 5 mL of this phase was then added to the 

hydrophobic phase for both, MIP and NIP. 

For the preparation of polymer 9 and 10, a different surfactant was used, namely 

SDS. The amount of SDS was different in both polymers. MIP and NIP 9 were 

prepared with the same molar amount of SDS as Lutensol AT50 in the other 

syntheses. MIP and NIP 10 were synthesized with the same mass of SDS as the 

mass of Lutensol AT50 in the previous syntheses (0.528 g).  

MIP and NIP 12 and 13 were prepared the same way as MIP and NIP 3 and 2 with 

the catalytic domain of MMP9 as the template molecule. The surfactant solution was 

prepared by using a refolding buffer solution (containing 1.5 M L-arginine, 120 mM 

tris(hydroxymethyl)aminomethane (Tris), 48 mM sodium chloride (NaCl), 1.9 mM 

potassium chloride (KCl), 2.4 mM glutathione (GSH), 0.5 mM glutathione disulfide 

(GSSG), 5 mM calcium chloride (CaCl2), and zinc chloride (ZnCl2) at ~ pH 8.3) 

instead of pure water. 
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polymer 
functional 

monomer [g] 
cross-linker [g] ratio FM:CL surfactant 

12 MAA EDMA 1:8 Lutensol AT50 

13 MAA EDMA 1:4 Lutensol AT50 

14 MAA EDMA 1:4 Lutensol AT50 

Table 14: The composition of MIP and NIP particles using the catalytic domain of MMP9 (polymer 12 

and 13) and MMP9 (polymer 14) as template molecule with MAA as the functional monomer and 

EDMA as the cross-linker. The catalytic domain of MMP9 was used in a refolding buffer solution and 

MMP9 in a PBS buffer system instead of water. 

 

For MIP 14 the entire molecule MMP9 was used as the template molecule. A 

phosphate-buffered saline (PBS) buffer system (pH ~ 7) was used to prepare the 

surfactant solution. The PBS buffer contained 8.50 g NaCl, 1.43 g Na2HPO4 x 12 

H2O, 0.14 g KH2PO4 and 1 L UPW. 

 

polymer 
functional 

monomer [g] 
cross-linker [g] ratio FM:CL surfactant 

15 APTMA EDMA 1:4 Lutensol AT50 

16 MAA EDMA 1:4 Lutensol AT50 

Table 15: The composition of MIP and NIP particles using BSA as template molecule for two different 

functional monomers. 

 

MIP and NIP 15 and 16 were prepared with BSA as template molecule and APTMA 

and MAA as functional monomers in order to study the cross-reactivity and in 

particular whether the type of template molecule or merely the presence of a 

template molecule was crucial during imprinting.  

 

4.1.2  WASHING PROCEDURE FOR THE POLYMER PARTICLES 

After the synthesis, the supernatant was removed via centrifugation for 45 min at 

3500 rpm. 8 mL of pure water was added to the particles and mixed on a vortex for 

30 min until the precipitate was redispersed. The water was then again removed 

using a centrifuge for 45 min at 3500 rpm. This redispersion/centrifugation step was 

repeated for a total of 10 times until no UV signal in the absorption range (277 nm) of 
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the template molecule was measured. This washing procedure was the same for all 

polymers, the MIPs and the NIPs, except for polymer 11. For the MIP and NIP 11, 

the first three washing cycles were carried out with ethanol instead of water.  

This washing procedure led to high losses of very small particles. 

After washing the polymers were dried in a vacuum oven at 45 °C (approx. 100 – 200 

mbar) overnight. Afterward, pure water was added to obtain a solid content of 1.5 wt.-

%. 

 

4.1.3  CHARACTERIZATION OF THE MIPS 

All polymers were analyzed via dynamic light scattering, zeta-potential 

measurements, transmission electron microscopy and scanning electron microscopy 

as previously described in chapter 3.1.3 CHARACTERIZATION OF THE POLYMER 

PARTICLES. Differences from the procedures described in that chapter are stated in 

the corresponding parts in 4.2 RESULTS AND DISCUSSION. 

 

4.1.4  EVALUATION OF THE IMPRINTING PERFORMANCE 

Batch rebinding studies were carried out to evaluate the performance of the 

polymers. Therefore, a protein solution was added to the polymer suspension for 

incubation while vigorous mixing on the vortex for different periods of time. 

Subsequently, the particles were separated from the solution via centrifugation for 30 

min at 3500 rpm. Afterward, the solution was poured into a centrifugal device for 

filtration (with a membrane of 100 kDa) for 30 min at 3500 rpm. 

 

UV-VIS MEASUREMENTS 

The concentration of the free template in the solution was determined by measuring 

the UV absorption at 277 nm. For the blank measurement, the polymer particles were 

incubated for the same amount of time with pure water instead of the protein solution 

and the separation was performed the same way as described before. Calibration 

solutions of the template molecule were treated the same way. Each UV-

measurement was performed twice as an average of three measurements. The 

spread was calculated and used as an error. 
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For thermolysin, b-lactoglobulin and bovine serum albumin the concentration range 

for single batch rebinding studies contained 0.05, 0.07, 0.10, 0.12, 0.15 and 0.17 

mg/mL of the respective protein. The concentration for the incubation solution of the 

polymer particles was 0.12 mg/mL since this is approximately in the middle of the 

above concentration range. After studying the influence of the incubation time at nine 

different time intervals (0.5, 1, 5, 10, 15, 30, 60, 300 and 1200 min), the incubation 

time for thermolysin-imprinted beads was confined to 15 min. For best comparability 

of the results in single batch rebinding with b-lactoglobulin and bovine serum 

albumin, 15 min incubation time was used for these proteins as well. The polymers 

imprinted with bovine serum albumin were treated similarly. The polymers that were 

imprinted with the catalytic domain of MMP9 and MMP9 were incubated for 10 min. 

Also, the concentrations of the calibration were different for these proteins (0.10, 

0.12, 0.14, 0.18, 0.23 and 0.35 mg/mL) and a concentration of 0.18 mg/mL was used 

as incubation solution. 

 

SDS-PAGE 

For rebinding experiments (both, single and competitive batch rebinding) of proteins 

SDS-PAGE is a viable analysis tool.55,150,151 The following solutions had to be 

prepared in order to perform SDS-PAGE studies. For the running buffer, Tris (15.15 

g) and glycine (70.95 g) were dissolved in water. Additionally, SDS (5.00 g) was 

dissolved separately in as little water as possible and added to the Tris and glycine 

solution. Finally, the volume was filled up to a total of 500 mL. The pH of this solution 

was checked to make sure it is approximately around pH ~ 8.8. 100 mL of this 

solution was diluted to one-tenth before usage. The Laemmli buffer was prepared by 

dissolving SDS (3.00 g), Tris (1.51 g), glycerol (20 mL), bromophenol blue (0.020 g), 

and mercaptoethanol (10 mL) in water and adding water to a total volume to of 50 

mL. The pH was adjusted to 6.8 with HCl. The function of SDS in this buffer is to 

charge the proteins overall negative121, glycerol increases the density of the sample 

assuring it to sink to the bottom of the pockets in the gel. Bromophenol blue acts as 

the indicator dye, maintaining visibility of the migration front and mercaptoethanol 

reduces disulfide bonds121. A staining and a destaining solution were prepared by 

mixing 450 mL H2O, 450 mL methanol (MeOH) and 100 mL acetic acid (HAc), 

respectively. 2.50 g Coomassie brilliant blue G-250 was added to the staining 
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solution. The Laemmli buffer was stored at 4 °C, all other solutions were stored at 

room temperature. 

50 μL of the polymer suspension and 50 μL of a protein solution with known 

concentration were mixed and incubated under shaking for 10 or 15 minutes 

depending on the template molecule. For batch rebinding, 50 μL solution of each 

polymer was also mixed with 50 μL water as a reference solution. After the 

incubation, the particles were separated from the protein solution by centrifugation at 

3500 rpm for 30 min. 24 μL of each solution was mixed with 8 μL of the Laemmli 

buffer solution, respectively, and heated at 95 °C for 5 min. 6 μL of a Page Ruler pre-

stained protein ladder and 20 μL of the protein mixtures were then loaded onto the 

pockets of the precast gels. The electrophoresis was performed in the running buffer 

at 20 mA per gel for about 1 h. The finished gels were washed with water and then 

stained with the staining solution under gentle shaking for 45 min. Afterward, the gels 

were de-stained using water for 30 min, then the destaining solution for 30 min and 

again water for 30 min. An image of the gel was recorded, and the sample bands 

were then evaluated by comparing the color density of the reference bands with the 

density of the sample bands via the software Image Lab. An error of 10% of the 

bound protein was assumed. 

 

Generally, for single batch rebinding of thermolysin, b-lactoglobulin, and bovine 

serum albumin a concentration of 1.00 mg/mL of each was used. For competitive 

batch rebinding the concentration of thermolysin was 1.00 mg/mL, 1.89 mg/mL for b-

lactoglobulin and 0.51 mg/mL for bovine serum albumin. EDTA (1.00 mg/mL) was 

added to the competitive binding solutions in order to prevent degradation of BSA by 

thermolysin. 

The catalytic domain of MMP9 and MMP9 were applied in a concentration of 0.7 

mg/mL each. Studies, on the influence of other components on the rebinding 

performance of the MIP and the NIP, were performed by adding 10 μL of BSA or 

PEG solutions of different concentrations (0.50 mg/mL, 0.75 mg/mL, and 1.00 

mg/mL) to the incubation solution. For the studies with cell culture supernatant, the 

supernatant was used as received with unknown concentrations. 
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4.2  RESULTS AND DISCUSSION 

DYNAMIC LIGHT SCATTERING, ZETA-POTENTIAL AND TRANSMISSION ELECTRON 

MICROSCOPY MEASUREMENTS 

The results of dynamic light scattering, zeta-potential, and TEM measurements are 

summarized and discussed in the following. The classification of the polymer 

particles into different sections is based on the applied template molecule during the 

synthesis. The results for the MIPs prepared with thermolysin and the according NIPs 

can be found in table 16. 

 

polymer dDLS [nm] PDI [-] dTEM [nm] ζ [mV] 

MIP 1 554 ± 15 0.21 ± 0.09 331 ± 390 -21.9 ± 0.6 
NIP 1 743 ± 68 0.59 ± 0.08 349 ± 384 -25.5 ± 0.5 
MIP 2 348 ± 125 0.75 ± 0.34 359 ± 379 -38.2 ± 3.5 
NIP 2 599 ± 31 0.64 ± 0.07 435 ± 373 -33.5 ± 2.2 
MIP 3 514 ± 32 0.22 ± 0.03 256 ± 220 -42.2 ± 0.9 
NIP 3 587 ± 33 0.23 ± 0.13 220 ± 133 -50.3 ± 0.9 
MIP 4 414 ± 108 0.84 ± 0.25 498 ± 344 -36.5 ± 3.3 
NIP 4 597 ± 92 0.75 ± 0.11 533 ± 540 -38.7 ± 1.5 
MIP 5 380 ± 17 0.46 ± 0.04 597 ± 631 -44.0 ± 0.8 
NIP 5 345 ± 20 0.37 ± 0.05 614 ± 771 -39.3 ± 0.9 
MIP 6 559 ± 8 0.46 ± 0.01 373 ± 391 -38.6 ± 2.7 
NIP 6 598 ± 32 0.43 ± 0.05 415 ± 493 -21.8 ± 2.0 
MIP 8 515 ± 58 0.70 ± 0.14 565 ± 608 -29.7 ± 3.6 
NIP 8 1271 ± 265 0.36 ± 0.22 888 ± 1020 -34.0 ± 0.7 
MIP 9 1035 ± 386 0.49 ± 0.35 1667 ± 1090 -12.2 ± 4.3 
NIP 9 549 ± 298 0.72 ± 0.23 462 ± 397 -27.8 ± 1.7 

MIP 11 489 ± 90 0.55 ± 0.09 not  -26.9 ± 0.3 
NIP 11 630 ± 79 0.61 ± 0.13 spherical -29.4 ± 0.9 

Table 16: Summary of average particle diameters (nm) obtained via DLS and TEM measurements, 
PDI and zeta-potential (mV) for TL imprinted polymers including the according standard deviations.  

 

DLS data shows that the difference in particle size of the MIPs and the according 

NIPs are varying. MIP and NIP 1 and 2 were prepared the same way except that 

MAA was used for MIP and NIP 2 instead of APTMA, which was used for MIP and 

NIP 1. The particles prepared with APTMA have a bigger average size diameter. MIP 

and NIP 2, 3, 4, 5, and 6 were prepared with different amounts of cross-linker. For 

these polymers, no trends in particle size are observed. MIP and NIP 8 were 

prepared with a different cross-linker (DVB). These polymers have larger average 
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size diameters than MIP and NIP 2, which were synthesized with the same amount of 

EDMA. MIP and NIP 9, prepared with another surfactant, also showed larger particle 

sizes. MIP and NIP 11 were prepared via reverse miniemulsion polymerization. For 

MIPs and NIPs 7 and 10 not enough particles were left for evaluation after washing. 

The average particle diameters showed no noticeable difference compared to the 

other syntheses.  

The zeta-potential is negative for all polymers listed in table 16. That is due to the 

negatively charged functional groups of the monomer MAA on the surface of the 

particles. MIP and NIP 1 were prepared with APTMA as the functional monomer, 

thus the surface was expected to be positively charged. However, for MIP and NIP 1 

and MIP and NIP 2, it can be seen that the respective functional monomer has a 

huge impact on the resulting zeta-potential. For the polymers prepared with APTMA 

(MIP and NIP 1), the zeta-potential was higher than for the polymers prepared with 

MAA. Also, the amount of cross-linker clearly affects the zeta-potential (MIP and NIP 

2 to MIP and NIP 6). The type of cross-linker (EDMA and DVB) and the type of 

surfactant (Lutensol AT50 and SDS) also have an influence on the surface potential 

of the polymer particles. 

Below, the TEM images and the according size distributions are illustrated for all 

polymers.  
 

    

     
Figure 31: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 1 and NIP 1 (mag. 5000x). 
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Figure 31 shows the size distribution and TEM images of MIP and NIP 1. The 

polymer particles are spherical, as expected. The size distribution indicates that most 

of the particles have a diameter between 100 to 300 nm. Nevertheless, few larger 

particles shift the average particle diameter to about 300 – 350 nm. 

In figure 32, the results of MIP and NIP 2 are shown. TEM images reveal that the 

particles are spherical but not monodisperse. Anyway, the size distributions of both 

polymers show a maximum for particles with a certain diameter. 

 

    

    
Figure 32: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 2 and NIP 2 (mag. 5000x). 

 

The main diameter range for the MIP and NIP particles includes 100 to 300 nm. The 

difference in size distribution between MIP and NIP is minimal, however, there is a 

difference in the average particle size of both polymers of about 70 nm (MIP: 359 nm, 

NIP: 435 nm). For this synthesis a ratio of 1:4 FM:CL with MAA as FM was used. The 

average particle size is in the same dimension for both analysis methods, TEM and 

DLS for MIP and NIP 2. Compared to the polymers prepared with APTMA (MIP and 

NIP 1), TEM data did not confirm a size difference induced by the applied functional 

monomer. 
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TEM images and bar graph of the size distribution for MIP and NIP 3 are illustrated in 

figure 33. As can be seen below the particle size distribution is not monodisperse as 

before. Nevertheless, a main distinct maximum is visible in the bar graphs. 

 

    

    
Figure 33: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 3 and NIP 3 (mag. 5000x). 

 

The maximum diameters in the size distribution of MIP and NIP 3 are ranging from 

about 100 to 300 nm. The ratio between functional monomer and cross-linker for MIP 

and NIP 3 was 1:8. MAA was used for synthesizing MIP and NIP 3.  

A comparison between MIP and NIP 3 and MIP and NIP 2 indicates that the higher 

amount of cross-linker in MIP and NIP 3 affects the average size diameter. The size 

distributions for both polymer sets are in the same dimension, but MIP and NIP 2 

have larger diameters by approximately 150 nm compared to MIP and NIP 3. 

 

Figure 34 shows the TEM images and the bar charts of the size distribution for the 

polymer particles of MIP and NIP 4. The particles are spherical but not 

monodisperse, which can be clearly seen in the TEM images. 

The shape of the size distributions for MIP and NIP 4 are very similar to each other, 

but the region with the most particles shifts from 200 to 400 nm for the MIP to 100 to 

300 nm for the NIP. The amount of the cross-linker was low with a ratio of 1:2.5 
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FM:CL during imprinting. Despite the low amount of cross-linker, the two polymers 

show a relatively high average size diameter of about 500 nm. 

 

 

    

    
Figure 34: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 4 and NIP 4 (mag. 5000x). 

 

In figure 35, the polymer particles and size distribution of MIP and NIP 5 are shown.  

The size distributions for both polymers have a maximum at low diameters, between 

100 and 250 nm. For the synthesis, the cross-linker amount was increased to a ratio 

of 1:5.5 FM:CL. The resulting polymer particles show an average size distribution of 

about 600 nm, which indicates that the amount of larger particles increased even 

though the size distribution shows a lower maximum. 
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Figure 35: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 5 and NIP 5 (mag. 5000x). 

 

The TEM images of MIP and NIP 6 in figure 36 show that resulting polymer particles 

are not monodisperse.  

 

    

     
Figure 36: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 6 and NIP 6 (mag. 5000x). 
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The size distribution of the polymers is illustrated in figure 36. For both polymers, the 

maximum for the diameters ranges from 100 to 300 nm. However, the influence of 

larger particles is relatively low since the average particle diameters for both 

polymers are between 350 and 450 nm. The ratio of functional monomer and cross-

linker was 1:6.75. 

 

For MIP and NIP 7, the amount of cross-linker during the synthesis was very low, 

resulting in a low yield of particles that were lost during extraction after the synthesis. 

Therefore no data could be collected on these polymers. 

 

MIP and NIP 8 were prepared using DVB instead of EDMA as cross-linker. TEM 

images show that spherical particles were formed during the synthesis. TEM images 

and bar charts of the size distribution for MIP and NIP 8 are shown below. 

 

    

     
Figure 37: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 8 and NIP 8 (mag. 5000x). 

 

For MIP 8 the maximum of particle diameters ranges between 100 to 400 nm, 

whereas for the NIP the maximum is shifted to 200 to approximately 600 nm and 

higher. For the NIP the distribution is broader than for the MIP and it seems to 

continue for higher diameters.  
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The TEM images of MIP and NIP 9 are illustrated in figure 38. For MIP 9 it can be 

seen that the particles are bulky, with spherical particles in between the polymer 

network, while the NIP particles are spherical. The synthesis of MIP and NIP 9 was 

carried out with SDS as the surfactant. Since the only difference between the 

syntheses of the MIP and the NIP was the presence of the template for the 

preparation of the MIP, there is no suitable explanation for this. No size distribution is 

shown for MIP 9 since only about one-tenth of the total amount of particles could be 

evaluated to yield an average size distribution via TEM compared to the NIP. 

 

    

                                                           
Figure 38: TEM images of the polymer particles (top) of MIP 9 and NIP 9 and bar chart of the size 
distribution (bottom) of NIP 9 (mag. 5000x). 

 

The size distribution of the NIP does not show a clear maximum; most of the particle 

diameters are in between 100 and 500 nm. 

For MIP and NIP 10 no TEM images could be obtained due to the high loss of 

particles during the washing procedure. 

TEM images of MIP and NIP 11 are shown in figure 39. The particles were prepared 

via reverse miniemulsion polymerization. 
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Figure 39: TEM images of the polymer particles of MIP 11 (top) and NIP 11 (bottom) with 

magnification of 5000x, 15000x and 40000x. The size could not be evaluated via TEM and thus no bar 

charts of the size distribution are displayed. 

 

Since the particles are seemingly quite small, a higher magnification was used to 

obtain the images. Nevertheless, even at a magnification of 40000, the particles were 

still small and not entirely spherical. Neither the size nor a size distribution could be 

determined via TEM. For MIP and NIP 11, only DLS measurements were used for 

the evaluation of the particle diameters and specific surface area (see table 16). 

In the following table, the results for DLS, zeta-potential and TEM measurements are 

summarized for the polymers prepared with either the catalytic domain of MMP9 

(MIP and NIP 12 and 13) or MMP9 (MIP and NIP 14) as the template molecule. 

 

polymer dDLS [nm] PDI [-] dTEM [nm] ζ [mV] 
MIP 12 669 ± 66 0.19 ± 0.08 492 ± 419 -17.5 ± 4.2 
NIP 12 482 ± 48 0.39 ± 0.08 418 ± 359 -9.5 ± 3.3 
MIP 13 411 ± 42 0.54 ± 0.08 610 ± 1072 -32.1 ± 2.9 
NIP 13 674 ± 108 0.42 ± 0.19 733 ± 424 -29.4 ± 3.3 
MIP 14 363 ± 124 0.71 ± 0.33 378 ± 498 -32.6 ± 0.8 
NIP 14 379 ± 24 0.56 ± 0.06 746 ± 561 -37.1 ± 0.5 

Table 17: Summary of average particle size obtained via DLS and TEM measurements, PDI and zeta-

potential for MMP9 imprinted polymers with according standard deviations.  
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MIP and NIP 12 and 13 were both prepared using the catalytic domain of MMP9 in 

the refolding buffer. MIP and NIP 12 yield a larger diameter via DLS compared to the 

TEM data, whereas it is vice versa for MIP and NIP 13. 

DLS data for MIP and NIP 14 show that the average size diameters of MIP and NIP 

are within the same range. The PDI indicates a high particle size distribution. 

For all six polymers, the zeta-potential is negative since negatively charged functional 

groups are located at the surface of the polymer particles. The zeta-potential of MIP 

and NIP 13 and 14 are at around -30 mV; the zeta-potential for MIP and NIP 12 is 

higher. This is supposedly due to the different amount of cross-linker used for the 

synthesis. While the amount of cross-linker was the same for MIP and NIP 13 and 14 

it was twice as high for MIP and NIP 12. 

In figure 40, TEM images and size distribution bar graphs are illustrated for MIP and 

NIP 12. The size distribution mainly ranges from 100 to 400 nm, but the average size 

diameters are higher, which can be seen in table 17. The ratio between functional 

monomer and cross-linker was 1:8 during the synthesis.  

 

    

 
Figure 40: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 12 (mag. 15000x) and NIP 12 (mag. 5000x). 

 

The results of the TEM measurements for MIP and NIP 13 are shown below. 



 99 

For the MIP, the size distribution shows two main areas around 100 nm and 250 nm. 

The influence of particles larger than 600 nm is obvious since the average size 

diameter is approximately 600 nm. About one-fifth of the evaluated particles had a 

higher diameter than the average value. The difference between MIP and NIP 12 and 

MIP and NIP 13 is that for the synthesis of MIP and NIP 12 twice the amount of 

cross-linker was used. The amount of cross-linker clearly affects the resulting 

polymer particles in size and in zeta-potential.  

 

    

 
Figure 41: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 13 and NIP 13 (mag. 5000x). 

 

The difference between the zeta-potentials possibly impacts the washing procedure 

and therefore the size of the resulting particles after washing. 

 

In figure 42, TEM images and bar graphs of size distribution for MIP and NIP 14 are 

shown. A 1:4 ratio between FM:CL was used for imprinting MMP9. Between MIP and 

NIP, a difference in size distribution is obvious. 

For MIP 14 a clear maximum of particles with a diameter of 100 to 200 nm is visible 

whereas the NIP shows a distinctively broader distribution and it seems that the 

diameters continue at values above 600 nm. The average size diameter confirms this 

observation, as can be seen in table 17. The difference between the average 
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diameters is about 370 nm. The diameter of NIP 14 is twice as large as the diameter 

of MIP 14.  

 

 

    

 
Figure 42: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 14 and NIP 14 (mag. 5000x). 

 

MIP and NIP 15 and 16 were prepared using BSA as the template molecule. For MIP 

and NIP 15 the functional monomer was APTMA, whereas for the synthesis of MIP 

and NIP 16 MAA was used.  

 

polymer dDLS [nm] PDI [-] dTEM [nm] ζ [mV] 
MIP 15 815 ± 51 0.21 ± 0.10 446 ± 365 -16.9 ± 1.1 
NIP 15 574 ± 44 0.79 ± 0.10 676 ± 465 8.3 ± 0.5 
MIP 16 284 ± 5 0.19 ± 0.04 233 ± 171 -47.2 ± 0.2 
NIP 16 324 ± 11 0.21 ± 0.05 291 ± 446 -47.2 ± 0.6 

Table 18: Summary of average particle size obtained via DLS and TEM measurements, PDI and zeta-

potential for BSA imprinted polymers with according standard deviations.  

 

For MIP and NIP 15 the average particle diameters obtained via DLS and TEM do 

not show a consistent trend. DLS results show a larger diameter for the MIP whereas 
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TEM results show a larger diameter of the NIP. The standard deviation for TEM data 

shows a broad particle size distribution.  

The average particle diameters of MIP and NIP 16 show a small difference among 

each other with the MIP particles being slightly smaller than the NIP particles. The 

PDI indicates that the size distribution is not monodisperse, but still narrow. 

For MIP and NIP 15, the zeta-potentials are negatively and positively charged, 

respectively. Normally, the difference between the MIP and the NIP is not expected 

to be that high, since the only difference during the synthesis is the presence of the 

template for the MIP synthesis. There is no suitable explanation for this.56 The zeta-

potential for MIP and NIP 16 is lower compared to MIP and NIP 15. This difference 

can be explained by the varying amount of cross-linker for both polymer sets. For 

MIP and NIP 16, the zeta-potential is exactly the same. This is as expected as the 

only difference is the absence of the template molecule for the NIP synthesis as 

mentioned before. 

The average size diameters of both polymers obtained by TEM measurements show 

that the polymers prepared with APTMA are considerably larger than the polymers 

prepared with MAA. This was also observed before for MIP and NIP 1 and MIP and 

NIP 3 via DLS data. 

 

    

 
Figure 43: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 15 and NIP 15 (mag. 5000x). 
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For MIP and NIP 15, the difference of the average size diameters is also represented 

in the difference of the size distribution. For the MIP, two regions with maxima can be 

identified between 100 and 300 nm and 400 and 600 nm, while the NIP shows a 

maximum at 300 nm to 600 nm. Obviously, particles with larger diameters exist in 

this polymer. 

 

    

    
Figure 44: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of MIP 16 and NIP 16 (mag. 5000x). 

 

The resulting polymer particles of MIP and NIP 16 are smaller in average size 

diameter and the size distribution is shifted to lower diameters for both polymers 

compared to MIP and NIP 15. The maxima of MIP and NIP 16 are between 100 and 

300 nm, which is consistent with the resulting average diameters. Almost no particles 

larger than 600 nm could be detected. 

 

SPECIFIC SURFACE AREA 

The specific surface area was calculated using DLS and TEM results of average 

particle diameters under the approximation that the density of the particles is 

equivalent to the density of cross-linker and that all particles are smooth spheres. 
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In figure 45, the specific surface area for TL imprinted polymers with different 

monomer cross-linker ratios are shown. 

 

 
Figure 45: Calculated specific surface areas (As) with DLS (left) and TEM (right) particle diameters for 

MIPs (lilac) and NIPs (blue) for the polymers prepared with different amounts of cross-linker. To 

facilitate comparison of the average As, the standard deviations are only shown in table 19 with the 

according As values. 

 

The TEM particles were measured in a dry state, which led to smaller particle 

diameters compared to the results of the solvated and swollen particles analyzed via 

DLS. Therefore, the resulting specific surface areas for diameters derived from TEM 

images are supposed to be higher than the specific surface area calculated from DLS 

diameters. The specific surface areas obtained from DLS data are between 10 – 20 

m2/g for all polymers and MIP and NIP 2 show the highest difference between MIP 

and the according NIP. MIP and NIP 3 and NIP 6 have the highest specific surface 

area according to TEM data with more than 30 m2/g for both polymers. The amount 

of cross-linker during the synthesis of MIP and NIP 3 was the highest. Even though 

the ratios varied for all polymers the difference in the specific surface area was 

relatively low.  

In table 19, the values of the specific surface areas and according standard 

deviations for MIP and NIP 1 – 11 are illustrated. 

The standard deviations are higher for the specific surface areas calculated from the 

TEM data. This is due to the fact that TEM results show a broad distribution and the 

specific surface area was calculated for each particle and averaged afterward. Thus, 

the standard deviation was averaged for approximately 500 single surface areas. The 

specific surface areas and the according standard deviations were averaged from 

relatively consistent values from DLS measurements. High values of the standard 
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deviation for TEM results indicate a broad particle size distribution, whereas for DLS 

data the PDI is used to describe the particle size distributions. 

 

polymer As,DLS [m2/g] As,TEM [m2/g] 

MIP 1 10.3 ± 0.3 30.6 ± 18.9 
NIP 1 7.7 ± 0.7 27.5 ± 15.7 
MIP 2 18.0 ± 4.9 25.0 ± 14.3 
NIP 2 9.6 ± 0.5 19.4 ± 10.4 
MIP 3 11.2 ± 0.6 31.2 ± 14.9 
NIP 3 9.8 ± 0.6 31.7 ± 12.6 
MIP 4 14.8 ± 4.2 15.6 ± 7.9 
NIP 4 9.8 ± 1.4 18.5 ± 10.9 
MIP 5 15.1 ± 0.7 23.8 ± 19.3 
NIP 5 16.6 ± 0.9 21.1 ± 14.4 
MIP 6 10.2 ± 0.2 28.9 ± 21.3 
NIP 6 9.6 ± 0.5 33.4 ± 24.7 
MIP 8 11.2 ± 0.2 18.2 ± 11.7 
NIP 8 4.6 ± 0.7 11.7 ± 8.1 
MIP 9 6.0 ± 1.7 4.7 ± 2.9 
NIP 9 12.5 ± 4.5 21.8 ± 17.5 

MIP 11 11.9 ± 2.0 - 
NIP 11 9.2 ± 1.2 - 

Table 19: Calculated specific surface areas As obtained from DLS and TEM data with standard 

deviations for MIP and NIP 1 – 11. 

 

In figure 46, the results of MIP and NIP 1, 2, 8, and 9 are illustrated. Here, the ratio 

between functional monomer and cross-linker was always the same, but other 

parameters were changed for the composition of the synthesis reactants.  

 

 
Figure 46: Calculated specific surface areas (As) with DLS (left) and TEM (right) particle diameters for 

MIPs (lilac) and NIPs (blue) for the polymers prepared different conditions. To facilitate comparison of 

the average As, the standard deviations are only shown in table 19 with according As values. 
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MIP and NIP 1 were prepared using APTMA. For MIP and NIP 2 the synthesis was 

exactly the same except that MAA was used instead of APTMA. MIP and NIP 8 were 

prepared using DVB as cross-linker, instead of the otherwise used EDMA, and for 

MIP and NIP 9 the surfactant was changed and Lutensol AT50 was substituted by 

SDS. For MIP and NIP 11, the particles were not spherical, thus TEM data for the 

average size diameters could not be evaluated and the specific surface area could 

not be calculated. Generally, the specific surface areas for DLS and TEM data are 

about 5 – 20 m2/g and 5 – 30 m2/g, respectively. For MIPs 1, 2 and 8 have a higher 

surface area than the respective NIPs according to both, DLS and TEM, but the 

difference is only distinct for MIP and NIP 2 and for MIP and NIP 8. The influence of 

changing the functional monomer is relatively small (MIP and NIP 1 and 2) for TEM 

results but distinct for DLS results. Differences in specific surface areas for the used 

cross-linkers are noticeable, and the difference between MIP and the according NIP 

is high for both cross-linkers, DVB (MIP and NIP 8) and EDMA (MIP and NIP 2). For 

MIP and NIP 9 the difference of specific surface areas is high, but the specific 

surface area for the NIP is higher, which can result in higher rebinding for the NIP.  

In figure 47, the specific surface areas of the polymers prepared using the catalytic 

domain of MMP9 or MMP9 itself as template are shown. 

 

 
Figure 47: Calculated specific surface areas (As) with DLS (left) and TEM (right) particle diameters for 

MIPs (lilac) and NIPs (blue) for the polymers prepared with the cd MMP9 and MMP9 as TM. To 

facilitate comparison of the average As, the standard deviations are only shown in table 20 with 

according As values. 

 

In table 20, the values of the specific surface areas and the according standard 

deviations for MIP and NIP 12 – 14 are illustrated. 

For MIP and NIP 12, the ratio between functional monomer and cross-linker was 1:8, 

whereas MIP and NIP 13 and 14 were prepared with a ratio of 1:4. MIP and NIP 12 
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and 13 both were prepared with the catalytic domain of MMP9 as the template 

molecule. 

 

polymer As,DLS [m2/g] As,TEM [m2/g] 

MIP 12 8.6 ± 0.9 17.5 ± 9.4 
NIP 12 12.0 ± 1.1 18.4 ± 8.7 
MIP 13 14.0 ± 1.4 26.7 ± 18.7 
NIP 13 8.7 ± 1.5 10.7 ± 6.9 
MIP 14 18.1 ± 6.2 30.8 ± 18.7 
NIP 14 15.1 ± 0.9 13.6 ± 11.0 

Table 20: Calculated specific surface areas As of DLS and TEM data with standard deviations for MIP 

and NIP 12 – 14. 

 

Obviously, a lower amount of cross-linker leads to a higher specific surface area for 

the MIP. MIP and NIP 14 were prepared using MMP9 itself as the template and in a 

different buffer solution than MIP and NIP 12 and 13. The difference between the 

specific surface areas is more distinct for these polymers. The results obtained via 

DLS data show lower specific surfaces areas than for TEM measurements. The trend 

for MIP and NIP 12 and 13 is the same, whereas MIP and NIP 14 show a higher 

difference between each other in TEM results than in DLS results. 

In figure 48, the results for specific surface areas of MIP and NIP 15 and 16 are 

illustrated. These polymers were prepared using BSA as the template. 

 

 
Figure 48: Calculated specific surface areas (As) with DLS (left) and TEM (right) particle diameters for 

MIPs (lilac) and NIPs (blue) for the polymers prepared with BSA as the TM. To facilitate comparison of 

the average As, the standard deviations are only shown in table 21 with according As values. 

 

In table 21, the values of the specific surface areas and the according standard 

deviations for MIP and NIP 15 and 16 are illustrated. 
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The difference of specific surface area for MIP and corresponding NIP is low, but the 

difference between MIP and NIP 15 and 16 is clearly visible. For MIP and NIP 15, 

APTMA was used as the functional monomer, whereas MAA was used to prepare 

MIP and NIP 16. 

 

polymer As,DLS [m2/g] As,TEM [m2/g] 

MIP 15 7.0 ± 0.4 18.6 ± 10.2 
NIP 15 9.8 ± 1.1 11.4 ± 6.9 
MIP 16 20.2 ± 1.4 33.4 ± 16.6 
NIP 16 17.7 ± 0.6 28.6 ± 13.9 

Table 21: Calculated specific surface areas As of DLS and TEM data with standard deviations for MIP 

and NIP 15 and 16. 

 

The specific surface areas for MIP and NIP 15 are between 8 – 20 m2/g and between 

10 – 30 m2/g for MIP and NIP 16. For MIP and NIP 15 the specific surface areas 

obtained via DLS and TEM do not match each other. For MIP and NIP 16, the 

surface area is higher for both techniques. 

In figure 49, the specific surface areas for MIP and NIP 2 and 16 are compared to 

each other since the synthesis was the same except another template was used.  

The specific surface areas are higher for MIP and NIP 2 and 16 according to TEM 

results (~20 – 30 m2/g) compared to DLS results (10 – 20 m2/g). For MIP and NIP 2 a 

distinct difference in specific surface areas between MIP and the NIP for DLS results 

is obvious, whereas TEM results show a lower difference. MIP and NIP 16 show the 

same trend of specific surface areas for both techniques. 

 

 
Figure 49: Calculated specific surface areas (As) with DLS (left) and TEM (right) particle diameters for 

MIPs (lilac) and NIPs (blue) for the polymers prepared with TL and BSA as TM.  To facilitate 

comparison of the average As, the standard deviations are only shown in table 19 and table 21 with 
according As values. 
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The polymers prepared with TL (2) show a lower specific surface area than the 

polymers prepared with BSA (16). The same is true for the NIPs. Considering the 

error, the difference between the specific surface areas of the two polymers is low.  

 

SCANNING ELECTRON MICROSCOPY 
In figure 50, the SEM images of the MIPs synthesized with thermolysin as template 

molecule and the according NIPs are illustrated.  

MIP and NIP 1 were prepared with EDMA as cross-linker and APTMA as the 

functional monomer. For MIP and NIP 2 only the type of functional monomer was 

changed. MIPs and NIPs 2 – 6 were prepared using MAA as the functional monomer 

with EDMA as cross-linker in different ratios. MIP and NIP 8 were prepared with DVB 

instead of EDMA. MIP and NIP 9 were synthesized using SDS as the surfactant, 

whereas for all the other polymers Lutensol AT50 was applied. MIP and NIP 11 were 

prepared via reverse miniemulsion. 

MIP and NIP 1 and 2 show a rough surface in the SEM images. The functional 

monomer and cross-linker ratio was the same for both polymers. The amount of 

cross-linker for MIP and NIP 3 was twice as much for MIP and NIP 2. Apparently, the 

surface is smoother if higher amounts of cross-linker were used. MIP and NIP 4 were 

prepared with a low amount of cross-linker, whereas for MIP and NIP 5 and 6 the 

amount was, again, much higher. The surfaces of MIP and NIP 4 are rougher than 

the surfaces of MIP and NIP 5 and 6. Between MIP and NIP 5 and 6, no difference in 

the roughness of the surface is visible. 

MIPs and NIPs 8 and 9 have rough surfaces similar to MIP and NIP 2. All of these 

polymers were synthesized with the same amount of cross-linker, while other 

parameters varied. MIP 9 is an inhomogeneous phase, showing particles together 

with other polymer material. MIP and NIP 9 do not have a uniform surface; the MIP 

particles have a rather smooth surface while the NIP particles show a rough surface. 

MIP and NIP 11 consist of extremely small particles, partly in form of a fluffy-looking 

polymer network. Thus the surface could not be analyzed. 
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Figure 50: SEM images of MIPs with TL as template molecule and according NIPs 1 – 11 recorded at 

5 kV and an HFW of 11.9 μm. 

 

In figure 51, the SEM images of MIP and NIP 12, 13, and 14 are illustrated. MIP and 

NIP 12 and 13 were prepared with the catalytic domain of MMP9 as template 
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molecule with different functional monomer cross-linker ratios. MIP and NIP 14 were 

prepared with MMP9 as the template molecule. 

All polymers show a rough surface and no difference between MIP and NIP 12 and 

13 is visible, although a different amount of cross-linker was used. As seen before, 

the surfactant has an impact on the surface of the particles as well. 

 

    

  
Figure 51: SEM images of MIPs with cd MMP9 and MMP9 as template molecules and according NIPs 

12 – 14 recorded at 5 kV and an HFW of 11.9 μm. 

 

For MIP and NIP 12 and 13, the surfactant was prepared with the refolding buffer. 

The influence of this complex buffer system is possibly higher than the influence of 

the amount of the cross-linker. MIP and NIP 14 were prepared with a PBS buffer in 

the surfactant phase and no difference could be detected in comparison to the other 

polymers. 

 

In figure 52, the SEM images of MIP and NIP 15 and 16, both MIPs prepared with 

BSA, are illustrated. 

MIP and NIP 15 were prepared with APTMA as the functional monomer; MIP and 

NIP 16 were prepared with MAA. The amount of cross-linker was the same for all 

polymers. 
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Figure 52: SEM images of MIPs with BSA as template molecule and according NIPs 15 and 16 

recorded at 5 kV and an HFW of 11.9 μm. 

 

The surface of all polymers show a slight roughness and the polymers cannot be 

differentiated. This is as expected, since the amount and type of cross-linker, being 

the main component, were the same. 

 

UV-VIS MEASUREMENTS 

The results of UV-Vis measurements are separated into two main parts. First, the 

influence of the incubation time was evaluated for several of the prepared polymers 

in order to determine a reasonable incubation time for further studies.  

Second, single batch rebinding studies were carried out at that specific incubation 

time. 

MIP and NIP 1 

The amount of bound TL [%] at different incubation times for MIP and NIP 1 is 

illustrated in figure 53. Obviously, the rebound amount was below 40% and even 

negative rebinding occurred. The term negative rebinding describes a higher 

concentration of TL in the measured solution than that was present in the incubation 

solution. 
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Figure 53: Rebinding of 0.12 mg/mL thermolysin at different incubation times (30 sec, 1 min, 5 min, 
10 min, 15 min, 30 min, 60 min, 5 and 20 h) for MIP 1 (lilac) and NIP 1 (blue), including the spread, 

represented by error bars. 

 

The rebinding was highest for short incubation times up to 1 h. Nevertheless, the NIP 

rebound more of the template molecule compared to the amount of TL rebound by 

the MIP at most incubation times. Both polymers were prepared with APTMA as the 

functional monomer. APTMA was replaced with MAA for the synthesis of MIP and 

NIP 2. 

 

MIP and NIP 2 

In figure 54, the rebinding at different times for MIP and NIP 2 is shown. The bound 

amount of TL was at around 60% for these polymers. The difference during the 

preparation of these polymers compared to MIP and NIP 1 was the type of functional 

monomer. 
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Figure 54: Rebinding of 0.12 mg/mL thermolysin at different incubation times (30 sec, 1 min, 5 min, 
10 min, 15 min, 30 min, 60 min, 5 and 20 h) for MIP 2 (lilac) and NIP 2 (blue), including the spread, 

represented by error bars. 

 

For MIP and NIP 2, shorter incubation times led to higher amounts of rebound TL, 

however, the difference between MIP and NIP was small and the NIP bound more of 

the template molecule at several incubation times. This polymer was synthesized 

with a ratio of 1:4 functional monomer and cross-linker. This ratio was varied during 

the preparation of the following polymers (MIPs and NIPs 3, 4, 5, 6 and 7). 

 

MIP and NIP 3 

For MIP and NIP 3 the ratio between functional monomer and cross-linker was 1:8. 

The same incubation times as before were applied to evaluate the optimal incubation 

time for TL imprinted polymers. In figure 55, the results for MIP and NIP 3 are 

shown. 
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Figure 55: Rebinding of 0.12 mg/mL thermolysin at different incubation times (30 sec, 1 min, 5 min, 10 
min, 15 min, 30 min, 60 min, 5 and 20 h) for MIP 3 (lilac) and NIP 3 (blue), including the spread, 

represented by error bars. 

 

The amount of rebound TL was overall lower compared with MIP and NIP 2. At 20 h, 

the difference in rebinding between MIP and NIP was high. Actually, the MIP did not 

bind any TL, while the NIP rebound approx. 60%. Here, as for MIPs and NIPs 1 and 

2, shorter incubation times lead to higher amounts of rebound TL. Therefore, 

polymers were not incubated for 5 and 20 h anymore in further studies. 

At 1, 5, 10 and 15 min incubation time, MIP 3 bound more TL than the according NIP, 

whilst at 30 sec the NIP bound more. This, and the fact that an incubation time of 30 

sec was inconvenient, further rebinding experiments were not performed at this short 

incubation time anymore. 

 

MIP and NIP 4 

For MIP and NIP 4, the results of the rebinding studies with TL are illustrated below. 

The incubation times for these and the following polymers were 1, 5, 10, 15, 30 and 

60 min. MIP and NIP 4 were synthesized with a ratio of 1:2.5 functional monomer to 

cross-linker. 
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Figure 56: Rebinding of 0.12 mg/mL thermolysin at different incubation times (1 min, 5 min, 10 min, 
15 min, 30 min and 60 min) for MIP 4 (lilac) and NIP 4 (blue), including the spread, represented by 

error bars. 

 

Figure 56, clearly shows that the MIP rebound a higher amount of TL than the NIP at 

all incubation times. The total rebound amount for both polymers was higher at 

shorter incubation times, but the difference between MIP and NIP was more 

pronounced at longer times. 

 

MIP and NIP 5 

The results for the incubation of TL with MIP and NIP 5 are shown in figure 57. 

These polymers were prepared using a ratio of 1:5.5 between functional monomer 

and cross-linker. The amount of rebound TL was 80% at some incubation times in 

these experiments. 

 

 
Figure 57: Rebinding of 0.12 mg/mL thermolysin at different incubation times (1 min, 5 min, 10 min, 
15 min, 30 min and 60 min) for MIP 5 (lilac) and NIP 5 (blue), including the spread, represented by 

error bars. 
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At most incubation times the MIP rebound more TL than the NIP but not at all 

incubation times, unlike MIP and NIP 4. Also, the difference between MIP and NIP 

was less distinct. 

Higher amounts of the cross-linker in a polymer can lead to the formation of non-

selective binding sites in both polymers, MIP and NIP. This presumably explains the 

smaller difference between MIP and NIP 5 compared to MIP and NIP 4, prepared 

with less than half the amount of cross-linker. It is also supposed that the total higher 

amount of rebound TL is arising from a higher amount of cross-linker, as more non-

selective binding sites are formed that can bind more TL. 

 

MIP and NIP 6 

For MIP ad NIP 6 a ratio of 1:6.75 functional monomer and cross-linker was used 

during the synthesis. In figure 58, the rebinding of TL at different incubation times for 

these polymers is illustrated. 

 

 
Figure 58: Rebinding of 0.12 mg/mL thermolysin at different incubation times (1 min, 5 min, 10 min, 

15 min, 30 min and 60 min) for MIP 6 (lilac) and NIP 6 (blue), including the spread, represented by 

error bars. 

 

At all incubation times, the NIP rebound more TL than the MIP. Compared to MIP 

and NIP 5, the number of selective binding sites formed by the functional monomer 

was low, while more non-selective binding sites were formed due to high amounts of 

cross-linker. Obviously, at longer incubation times, both polymers rebound less TL. 
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MIP and NIP 7 
MIP and NIP 7 were synthesized and washed similar to the other polymers. Since the 

amount of the cross-linker was very low, no particles were left after washing step 4. 

Therefore, the polymers could not be studied. 

 

MIP and NIP 8 

MIP and NIP 8 were prepared with a 1:4 ratio of functional monomer and cross-

linker. Instead of EDMA, DVB was used as cross-linker during the preparation of 

these polymers. In figure 59, the results of rebinding studies with TL are shown. 

 

 
Figure 59: Rebinding of 0.12 mg/mL thermolysin at different incubation times (1 min, 5 min, 10 min, 

15 min, 30 min and 60 min) for MIP 8 (lilac) and NIP 8 (blue), including the spread, represented by 
error bars. 

 

Generally, the amount of rebound TL was clearly below 60% at all incubation times 

for both polymers. Also, no clear trend in the rebinding behavior by MIP and NIP was 

obvious. Compared to MIP and NIP 2, the total amount of bound TL was lower for 

MIP and NIP 8. Hence, EDMA is apparently more suitable as cross-linker than DVB.  

 

From the studies above, it was concluded that 15 min is the most suitable incubation 

time for TL imprinted polymers. At this incubation time, the amount of bound TL was 

high with a distinct difference in rebinding between MIP and NIP, compared to other 

incubation times. 

 

Single batch rebinding studies were performed for all polymers to evaluate the 

selectivity of the prepared MIPs and NIPs. The polymers were incubated with each 

protein for 15 min to compare the rebound amounts of TL to LG and BSA. 
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MIP and NIP 1 were prepared with APTMA as the functional monomer. Since the 

rebinding of TL was low for both, MIP and NIP, and the difference between both 

polymers was low as well, no rebinding studies with other proteins were carried out 

for these polymers. 

 

MIP and NIP 2 

For MIP and NIP 2 the rebound amount of all proteins was higher for the NIP than for 

the MIP. Even though the MIP was prepared with TL as template molecule, both, LG 

and BSA were rebound in higher amounts than TL.  

 

 
Figure 60: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 2 (lilac) and NIP 2 (blue), including the spread, represented by error 

bars. 

. 

The rebinding by the NIP is similar. However, taking the error bars into account the 

difference in rebinding between MIP and NIP is negligible.  

 

MIP and NIP 3 

As before, rebinding of TL was the lowest of the three proteins by both, MIP and NIP. 

The MIP rebound more than 80% of BSA and LG; the NIPs bound even more than 

100%. Since there was no template present during synthesis of the NIPs, there is no 

suitable explanation for this. 
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Figure 61: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 3 (lilac) and NIP 3 (blue), including the spread, represented by error 

bars. 

 

The MIP bound around 30% of TL, the NIP bound only about 25%. However, the 

amount of rebound protein was significantly higher for BSA and LG. Still, TL was the 

only protein that was slightly preferably bound by the MIP compared to the NIP. MIP 

and NIP 3 were prepared with an excess amount of cross-linker, so the formation of 

non-selective binding sites presumably is the reason for the high amount of rebound 

LG and BSA. 

 

MIP and NIP 4 
For MIP 4, figure 62 shows that the amount of bound protein was high for all three 

proteins Also, TL and LG were clearly preferably bound by the MIP since almost no 

signal for the NIP was measured. Both, MIP and NIP rebound approximately 100% of 

BSA. Considering the error bars, the difference is minimal. 

MIP and NIP 4 are the polymers with the lowest amount of cross-linker in the reaction 

solution. It was expected that the number of non-selective binding sites is the lowest 

in these polymers and TL would be preferably rebound by this MIP. 
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Figure 62: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 4 (lilac) and NIP 4 (blue), including the spread, represented by error 

bars. 

 

MIP and NIP 5 

In figure 63, the results for single batch rebinding of TL, LG and BSA by MIP and 

NIP 5 are illustrated. Both polymers bound at least 50% of each protein. The NIP 

bound clearly more of LG and BSA than the MIP. 

 

 
Figure 63: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 5 (lilac) and NIP 5 (blue), including the spread, represented by error 

bars. 

 

The MIP bound a higher amount of TL (almost 80%) than the NIP (around 50%). 

Even with the error bars taken into account, the difference is distinct. This protein 

was prepared with a 1:5.5 ratio of functional monomer and cross-linker. 
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MIP and NIP 6 
In figure 64, the results for MIP and NIP 6 are shown. The difference between MIP 

and NIP for all three proteins is low. Considering the errors, the difference is 

negligible. Again, the protein rebound in lowest amounts was TL for both, MIP and 

NIP. MIP and NIP 6 were the polymers prepared with the second highest amount of 

cross-linker during the polymerization. 

 

 
Figure 64: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 6 (lilac) and NIP 6 (blue), including the spread, represented by error 

bars. 

 

As stated before, many non-selective binding sites are present in these polymers, 

leading to unspecific binding. 

 

MIP and NIP 8 

MIP and NIP 8 were prepared with DVB as cross-linker. As revealed in the previous 

experiments on the incubation time for rebinding of TL, polymers prepared with 

EDMA as cross-linker show a more effective rebinding behavior. Therefore, no single 

batch rebinding studies were performed for MIP and NIP 8. 

 

MIP and NIP 9 

MIP and NIP 9 were prepared with SDS instead of Lutensol AT50 as the surfactant. 

In figure 65, the results for single batch rebinding of TL, LG, and BSA are shown. 
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Figure 65: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 9 (lilac) and NIP 9 (blue), including the spread, represented by error 

bars. 

 

The MIP bound more of each, LG and BSA compared to the NIP. The rebinding of TL 

by the NIP was negative. After the last washing step, no remaining template could be 

detected in the washing solution via UV-Vis spectroscopy. Presumably, some of the 

templates were strongly bound by the polymer matrix during synthesis and thus were 

not removed by the washing procedure. During the rebinding study, the remaining TL 

was released, leading to a higher concentration in the measured solution than in the 

applied incubation solution. 

 

MIP and NIP 11 

MIP and NIP 11 were prepared via reverse miniemulsion polymerization. In figure 
66, the rebinding of all three proteins by MIP and NIP 11 is illustrated. 

 

 
Figure 66: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 11 (lilac) and NIP 11 (blue), including the spread, represented by error 

bars. 
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Apparently, the MIP did not rebind any TL and LG. Also, the amounts of these 

proteins rebound by the NIP were below 20%. Nevertheless, both polymers 

effectively rebound BSA. The MIP bound 60%, while the NIP bound approximately 

50%, although BSA was not the template molecule used during polymerization. 

 

For the polymers prepared with template molecules other than TL, only single batch 

rebinding studies at one individual incubation time were performed. MIP and NIP 12, 

13 and 14 were prepared with either the catalytic domain of MMP9 (cd MMP9) or 

MMP9. Previous studies showed an optimal incubation time of 10 min, which was 

applied during the following measurements. 

 

MIP and NIP 12 

MIP and NIP 12 were prepared with cd MMP9 as template molecule and the ratio of 

functional monomer and cross-linker was 1:8. In figure 67, the results for rebinding 

cd MMP9, LG, and BSA are shown. 

 

 
Figure 67: Rebinding of 0.17 mg/mL catalytic domain of MMP9 (cd MMP9), 0.12 mg/mL b-

lactoglobulin (LG) and bovine serum albumin (BSA) for 10 min each for MIP 12 (lilac) and NIP 12 

(blue), including the spread, represented by error bars. 

 

The difference between the rebound amount of each protein by both, MIP and NIP, 

was low with overlapping error bars for cd MMP9 and LG. BSA was most effectively 

rebound (70 – 80%). There was no considerable difference between the rebinding of 

cd MMP9 and LG. 
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MIP and NIP 13 
MIP and NIP 13 were prepared with a lower ratio of functional monomer and cross-

linker compared to MIP and NIP 12, namely 1:4. 

 

 
Figure 68: Rebinding of 0.17 mg/mL catalytic domain of MMP9 (cD MMP9), 0.12 mg/mL b-

lactoglobulin (LG) and bovine serum albumin (BSA) for 10 min each for MIP 13 (lilac) and NIP 13 

(blue), including the spread, represented by error bars. 

 

It is obvious from figure 68, that the amount of cross-linker has a significant influence 

on the rebinding behavior of these proteins. MIP 13 rebound almost 100% of cd 

MMP9, the according NIP bound even more than 100%. Still, there is no suitable 

reason for this. For LG the difference in rebinding between MIP and NIP was the 

highest with the MIP rebinding almost 50% more than the NIP. Both polymers bound 

around 80% of BSA, with no difference between MIP and NIP. 

 

MIP and NIP 14 

MIP and NIP 14 were prepared with MMP9 as template molecule; hence MMP9 was 

used for rebinding as well. Figure 69 clearly shows that considering the error, MIP 

and NIP bound the same amount of MMP9. 

The MIP rebound significantly more of LG and BSA than the NIP. The MIP bound 

approximately 90% of the BSA, the NIP bound 40 – 50%. For LG, the rebinding of 

the MIP was around 30% and for the NIP below 10%. This polymer obtained no 

selectivity for the template molecule since both polymers bound around 60% of 

MMP9. 
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Figure 69: Rebinding of 0.17 mg/mL of MMP9, 0.12 mg/mL b-lactoglobulin (LG) and bovine serum 

albumin (BSA) for 10 min each for MIP 14 (lilac) and NIP 14 (blue), including the spread, represented 

by error bars. 

 

The last two polymer sets were prepared with BSA as the template molecule. The 

incubation time was 15 min in order to maintain comparability of the results with the 

results of the TL imprinted polymers since these polymers were used to study cross-

reactivity. 

 

MIP and NIP 15 

APTMA was used as the functional monomer for the synthesis of MIP and NIP 15. 

The ratio between functional monomer and cross-linker was 1:4. In figure 70, the 

results for single batch rebinding of TL, LG, and BSA are shown. 

 

 
Figure 70: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 15 (lilac) and NIP 15 (blue), including the spread, represented by error 

bars. 
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For all three proteins, the NIP bound a higher amount than the MIP. The NIP bound 

even more than 100% of BSA. The MIP bound approximately 70% of both, BSA and 

LG. Rebinding of TL was bound below 40%. 

 

MIP and NIP 16 

The only difference between MIP and NIP 15 and 16 was that MAA was used as 

functional monomer during the preparation of MIP and NIP 16. The results of batch 

rebinding studies are illustrated below. 

 

 
Figure 71: Rebinding of 0.12 mg/mL thermolysin (TL), b-lactoglobulin (LG) and bovine serum albumin 

(BSA) for 15 min each for MIP 16 (lilac) and NIP 16 (blue), including the spread, represented by error 

bars. 

 

The NIP rebound higher amounts of TL and LG compared to the MIP. For the MIP 

more TL was measured in the supernatant after incubation than was added before. 

There is no suitable explanation for this. The MIP rebound approximately 100% of 

BSA, the respective NIP bound around 80%. MAA is obviously the better choice as 

the functional monomer in this case, as well as for the polymers prepared with TL, as 

in both cases higher rebinding by the MIP compared to the NIP is achieved. 

 

SELECTIVITY AND IMPRINTING FACTORS 

Selectivity factors between the template molecule and other proteins were calculated 

by dividing the amount of rebound template protein by the amount of the other 

rebound protein for each polymer.  
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The polymers that selectively rebound their template (SF > 1) are marked in bold. 

Selectivity factors of the polymers prepared with TL as template are shown in table 
22. 

 

Type of polymer 
Selectivity factor SF 

LG BSA 
MIP 2 0.6 0.5 
NIP 2 0.7 0.5 
MIP 3 0.3 0.4 
NIP 3 0.2 0.2 
MIP 4 0.8 0.6 
NIP 4 0.4 0.0 
MIP 5 1.6 1.2 
NIP 5 0.6 0.5 
MIP 6 0.5 0.5 
NIP 6 0.6 0.5 
MIP 9 -0.4 -0.3 
NIP 9 0.6 0.5 

Table 22: Selectivity factors for the polymers prepared with TL as the template molecule for LG and 

BSA. 

It can be seen that only MIP 5 showed selectivity for TL since this was the only 

polymer with an SF > 1.  

The imprinting factors were calculated by dividing the amount of rebound template of 

the MIP by the rebound amount of TL by the NIP. For the polymers prepared using 

TL as template molecule, results are shown below. 

 

Type of polymer MIP 2 MIP 3 MIP 4 MIP 5 MIP 6 MIP 9 
Imprinting factor 0.8 1.3 64.9 1.5 0.8 -0.9 

Table 23: Imprinting factors for the polymers prepared with TL as the template molecule. 

Comparing the selectivity factors with the imprinting factors it becomes clear that MIP 

5 also shows an imprinting effect as the imprinting factor is 1.5. Also, MIPs 3 and 4 

have an imprinting effect, but these MIPs do not selectively rebind their template 

molecule. 

 

Selectivity and imprinting factors of MIPs and NIPs 15 and 16 are shown in table 24 
and table 25. Both polymers were prepared using BSA as the template molecule. 

Both MIPs and NIPs show selectivity for the template BSA, however, there is no 

explanation why the NIP also shows selectivity for BSA. 
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Type of polymer 
Selectivity factor 
LG TL 

MIP 15 1.1 2.2 
NIP 15 1.6 2.7 
MIP 16 2.4 -3.4 
NIP 16 1.3 5.5 

Table 24: Selectivity factors for the polymers prepared with BSA as the template molecule for LG and 

TL. 

Comparing the imprinting factors of both polymers, it can be seen that only MIP 16 

has an imprinting effect, although both polymers are selective for their respective 

template molecule. 

 

Type of polymer MIP 15 MIP 16 
Imprinting factor 0.6 1.3 

Table 25: Imprinting factors for the polymers prepared with BSA as the template molecule. 

MIP 2 and MIP 16 were prepared similarly with the same composition, except that 

the template molecule for MIP 2 was TL and for MIP 16 it was BSA. MIP 16 shows 

both, an imprinting effect and selectivity, whereas MIP 2 shows none of this behavior. 

The cross-reactivity (comparison between different polymers and their respective 

templates) was tested and results led to the conclusion that it made a difference 

which template was present during the synthesis. 

MIP 12 and 13 were prepared with cd MMP9 as template molecule, whereas MIP 14 

was prepared with MMP9. While MIP and NIP 12 have low or no selectivity for their 

template cd MMP9. MIP and NIP 13 show a higher selectivity for their template 

molecule.  

 

Type of polymer 
Selectivity factor 
LG BSA 

MIP 12 1.1 0.6 
NIP 12 0.9 0.6 
MIP 13 1.6 1.2 
NIP 13 8.9 1.4 
MIP 14 1.7 0.6 
NIP 14 12.7 1.3 

Table 26: Selectivity factors for the polymers prepared with cd MMP9 (MIP and NIP 12 and 13) or 

MMP9 (MIP and NIP 14) as the template molecule for LG and BSA. 
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MIP and NIP 14 are partly selective. In both sets of polymers, MIPs and NIPs 13 and 

14, the selectivity for the template is higher for the NIPs, despite no template was 

present during the synthesis. 

The imprinting factors of the polymers show that almost no imprinting occurred for all 

three polymers. MIP 12 shows a very low imprinting effect with an IF of 1.1, but the 

polymer was not selective. 

 

Type of polymer MIP 12 MIP 13 MIP 14 
Imprinting factor 1.1 0.8 1.0 

Table 27: Imprinting factors for the polymers prepared with cd MMP9 and MMP9 as the template 
molecule. 

Eventually, of all polymers, only MIP 5 and MIP 16 show an imprinting effect and are 

selective for their respective template molecule at the same time.  
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SDS-PAGE 

Competitive bindings studies were performed via SDS-PAGE. These studies were 

compared to single batch rebinding studies that were also carried out via SDS-

PAGE. Since several of the prepared polymers were only weakly or not at all 

rebinding TL in the previous UV-Vis experiments, those were not tested any further 

via SDS-Page. 

For all polymers prepared with TL or BSA as the template molecules, an incubation 

time of 15 min for both, single batch and competitive binding studies was applied. For 

the polymers prepared with the cd MMP9 and MMP9, the incubation time was 10 

min. 

 

First of all, the suitability of several proteins was evaluated by incubating MIP and 

NIP 3 similar to the UV-Vis rebinding studies. In figure 72 the results of rebinding 

experiments with thermolysin, trypsin, and BSA (mix I) are summarized.  

Also, EDTA was added to the protein mixture (mix II) in order to deactivate the active 

site of TL, to avoid degradation of the other proteins. As evident from figure 72, an 

addition of EDTA preserved TS from degradation, as the respective bands are still 

visible. Nevertheless, BSA was obviously decomposed, since no BSA bands are 

apparent in the gel. 

 

MIP and NIP 3 

 

 
 

Figure 72: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: trypsin (TS), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein mixture 

without EDTA (Mix I), lane 6 and 7: protein mixture (Mix I) after incubation with MIP and NIP 3, lane 8: 
protein mixture with EDTA (Mix II) and lane 9 and 10: protein mixture (Mix II) after incubation with MIP 
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and NIP 3. Right: Bar chart of bound [%] TL and TS for MIP (lilac) and NIP (blue) with an assumed 

error of 10%. 

Apparently, BSA is not only degraded by TL but also by TS, which is indicated by the 

missing of BSA bands in lane 8. Since the active site of TL is blocked, BSA cannot 

be decomposed by this protein. Lanes 9 & 10 represent the solution after incubation 

with the polymers. Some of the TS in these solutions was bound and thus removed, 

leading to weak bands of remaining BSA. The bar chart shows that both, the MIP and 

the NIP bound about 20% of TL. The MIP bound approximately 20% of TS, the NIP 

bound around 40% For further measurements another incubation mixture was 

prepared, in which TS was substituted by LG. The respective results are shown in 

figure 73.  

 

 
 

Figure 73: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture without EDTA (Mix I), lane 6 and 7: protein mixture (Mix I) after incubation with MIP and NIP 3, 

lane 8: protein mixture with EDTA (Mix II) and lane 9 and 10: protein mixture (Mix II) after incubation 

with MIP and NIP 3. Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with 
an assumed error of 10%. 

 

TL degrades both, LG and BSA, without an addition of EDTA (lane 5). After the 

addition of EDTA, all three proteins show distinct bands in the SDS-gel (lane 8), thus 

representing an ideal protein incubation mixture. The bar chart shows that the 

rebound amount of all three proteins is relatively low compared to the initial solution. 

TL was bound most effectively (about 30%), but the difference in rebinding between 

MIP and NIP is negligible. Both polymers bound approximately 20% of BSA, while 

less than 10% of LG was rebound by both, MIP and NIP. 



 132 

In order to gather more information, single batch rebinding studies were performed 

with TL, LG, and BSA. Rebinding of the MIP and NIP particles for TL was about 40%. 

 

 
 

Figure 74: Left: Image of SDS-PAGE gel of the supernatants: Lane 1:molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 3, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 3, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 3. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

As obvious from the bar chart above, the MIP bound 100% of LG; the according NIP 

bound only 50%. The reason for this behavior is presumably that LG (19.8 kDa) is 

considerably smaller than TL (34.6 kDa) and can, therefore, more easily access the 

binding pockets of the polymer than TL. Both polymers only bound a small amount of 

BSA. Again, protein size is supposed to cause such weak rebinding, considering that 

BSA (66.0 kDa) is even larger than TL. 

MIP and NIP 3 were prepared with a functional monomer cross-linker ratio of 1:8. 

Previous studies indicate that the high amount of cross-linker can lead to the 

formation of non-selective binding sites. 

 

MIP and NIP 2 

The SDS-gel and the according bar chart for MIP and NIP 2 are illustrated in figure 
75. 

Both polymers bound all proteins. Approximately 55 – 65% of TL, 30 – 35% LG and 

45 – 50% BSA were rebound. The differences in rebinding between the MIPs and 

NIPs were small; nevertheless, the MIP bound little more of TL and LG than the NIP. 
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Figure 75: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 2. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 

 

As stated before, LG is the smallest of the proteins and can therefore easily access 

the binding pockets. BSA was more efficiently bound by the NIP. The results of single 

batch rebinding are shown below. 

 

 

 
 

Figure 76: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 2, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 2, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 2. Right: Bar chart 
of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

The NIP bound more of LG and BSA, while TL was not rebound at all by both 

polymer. 
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MIP and NIP 4 
For MIP and NIP 4, competitive studies are shown in figure 77. All three proteins 

were bound by the MIP, while the NIP only rebound TL. This cannot be explained 

since the NIP should not be selective and thus unselectively bind all proteins. 

 

 
 

Figure 77: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 4. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 

 

The MIP bound at least 60% of each protein. Apparently, this MIP is not selectively 

binding its template but all proteins that were studied. Single batch rebinding study 

results are shown below. 

 

 
 

Figure 78: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 4, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 4, lane 8: bovine serum 
albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 4. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 
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The rebinding of each protein by NIP 4 was very low or there was no rebinding at all. 

MIP 4 rebound approximately 70% of LG, which, again, this is presumably due to the 

lowest molecular weight and size. 

 

MIP and NIP 5 

For MIP and NIP 5, the results are shown in figure 79. From the image of the SDS-

gel, it is evident that both polymers rebound the proteins. The bands of the initial 

solution in lane 5 are much less intensive after incubation of the MIP and the NIP 

(lane 6 and 7). 

 

 

 
 

Figure 79: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 5. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 

 

The bar chart shows that the difference between MIP and NIP for each protein is 

small. Also, the NIP rebinds more of each protein than the MIP. Nevertheless, if the 

errors are taken into account there is no distinct difference in rebinding by MIP and 

NIP. The image of the SDS-gel and the bar chart for single batch rebinding of 

polymers 5 are shown below. Again, the difference between the MIP and the NIP is 

small. Negative rebinding of TL is possibly due to the remaining template in the 

polymer, as explained before. 
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Figure 80: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 5, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 5, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 5. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

The rebound amount of BSA is less than 20% and the difference in rebinding 

between MIP and NIP is negligible. For LG the difference in rebinding by MIP and 

NIP is almost 40%. This supports the slightly higher rebinding by the NIP in the 

competitive study. During the syntheses of these polymers, the ratio between 

functional monomer and cross-linker was high (1:5.5). The addition of more cross-

linker is assumed to cause the formation of more non-selective binding sites for both, 

the MIP and the NIP. 

 

MIP and NIP 6 
For MIP and NIP 6, the NIP bound more of each protein during the incubation 

compared to the according MIP. The difference between rebinding by MIP and NIP 

was distinct for TL and LG, while both polymers rebound approximately the same 

amount of BSA. 

For the synthesis of MIP and NIP 6, a ratio of functional monomer and cross-linker of 

1:6.75 was used, which, as described above, can lead to the increased formation of 

non-selective binding sites. 
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Figure 81: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 6. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 

 

In single batch rebinding experiments, shown in figure 82, the amount of rebound 

protein was low for each protein, but lowest for BSA. 
 

 

 
 

Figure 82: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 6, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 6, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 6. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

The MIP bound approximately 20% of TL. Despite the low amount of rebound TL, the 

difference in rebinding between MIP and NIP was distinct, since the NIP did not bind 

any TL. LG was equally rebound by both, the MIP and the NIP (20%). BSA was not 

bound by any polymer. 

 



 138 

MIP and NIP 8 
Results of the rebinding studies for MIP and NIP 8 are illustrated below. The amount 

of rebound proteins for both polymers was below 50%. 

 

 
 

Figure 83: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 8. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 

 

TL and BSA were rebound less by the MIP than by the NIP. The MIP bound LG more 

efficienty. For this synthesis, a 1:4 ratio of functional monomer and cross-linker was 

used, with DVB instead of EDMA.  

 

 
 

Figure 84: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 8, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 8, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 8. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 
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The same ratio of monomer and cross-linker was applied for the preparation of MIP 

and NIP 2 with EDMA as cross-linker, which lead to a higher amount of rebound TL. 

UV-Vis measurements support this assumption. The application of EDMA as cross-

linker obviously yields in more favorable polymer properties than DVB. 

Single batch rebinding studies of MIP and NIP 8 show a distinctively higher rebinding 

of LG by both polymers, compared to the other proteins. Still, the MIP bound more of 

each protein than the according NIP. 

 

MIP and NIP 9 

For MIP and NIP 9 the results of rebinding in competitive studies are shown in figure 
85. 

 

 
 

Figure 85: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 2: b-

lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 9. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 
10%. 

 

The MIP rebound almost 90% of TL, the NIP bound only 40%. Even with the error 

bars considered, the difference between both polymers is distinct. 70% of LG was 

rebound by the NIP, the MIP bound approximately 50%. The MIP (70%) bound more 

BSA than the NIP (45%). The amount of BSA bound by the MIP is unexpectedly high 

since this polymer was imprinted with TL. Still, the difference between the bound 

amount of TL and BSA by the MIP is 20%. 

The results for single batch rebinding of MIP and NIP 9 are shown below in figure 
86. 
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Figure 86: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 2: b-

lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 9, lane 5: thermolysin 

(TL), lane 6 and 7: TL solution after incubation with MIP and NIP 9, lane 8: bovine serum albumin 

(BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 9. Right: Bar chart of bound 

[%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

Both, MIP and NIP 9 rebind high amounts of LG (about 60 – 70%). This is similar to 

the rebinding in the competitive studies described above. The amount of rebound TL 

and BSA was less than 20% for both polymers, which is distinctively lower than in the 

competitive rebinding. It is noteworthy that the difference in rebinding between MIP 

and NIP for TL is evident in both, single batch and competitive rebinding. 

 

MIP and NIP 11 

No SDS-PAGE analysis was performed for MIP and NIP 11 since both, MIP and NIP 

only rebound BSA in considerable amounts. Reasons for this are discussed in the 

according chapter of UV-Vis results. 

 

MIP and NIP 12 

In figure 87, the results for MIP and NIP 12 are illustrated. MIP and NIP 12 were 

prepared with the catalytic domain of MMP9 as template molecule; therefore, cd 

MMP9 was used for the rebinding studies instead of TL. As no bands for LG are 

visible in lane 5 (protein mix), it is assumed that this protein is decomposed by cd 

MMP9, although EDTA was applied to avoid degradation, as in the TL studies. 
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Figure 87: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: catalytic domain of MMP9 (cd MMP9), lane 4: bovine serum albumin 

(BSA), lane 5: protein mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation 

with MIP and NIP 12. Right: Bar chart of bound [%] cd MMP9 and BSA for MIP (lilac) and NIP (blue) 

with an assumed error of 10%. 

 

Both polymers did not bind considerable amounts of cd MMP9. For BSA a negative 

rebinding occurred. It is assumed that BSA is partially degraded in the initial 

incubation solution in lane 5. In the solution incubated with the polymers, BSA can be 

adsorbed on the polymeric matrix and therefore cannot be degraded by cd MMP9 in 

the solution anymore. 

 

 
 

Figure 88: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 12, lane 5: 

catalytic domain of MMP9 (cd MMP9), lane 6 and 7: cd MMP9 solution after incubation with MIP and 

NIP 12, lane 8: bovine serum albumin (BSA) and lane 9 and 10: BSA solution after incubation with 

MIP and NIP 12. Right: Bar chart of bound [%] cd MMP9, LG and BSA for MIP (lilac) and NIP (blue) 
with an assumed error of 10%. 

 

In single batch rebinding studies, both polymers bound approximately 80% of cd 

MMP9. The difference between MIP and NIP is minimal. For the other two proteins, 
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the rebinding was low. Compared to the results of competitive studies these studies 

indicate that the polymers preferably bind cd MMP9. It is assumed that in the 

competitive studies, BSA is preferably rebound and thus the binding pockets are 

saturated and cannot bind cd MMP9. Therefore, BSA could not be degraded 

compared to the initial solution. 

 

MIP and NIP 13 

In figure 89, the results of rebinding cd MMP9, LG, and BSA by MIP and NIP 13 are 

shown. No bands for LG were detected, similar to MIP and NIP 12.  

 

 
 

Figure 89: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: catalytic domain of MMP9 (cd MMP9), lane 4: bovine serum albumin 

(BSA), lane 5: protein mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation 

with MIP and NIP 13. Right: Bar chart of bound [%] cd MMP9 and BSA for MIP (lilac) and NIP (blue) 

with an assumed error of 10%. 

 

BSA was not bound by MIP and NIP 13, similar to MIP and NIP 12. As before, the 

intensity of the BSA band in the initial incubation solution (lane 5) is very weak. The 

amount of bound cd MMP9 is below 20%.  

 



 143 

 
 

Figure 90: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 13, lane 5: 

catalytic domain of MMP9 (cd MMP9), lane 6 and 7: cd MMP9 solution after incubation with MIP and 

NIP 13, lane 8: bovine serum albumin (BSA) and lane 9 and 10: BSA solution after incubation with 

MIP and NIP 13. Right: Bar chart of bound [%] cd MMP9, LG and BSA for MIP (lilac) and NIP (blue) 

with an assumed error of 10%. 

 

In single batch rebinding, the amount of bound cd MMP9 is obviously higher than in 

competitive studies, again, as evident from figure 90. In this case, a difference 

between MIP and NIP is visible as well; the NIP bound more (about 80%) than the 

MIP (60%). 

Both polymers bound approximately 20 – 30% of BSA, whereas the MIP bound more 

than the NIP (about 10% difference). Still, the template, cd MMP9, was bound 

considerably more effective. 

 

MIP and NIP 14 

For MIP and NIP 14, MMP9 was used as template molecule instead of cd MMP9. 

Consequently, MMP9 was used for the incubation of these polymers. The MMP9 

band is at higher kDa than the main band of BSA, as MMP9 has a higher molecular 

weight. 
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Figure 91: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: of MMP9, lane 4: bovine serum albumin (BSA), lane 5: protein mixture 

with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 14. Right: Bar 

chart of bound [%] MMP9, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

Both polymers, MIP and NIP 14, negatively rebound LG and BSA, while 

approximately 25% of MMP9 was rebound by both, MIP and NIP. It is assumed that 

the amount of EDTA present in the initial solution (lane 5) was not enough and 

MMP9 degraded both, LG and BSA. In the incubation solutions containing polymer 

particles (lane 6 & 7), MMP9 was quickly rebound. Thus, the active center of free 

MMP9 was blocked by EDTA and no degradation could occur, leading to negative 

rebinding of LG and BSA. Single batch rebinding results are shown below in figure 
92. 

 

 

 
 

Figure 92: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 14, lane 5: MMP9, 

lane 6 and 7: MMP9 solution after incubation with MIP and NIP 14, lane 8: bovine serum albumin 

(BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 14. Right: Bar chart of 

bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 
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MIP and NIP bound LG in approximately equal amounts. BSA was only bound by the 

NIP. Both polymers negatively rebound MMP9. There is no explanation for this. 

 

MIP and NIP 15 

In figure 93, the image of the SDS gel and bar chart of competitive studies with MIP 

and NIP 15 are shown. MIP and NIP 15 were prepared with BSA as the template 

molecule, so it was expected that BSA is preferably rebound. These polymers were 

prepared to study cross-reactivity. The aim of the experiments was to find out 

whether the presence of an individual template during synthesis is necessary or if 

any template (protein) creates binding pockets suitable for the rebinding of a variety 

of proteins. 

 

 
 

Figure 93: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 15. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 
10%. 

Competitive studies show that the amount of bound protein by MIP and NIP 15 is 

unexpectedly the highest for TL instead of BSA. The MIP bound considerably more 

of each protein than the NIP. However, single batch-rebinding studies for LG and 

BSA show that the NIP rebinds more than the MIP. Both polymers do not rebind TL 

at all, contrary to the competitive studies.  
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Figure 94: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 15, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 15, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 15. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

MIP and NIP 16 
MIP and NIP 16 were prepared with BSA as the template molecule, as well. The 

results are shown in figure 95. 

 

 
 

Figure 95: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3: thermolysin (TL), lane 4: bovine serum albumin (BSA), lane 5: protein 

mixture with EDTA (Mix), lane 6 and 7: protein mixture (Mix) after incubation with MIP and NIP 16. 

Right: Bar chart of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 

 

Both polymers rebound 70 – 85% of BSA, but the difference between both polymers 

was low with overlapping error bars. The MIP preferably bound LG with a difference 

of about 10 – 15% compared to the NIP. TL was more effectively bound by the NIP 

by about 15 – 20%. 
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Single batch rebinding studies in figure 96 shows that TL was the protein that was 

most effectively rebound by both polymers (20 – 40%). Thereby, the MIP bound more 

than the NIP. Both polymers bound about the same amount of LG of about 15 – 20%. 

The MIP rebound only 10% of BSA, while the NIP negatively rebound this protein. 

 

 
 

Figure 96: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: b-lactoglobulin (LG), lane 3 and 4: LG solution after incubation with MIP and NIP 16, lane 5: 

thermolysin (TL), lane 6 and 7: TL solution after incubation with MIP and NIP 16, lane 8: bovine serum 

albumin (BSA) and lane 9 and 10: BSA solution after incubation with MIP and NIP 16. Right: Bar chart 

of bound [%] TL, LG and BSA for MIP (lilac) and NIP (blue) with an assumed error of 10%. 

 

Studies to improve the binding performance of the MIP with MIP and NIP 12 

In order to improve the binding performance e.g. to achieve a higher difference in 

rebound amounts between MIP and NIP, a low amount of BSA or PEG was added to 

the incubation solution. This is expected to reduce non-selective binding by blocking 

these binding sites.152 MIP and NIP 12 were used for these studies. 

Figure 97 shows the SDS-gel with an addition of BSA to the incubation solutions of 

TL. 10 µL of each BSA solution with different concentrations were added to 100 µl of 

the incubation solution. The increasing amount of BSA is visible in the SDS-gel as 

the intensity of the BSA band is increasing. Also, the TL band is clearly visible in 

each lane. The NIP bound more TL (approximately 20%) than the MIP at all applied 

BSA concentrations. Hence, the addition of BSA did not positively influence the 

rebinding of TL by the MIP. 
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Figure 97: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 
2: thermolysin (TL) and bovine serum albumin (BSA) (0.5 mg/mL), lane 3 and 4: TL solution (with 0.5 

mg/mL BSA) after incubation with MIP and NIP 12, lane 5: TL and BSA (0.75 mg/mL), lane 6 and 7: 

TL solution (with 0.75 mg/mL BSA) after incubation with MIP and NIP 12, lane 8: TL and BSA (1.0 

mg/mL) and lane 9 and 10: TL solution (with 1.00 mg/mL BSA) after incubation with MIP and NIP 12. 

Right: Bar chart of bound [%] TL with different amounts of BSA for MIP (lilac) and NIP (blue) with an 

assumed error of 10%. 

 

Supposedly, the large BSA molecules are also blocking the selective binding 

pockets, thus preventing the smaller TL molecules from reaching the binding sites of 

the polymer. 

 

For a second study, PEG was used as blocking agent. Since PEG is not a protein, 

there is no band appearing in the SDS-PAGE. Results are shown below. 

 

 
 

Figure 98: Left: Image of SDS-PAGE gel of the supernatants: Lane 1: molecular weight marker, lane 

2: thermolysin (TL) and PEG (0.5 mg/mL), lane 3 and 4: TL solution (with 0.5 mg/mL PEG) after 
incubation with MIP and NIP 12, lane 5: TL and PEG (0.75 mg/mL), lane 6 and 7: TL solution (with 

0.75 mg/mL PEG) after incubation with MIP and NIP 12, lane 8: TL and PEG (1.0 mg/mL) and lane 9 

and 10: TL solution (with 1.00 mg/mL PEG) after incubation with MIP and NIP 12. Right: Bar chart of 

bound [%] TL with different amounts of PEG for MIP (lilac) and NIP (blue) with an assumed error of 

10%. 
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In the bar chart, the amount of rebound TL is illustrated. Obviously, PEG, as BSA, did 

not improve or favor the rebinding of TL by the MIP. At lower concentrations of PEG, 

the NIP bound more TL (approximately 20%). At the highest PEG concentration, 

neither MIP nor NIP did rebind any TL. 

 

Rebinding of MMP9 by MIPs and NIPs 12, 13 and 14 

Finally, the polymers that used any form of MMP9 as the template for imprinting were 

used for rebinding MMP9 and compared to each other. Figure 99 shows the results 

of these studies carried out with a pure MMP9 solution, figure 100 illustrates the 

results for an incubation of cell culture solutions. 

 

 
 

Figure 99: Left: Image of SDS-PAGE gel of supernatants: Lane 1: molecular weight marker, lane 2: 

MMP9, lane 3 and 4: MMP9 solution after incubation with MIP and NIP 14, lane 5 and 6: MMP9 

solution after incubation with MIP and NIP 12 and lane 7 and 8: MMP9 solution after incubation with 

MIP and NIP 13. Right: Bar chart of bound [%] MMP9 for MIP 12 – 14 (lilac) and NIP 12 – 14 (blue) 
with an assumed error of 10%. 

 

The amount of bound MMP9 for all three polymers sets was low. MIP and NIP 14 

rebound approx. 30% of MMP9. MIPs and NIPs 12 and 13 were prepared with cd 

MMP9 as the template molecule. In both cases, the NIPs bound more MMP9 than 

the according MIPs. For MIP and NIP 12, a difference of 5 – 10% with overlapping 

error bars is measured. The difference between MIP and NIP 13 is more distinct, but 

as described before the NIP rebound about 10 – 15% more.  
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Rebinding of MMP9 in the cell culture supernatant  
 

 
 

Figure 100: Left: Image of SDS-PAGE gel of supernatants: Lane 1: molecular weight marker, lane 2: 

cell culture solution (CCS), lane 3 and 4: CCS solution after incubation with MIP and NIP 14, lane 5 
and 6: CCS solution after incubation with MIP and NIP 12 and lane 7 and 8: CCS solution after 

incubation with MIP and NIP 13. Right: Bar chart of bound [%] MMP9 for MIP 12 – 14 (lilac) and NIP 

12 – 14 (blue) with an assumed error of 10%. 

 

In figure 100, the rebinding of MMP9 in cell culture supernatants (CCS) is illustrated. 

According to the bar chart, all studied polymers that were prepared with the catalytic 

domain of MMP9 (MIP and NIP 12 and 13) and with MMP9 itself (MIP and NIP 14) 

did not rebind any MMP9 from the cell culture supernatant. Apparently, in a complex 

matrix like CCS, selective binding of a certain protein is not occurring. Instead, the 

binding sites are blocked by other compounds that are contained in the mixture. For 

example, the band at 10 – 15 kDa is most intense in lane 3, the initial solution; 

hence, some of this component is obviously removed from the solution by the 

polymers. 

 

4.3  CONCLUSIONS AND OUTLOOK 
 

During these studies, solid polymer particles were prepared via miniemulsion 

polymerization with different functional monomers, namely thermolysin, the catalytic 

domain of MMP9, MMP9, and BSA with different cross-linkers and surfactants. Also, 

various amounts of the cross-linker were used for the polymerization. The resulting 

average particle diameters were determined via TEM in the dry and via DLS is the 

solvated state. They are ranging between 200 – 800 nm for most polymers. The size 

distribution is broad, as evident from TEM images and according standard deviations 
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and the PDI value from DLS results (PDI > 0.1). All obtained polymers consisted of 

spherical particles, except MIPs and NIPs 11. SEM images revealed a variation in 

surface roughness for the polymers. Finally, the zeta-potential was investigated for all 

polymers as well. Differences in zeta-potential are relating to the applied amount of 

cross-linker, as is the roughness of the surface. Also, the type of cross-linker, 

functional monomer and surfactant strongly influence the roughness of the particle 

surface. The specific surface areas were calculated from the average size diameters 

obtained by DLS and TEM. In single batch rebinding experiments, each protein was 

incubated with a template solution. The influence of different parameters during 

imprinting was analyzed via UV-Vis spectrophotometry. SDS-PAGE was applied to 

investigate the binding performance in competitive rebinding studies with the 

template and proteins other than the template at the same time. Selectivity studies 

were performed by incubation of the polymer particles with different proteins. 

 

Using UV-Vis spectrophotometry, single batch rebinding studies were performed at 

different incubation times with three different proteins. First, the influence of the 

incubation time for some polymers was studied by incubating the polymers for 

different amounts of time with the proteins. In general, shorter incubation times led to 

a higher amount of rebound TL for both, the MIPs and the NIPs. Very short 

incubation times resulted in small differences in rebinding by MIP and NIP. 

Consequently, an incubation time of 10 to 15 minutes, depending on the individual 

polymers was applied during the presented experiments. 

In these studies on incubation time, it became clear that the amount and type of 

cross-linker strongly affect the binding performance of the MIPs and NIPs. MIP and 

NIP 2 and 8 were prepared with the same amount but a different type of cross-linker; 

instead of EDMA, which was used for all other polymers, MIP and NIP 8 were 

prepared with DVB. The amounts of bound TL were between 10 and 50%, depending 

on the incubation time, but lower compared to the similar polymers prepared with 

EDMA. This supported the use of EDMA in further experiments. Also, different 

functional monomers affected the resulting polymers. MIP and NIP 1 were prepared 

using APTMA as functional monomer and the amount of rebound TL was below 40%. 

MIP and NIP 2 were prepared in the same way, except the functional monomer, 

which was MAA, and the rebinding of these polymers was around 60%.  
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When comparing MIPs and NIPs 15 and 16, again, the higher amount of rebound 

template (BSA) was achieved by the polymers prepared with MAA. NIP 16 bound 

more BSA than the according MIP, MIP and NIP 15 rebound significantly less BSA. 

Single batch rebinding studies with LG and BSA were performed at the same 

incubation times to study the selectivity of each MIP towards its template molecule. 

Generally, none of the TL imprinted MIPs clearly preferred its template with exception 

of MIP 5. The according NIPs also bound all three proteins and, concerning LG and 

BSA, the NIPs bound even more than the MIP. Still, the MIP rebound a higher 

amount of TL compared to the NIP. Selectivity and imprinting factors support these 

results. MIP 16, which was prepared with BSA as the template bound more BSA than 

NIP 16 and also more BSA was bound by both polymers compared to TL and LG.  

The imprinting and selectivity factors were calculated in order to emphasize these 

results. 

Two polymers sets were prepared with the catalytic domain of MMP9 (cd MMP9) as 

the template, namely MIPs and NIPs 12 and 13. MIP 12, which was prepared with 

more cross-linker bound less cd MMP9 than MIP 13. Both, MIP and NIP 13 bound cd 

MMP9, but the NIP rebound a higher amount of the protein. Both polymers bound 

BSA, while the MIP compared to the NIP preferably bound LG. MIP and NIP 12 

bound at least 40% of each protein. The rebound amounts were similar and both 

polymers most efficiently bound BSA. MIP and NIP 14 were prepared with MMP9 as 

the template. Nevertheless, both polymers bound all three proteins. The difference 

between MIP and NIP for LG and BSA was quite high; BSA was bound in higher 

amounts than LG. Approximately 60% of the template itself was rebound by both 

polymers. 

 

In order to study the rebinding of different proteins in competitive studies, SDS-PAGE 

was applied since the proteins absorb UV-Vis radiation similarly. For better 

comparability between SDS-PAGE competitive studies and UV-Vis single batch 

studies, SDS-PAGE single batch studies were also performed. 

Compared to UV-Vis studies, SDS-PAGE is highly prone to errors, considering that 

even the error of the used pipettes influences the result of the experiment. Since this 

technique is highly sensitive, small errors can have a huge influence. The intensity of 

the bands is dependent on the amount of solution that is pipetted into the gel 

pockets. In UV-Vis measurements, a different amount of solution does not lead to a 
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different result, hence the UV-Vis measurements are more robust and easier to 

handle but less sensitive, also, SDS-PAGE can easily differentiate between different 

proteins. Therefore, SDS-PAGE is the method to evaluate the competitive rebinding 

of proteins. 

The results of competitive and single batch rebinding by the polymers imprinted with 

TL were not consistent with each other. In competitive studies, the rebound amount 

is always higher than in single batch rebinding. Single batch rebinding studies were 

also carried out via UV-Vis spectroscopy. The results of competitive studies via SDS-

PAGE are more realistic, as they consider the competition on binding sites by 

different proteins. The biggest difference in rebinding between MIP and NIP was 

achieved by polymer 9 (about 50%) in the competitive study, while in the according 

single batch study the difference was only about 10%. Also, single batch rebinding 

via UV-Vis spectrophotometry showed that TL was the least preferably rebound of 

the proteins by this MIP. Comparing all MIPs and NIPs with different amount of 

cross-linker to each other in competitive binding studies, it was evident that the 

polymers prepared with lower amounts of cross-linker (MIP and NIP 2 and 4) showed 

higher rebinding by the MIPs than by the NIPs, whereas for MIP and NIP 5 and 6 the 

NIPs bound more. MIPs and NIPs 3, 5, and 6 were prepared with an excess amount 

of cross-linker. Apparently, the amount of non-selective binding sites increases with 

increasing amount of cross-linker. This is assumingly the reason for NIPs rebinding 

more of the proteins than the MIPs. In MIPs that are prepared with lower amounts of 

cross-linker, more selective binding sites can be formed, compared to the other 

polymers since the amount of functional monomer has a higher influence. MIP and 

NIP 8 were prepared with a ratio of 1:4 (TM:CL) as well but with a different cross-

linker, namely DVB. Compared to MIP and NIP 2, which were prepared similarly with 

EDMA as cross-linker, the total amount of rebound TL by MIP and NIP 8 was lower, 

which is in agreement with the results of the UV-Vis studies. The application of 

EDMA as cross-linker during synthesis of the polymers leads to more favorable 

rebinding properties.  

 

All of the polymers rebound unexpectedly high amounts of LG, although this protein 

was never applied as the template molecule. A reason for this is that LG is a small 

molecule compared to the templates used for the preparation of the polymers. Thus, 

LG can more easily access the binding pockets of the MIP/NIP. Since BSA was also 
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rebound by most polymers, as were TL and LG, it is assumed that the isoelectric 

point, which is the same for all three proteins (pI = 5)55,56, can possibly influence 

rebinding. Competitive studies with the polymers prepared with either the catalytic 

domain of MMP9 or MMP9 itself, showed low to no rebinding of their template 

molecules. The rebinding of BSA was negative in all of these competitive studies, 

which led to the assumption that MMP9 was degrading BSA in the initial incubation 

solution and thus weakening the band of BSA compared to the BSA bands in the 

incubated solutions with MIPs and NIPs.  

MIP and NIP 12 and 13 were prepared with the catalytic domain of MMP9 as the 

template. These polymers showed higher rebinding of their template in single batch 

rebinding studies compared to the competitive studies. The addition of BSA and LG 

seems to hinder the rebinding of cd MMP9 in competitive studies. In single batch 

studies with both polymer sets, also low amounts of BSA were rebound, while LG 

was rebound even less.  

MIP and NIP 14 negatively rebound BSA and LG, which is due to a lower 

concentration in the initial solution than during rebinding experiments. A reason for 

this could be that MMP9 was degrading the other proteins in the initial solution. Only 

MMP9 was rebound in amounts between 20 – 25% by MIP and NIP 14 with no 

enhanced selectivity of the MIP. In single batch rebinding, MIP and NIP only rebound 

a small amount of LG; BSA was rebound in negligible amounts.  

The last two polymers, MIPs and NIPs 15 and 16, were prepared with BSA as the 

template molecule to study the cross-reactivity compared to the MIPs and NIPs 

prepared with TL. In competitive studies, TL was bound preferably by MIP and NIP 

15 compared to LG and BSA. MIP and NIP 16 bound BSA in the highest amounts, 

but the NIP bound more than the MIP. 

 

Also, it was tested if the binding performance of the MIPs compared to the NIPs was 

improved by adding small amounts of BSA or PEG to the incubation solutions. 

Theoretically, these components can block non-selective binding sites and since the 

NIPs do not feature selective binding sites, the difference between both polymers is 

supposed to increase.152 The rebinding of TL could not be increased by the addition 

of BSA and PEG. In further studies, different reagents should be applied to check if 

BSA and PEG are not suitable or if the approach is not feasible for the MIPs 

prepared with TL. 
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In the last set of experiments, the rebinding of MMP9 in MMP9 and cell culture 

solutions by MIPs and NIPs 12, 13 and 14 were studied. MIPs and NIPs 12 and 13, 

were imprinted with the catalytic domain of MMP9. They were now used to rebind 

MMP9 itself. It was assumed that a polymer, imprinted with a certain small part of 

MMP9 was able to rebind the entire molecule, similar to epitope imprinting. 

Nevertheless, both NIPs rebound more of MMP9 than the according MIPs. Also, the 

rebound amount was extremely low or even negative. MIP and NIP 14, which were 

imprinted with MMP9, did not selectively bind MMP9 from the cell culture 

supernatant. Assumingly, this matrix is too complex for selective rebinding, as other 

components saturate the binding sites of the polymers. 

 

The specific surface areas were calculated from the average particle diameters from 

DLS and TEM measurements. The results were associated with the imprinting 

performance of the MIP and the according NIP. Generally, MIP and NIP in polymers 

1 – 11 have a specific surface area in the same dimension and almost no difference 

could be observed. The NIP according to MIP 5, the only polymer that showed 

selectivity and an imprinting effect, has a higher specific surface area obtained via 

DLS (about 10% more) then the MIP. Results from the TEM measurements are vice 

versa, the MIP has a higher specific surface area by approximately 13%. The highest 

specific surface areas were calculated for MIPs and NIPs 1, 3 and 6. The respective 

rebinding experiments via UV-Vis studies showed rebinding of TL below 40% for MIP 

and NIP 1, below 60% for MIP and NIP 3 and up to 80% for MIP and NIP 6. 

Apparently, the rebinding of the template molecule is not dependent on the specific 

surface area. 

Out of two polymers prepared with BSA as template molecule (15 and 16), MIP and 

NIP 16 have a higher specific surface area. Also, the specific surface area of the MIP 

is higher than that of the NIP, which possibly leads to more effective rebinding by the 

MIP, which was indicated by the competitive studies. MIP and NIP 14 show the 

highest specific surface area of the polymers 12 - 14. The difference between MIP 

and NIP is also relatively high, but the MIP did not rebind more of the template.  

No indication for an influence of the specific surface area on the imprinting 

performance of the polymers could be determined during these studies. 
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Generally, SDS-PAGE is a more error-prone technique than UV-Vis 

spectrophotometry since even small variations can lead to different results. For 

competitive studies, SDS-PAGE is a reasonable technique and should be additionally 

applied to single batch rebinding studies since the rebinding is strongly influenced by 

the competition of different proteins. The comparison of competitive and single batch 

rebinding via SDS-PAGE supports this assumption.  

UV-Vis spectrophotometry is the preferred method for single batch rebinding studies 

as it is faster and more easy to handle. Also, for UV-Vis studies, a calibration has to 

be performed, thus leading to quantifiable results, while via SDS-PAGE only a 

relative quantification compared to the initial solution can be used for evaluation. For 

further studies, a calibration for the SDS-PAGE could be developed to collect more 

precise information. 

The studies on incubation time showed that it is of great importance to investigate the 

optimal incubation time for the synthesis of imprinted polymers. UV-Vis 

measurements clearly showed that too long incubation times led to less rebinding 

and a lower difference in rebinding by the MIP and the NIP. Another method that 

enables to study the polymers in competitive rebinding studies is the future 

development of a suitable HPLC method. 

Also, the imprinting performance of the polymers could be enhanced in further 

studies by applying more different and various amounts of functional monomers and 

cross-linkers since it was shown that changing one of the components could have a 

great influence on the rebinding of the template. For the reverse miniemulsion, 

further studies need to be carried out, to receive spherical particles with higher 

imprinting performance. The ratio between hydrophobic and hydrophilic phase can 

be varied as well as the amount and kind of all components since only one 

composition was studied in this thesis.  
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5.  MINIEMULSION POLYMERIZATION FOR MOLECULARLY 

IMPRINTED POLYMERS USING MAGNETITE FOR THE OPTIMIZATION 

OF THE WASHING PROCEDURE 

5.1  INTRODUCTION 

Since the washing step during the preparation of the polymers is extremely time-

consuming and loss of very small particles occurs, magnetic separation of the 

polymer particles would be beneficial. Instead of centrifuging for several minutes, 

magnetic particles can be simply removed by using a magnet to attract the particles. 

This is saving time during the washing procedure and also during removal of the 

supernatant after incubation.  

 

5.2  EXPERIMENTAL 

5.2.1  SYNTHESIS OF MAGNETITE CONTAINING POLYMER PARTICLES 

Basically, MIP and NIP 17 were synthesized similar to MIP and NIP 1 with the 

exception of the addition of magnetite particles. The surfactant was prepared using 

Lutensol AT50 (0.528 g) and degassed water (43.636 g). The functional monomer 

APTMA (0.066 g) was added to the surfactant (20.075 g) for both, MIP and NIP. For 

the preparation of the MIP, thermolysin (0.020 g) was added to the hydrophilic phase 

as well. The hydrophobic phase was a mixture of HD (0.022 g), DMPAP (0.014 g) 

and EDMA (0.412 g). In order to incorporate magnetism into the polymer particles, 

0.250 g Fe2O3 and 0.750 g toluene were mixed and 0.300 g of this mixture was 

added to the hydrophobic phase. This process was adapted from a synthesis of 

magnetic particles via miniemulsion by Landfester et al.153 0.500 g of this 

hydrophobic phase was then added to the hydrophilic phase of each, MIP and NIP. 

The pre-emulsion was obtained after 1 h of shaking in the vortex at stage 10. 

Afterward, the ultrasonication was carried out at an amplitude of 10% for 10 sec at 0 

°C. The polymerization was initiated by UV radiation at 365 nm for 20 h at RT. 
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5.2.2  WASHING PROCEDURE OF THE MAGNETITE IMPRINTED POLYMERBEADS 

After the polymerization was finished, the solvent was removed by applying a 

magnet. Most of the particles were attracted to the magnet within one minute; hence, 

in order to separate as many particles as possible from the solution, attraction time 

was set to 10 min. The solution was discarded, 10 mL water was added, and the 

particles were redispersed with a vortex for 30 min. Subsequently, the supernatant 

was removed again using the attraction of the magnet for 10 min. MIP and NIP were 

treated similarly, even though no template was present during synthesis of the NIP. 

This was repeated 10 times. Thereafter, the particles were dried at 100 – 200 mbar 

at 40 °C and redispersed to a solid content of 1.5 wt.-%. 

 

5.2.3  CHARACTERIZATION OF THE MIPS 

The polymers were analyzed via dynamic light scattering, zeta-potential 

measurements, and scanning electron microscopy as previously described in chapter 

3.1.3 CHARACTERIZATION OF THE POLYMER PARTICLES. TEM measurements were 

not performed, since the SEM results (see below) indicate that the shape of the 

particles is not uniform and the smaller magnetite particles cannot be distinguished 

from the polymer particles. 

 

X-RAY PHOTOELECTRON MICROSCOPY 

In order to study whether the magnetite particles are attached at the surface of the 

polymer particles or distributed among the polymer matrix, X-ray photoelectron 

microscopy (XPS) was applied. Surface elemental compositions were studied for 

both polymers while sputtering for 60 min. Spectra were collected every 10 min, 

which is equivalent to approximately 10 nm in depth at an angle of incidence and 

detection of 45°. For quantitative analysis the peak intensities were evaluated using a 

Shirley background (see table 30). 
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5.2.4  EVALUATION OF THE IMPRINTING PERFORMANCE 

For the evaluation of the imprinting performance, UV-Vis measurements were carried 

out as described in the corresponding chapter in 4.1.4 EVALUATION OF THE 

IMPRINTING PERFORMANCE.  

 

5.3  RESULTS AND DISCUSSION 

DYNAMIC LIGHT SCATTERING AND ZETA-POTENTIAL MEASUREMENTS  

The average particle diameters and the according PDI before washing of the 

particles are listed in table 28, together with the surface charge obtained via zeta-

potential measurements. Obviously, size and particle distribution are almost the 

same for both polymers. 

 

polymer dDLS [nm] PDI z [mV] 

MIP 773 ± 259 0.67 ± 0.17 2.5 ± 0.3 

NIP 711 ± 83 0.65 ± 0.13 18.1 ± 2.3 

Table 28: Average of three measurements of particle diameters [nm], obtained via DLS including the 

according PDI and surface charge measured via zeta potential before washing of the particles. 

Standard deviations were calculated as the error. 

 

The average particle diameters and the according PDIs for the MIP and the NIP are 

in the same dimension. Only the surface charges obtained by measurements of the 

zeta-potential are noticeably different. Still, both polymers had a positive surface 

charge before washing of the particles. After washing of the particles, the zeta-

potential of both, MIP and NIP, were negative and the difference was negligible. 

These results are shown in table 29 below. 

Table 29 provides a summary of the DLS and zeta-potential data, together with the 

calculated specific surface areas after washing of the polymer particles. 
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polymer dDLS [nm] PDI z [mV] 
As,DLS 
[m2/g] 

MIP 751 ± 142 0.76 ± 0.15  -17.2  ± 1.1  7.9 ± 1.5 

NIP 551 ± 102 0.38 ± 0.23 -17.1 ± 1.4 10.7 ± 2.0  

Table 29: Average of three measurements of particle diameters [nm] obtained by DLS with according 
PDI and surface charge via zeta potential [mV] after washing of the particles. The specific surface 

area was calculated from DLS average size results. Standard deviations were calculated as the error. 

 

After washing of the particles, the average particle diameters obtained via DLS were 

higher for the MIP than for the NIP. The PDI indicates a broad size distribution for the 

particles of both polymers. The PDI of the MIP is twice as high than that of the NIP, 

which means the size distribution is broader for the MIP particles. 

Specific surface areas were calculated for both polymers. According to these 

calculations, the NIP has a slightly higher surface area than the MIP. Nevertheless, if 

the standard deviation is taken into account, the difference in specific surface areas 

between MIP and NIP is negligible. 

 

SCANNING ELECTRON MICROSCOPY 

SEM images are shown in figure 101. As can be seen below, both polymers do not 

have a homogeneous surface. 

 

 
Figure 101: SEM images of MIP (left) and NIP (right) 17 with recorded at 5 kV and an HFW of 45.9 

μm. 
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Spherical particles are present within the polymer network. These spheres have a 

rough surface, compared to the particles prepared without magnetite. The surface of 

the MIP particles is considerably rougher compared to the NIP particles. At the 

bottom of both images, an irregular polymer layer that covers the polymer particles is 

visible. The small flakes in both images are assumed to be the magnetite particles 

since both polymers are magnetic. 

 

X-RAY PHOTOELECTRON MICROSCOPY 

XPS results are separately shown for the MIP and the NIP particles in figure 102 and 

figure 103, respectively. 

 

 
Figure 102: XPS spectra of the MIP, collected during sputtering after 10, 20, 30, 40, 50, and 60 min. 

The peaks are labeled at the curve after 60 min of sputtering. 

 

As evident from figure 102, the amount of Fe clearly increased during sputtering. 

This indicates that the magnetite particles are located inside the polymer matrix 

rather than at the direct surface. In table 30 the according surface elemental 

compositions (in atom%) are illustrated. The binding energy of FeM 2p was 724.6 eV 



 162 

in the polymer matrix and compared to the binding energy of pure Fe2O3 (710.8 

eV)154 shifted to a higher binding energy. 

 

 

 [min] FeM 2p [%] OM 1s [%] CM 1s [%] FeN 2p [%] ON 1s [%] CN 1s [%] 

0 7.53 33.58 58.89 4.32 29.98 65.70 

10 24.97 22.81 52.22 8.46 11.87 79.67 

20 27.22 19.69 53.09 9.27 9.42 81.31 

30 27.41 17.23 55.36 9.12 8.14 82.74 

40 27.55 15.58 56.86 8.72 6.60 84.69 

50 27.32 14.80 57.88 8.49 6.22 85.28 

60 28.56 13.13 58.31 8.50 5.45 86.05 

Table 30: Amount of iron (Fe), oxygen (O) and carbon (C) in percent for MIP (M) and NIP (N) at 

different sputtering times. 

 

Figure 103 shows the XPS spectra collected during sputtering of the NIPs. 

 

 
Figure 103: XPS spectra of the NIP, collected during sputtering after 10, 20, 30, 40, 50, and 60 min. 
The peaks are labeled at the curve after 60 min of sputtering. 
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The amount of Fe is lower compared to the MIPs, but generally, the amount of Fe is 

increasing with increasing sputtering depth. The elemental composition at each 

sputtering time is illustrated in table 30. The binding energy of FeN 2p was 725.9 eV 

in the polymer matrix and compared to the binding energy of pure Fe2O3 (710.8 

eV)154 shifted to a higher binding energy as well as the binding energy of FeM 2p. 

 

Oxygen is present in the polymer composition, as well as in the magnetite particles. 

The amount of oxygen is decreasing with increasing sputtering depth. It is assumed 

that the functional monomer (MAA) is mainly located at the surface of the particles, 

as it is soluble in both phases during synthesis. MAA contains an oxygen-rich 

carboxyl-group. In the MIP, the amount of Fe is continually increasing from 7.5% to 

25% during the first 10 minutes. After that, it is continuously increasing to about 29%. 

In the NIP, the amount of Fe increases from 4.3 to 8.5% in the first 10 minutes, 

subsequently reaches a maximum and then stagnates at 8.5%. The amount of Fe is 

low in the NIP compared to the MIP. Since the synthesis only differed in the use of 

the template molecule, there is no suitable explanation for this. 

 

 

UV-VIS MEASUREMENTS 

Incubation studies were performed as described before at an incubation time of 15 

minutes for MIP and NIP 17. Results are illustrated below in figure 104. 

 

 
Figure 104: Rebinding of TL by MIP and NIP 17 after 15 min of incubation with 0.12 mg/mL TL 

including the standard deviations as errors. 
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For MIP and NIP 17 only TL was used for rebinding experiments. The amount of 

rebound TL is relatively high (more than 70% for both), but the difference between 

MIP and NIP is small with the NIP rebinding more than the MIP. 

 

5.4  CONCLUSIONS AND OUTLOOK 

The washing procedure is generally faster if the particles can be separated with a 

magnet than by applying the centrifugation method, described earlier. However, the 

synthesis yielded in two different kinds of particles, some that were magnetic and 

some that were not. The non-magnetic particles are separated from the other 

particles, leading to a loss of polymer as well.  

DLS results show a size of about 550 – 750 nm for both, MIP and the NIP particles 

and the PDI indicates a broad particle size distribution. Zeta potential results show a 

negatively charged surface for both polymers in the same dimension. 

SEM images revealed a generally rough surface for both polymers. Nevertheless, it 

could be seen that not only spherical particles were formed during the 

polymerization. XPS measurements clearly show that the amount of Fe is increasing 

with increasing sputtering depth for both polymers. This leads to the conclusion that 

the magnetite particles are not located at the direct surface of the polymer particles 

but enclosed in the polymer matrix. Since the SEM images reveal a rather irregular 

composition of these polymers, the XPS results are possibly different when they are 

collected at different locations of the polymers. 

Incubation studies showed a high rebound amount of TL with a small difference 

between MIP and NIP. Also, the NIP rebound slightly more template than the MIP. In 

further studies, both the influence of incubation time and the amount of TL in the 

incubation solution can be varied to test if these parameters influence the binding 

properties of the polymers. As the particles containing magnetite are considered to 

be heavier than “pure” polymer particles, the ratio of TL/polymer was different during 

these studies, compared to the studies with “pure” polymers. 

Generally, the synthesis of polymer particles containing magnetite as described 

above, yielded in particles that could be easily separated from the solvent. 

Nevertheless, optimization of the preparation is crucial to obtain homogeneous 

particles and to increase the difference in rebinding by the MIP and by the NIP. All in 

all, it is a promising approach to synthesize magnetic particles that are able to rebind 

TL. 
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6  STUDIES OF THE SWELLING BEHAVIOR OF THE POLYMER 

PARTICLES 

6.1  BACKGROUND ON SWELLING STUDIES 

The swelling behavior of the MIP and the NIP particles is expected to be different, 

due to the difference in cross-linking of the functional monomer in the polymer 

network since for preparing the MIP, the template molecule and the functional 

monomer can interact and be arranged before polymerization.155–157 Thus DLS and 

TEM data yielded different average size diameters since for one method the 

polymers are used in the dry state (TEM) and for the other method in the swollen and 

solvated state (DLS). The difference in swelling cannot only influence the average 

particle diameters, but also the specific surface areas and thus the binding capacities 

of the polymer particles. 

To evaluate the swelling behavior of MIP and NIP 16, another TEM study on freeze-

dried polymer particles was performed. The air-dried particles at RT were studied via 

TEM in chapter 4.2 RESULTS AND DISCUSSION before and are illustrated again in 

figure 105 and figure 106 together with the newly obtained data. 

 

6.2  EXPERIMENTAL  

6.2.1 SYNTHESIS AND CHARACTERIZATION OF THE POLYMER PARTICLES 

The protocol for the synthesis, washing procedure, and characterization of MIP and 

NIP 16 are described in chapter 4.1.1, 4.1.2, and 4.1.3. In chapter 4.1.4 

EVALUATION OF THE IMPRINTING PERFORMANCE, the evaluation protocol of the 

imprinting performance via UV-Vis and SDS-page studies can be found. The results 

of the characterization and imprinting performance for MIP and NIP 16 are discussed 

in chapter 4.2 RESULTS AND DISCUSSION. 

 

6.2.2 FREEZE-DRYING OF THE POLYMER PARTICLES 

5 µL of the polymer suspensions of MIP and NIP 16 were diluted with 100 µL water 

and the TEM grids were placed in 2 mL reaction vessels containing these solutions. 

Subsequently, the solutions with the grids were frozen in liquid nitrogen for about 10 
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min. The reaction vessels were put into a 250 mL flask and the polymer suspensions 

were freeze-dried via a freeze-dryer overnight. Thereafter, the polymers on the TEM 

grids could be studied and evaluated in the same way as the air-dried particles 

described in chapter 3.1.3. CHARACTERIZATION OF THE POLYMER PARTICLES. 
 

6.3  RESULTS AND DISCUSSION 

In figure 105, the results for the MIP particles dried in different ways are illustrated. 

MIP 16 is an image of the particles dried at RT and MIP 16 II is an image of the 

freeze-dried particles. 

 

    

   
Figure 105: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of the MIPs dried at RT (MIP 16) and the freeze-dried particles (MIP 16 II). 

 

The bar charts generally show similar size distributions of the polymer particles, 

except that the particles of MIP 16 II have a broader maximum. In table 31, the 

average size diameters are summarized. 
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polymer MIP 16 MIP 16 II NIP 16 NIP 16 II 

dTEM [nm] 233 ± 171 261 ± 138 291 ± 446 221 ± 113 

As,TEM [m2/g] 33.4 ± 16.6 26.5 ± 10.9 28.6 ± 13.9 31.0 ± 12.0 

Table 31: Average particle diameters and according specific surface areas of the MIPs and the NIPs 

in the dry and freeze-dried state. The standard deviation was calculated for d and As.  

 

The average size diameters for MIP 16 and MIP 16 II show an increase in diameter 

for the freeze-dried particles of about 12%, while at the same time the standard 

deviation becomes narrower for MIP 16 II.  

 

In figure 106, the results for the NIP particles dried in different ways are illustrated 

and in the table above the average particle diameters and the specific surface areas 

can be found.  

 

    

   
Figure 106: TEM images of the polymer particles (top) and bar charts of the size distribution (bottom) 

of the NIPs dried at RT (NIP 16) and via freeze-drying (NIP 16 II). 

 

The average particle diameters for the NIPs show a decrease for the freeze-dried 

particles and the standard deviation shows a narrower distribution. For the NIP 16 II 

particles, it can be seen in figure 106 that there were fewer particles on the copper 
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grid than for the according MIP 16 II. Assumingly, larger particles were not present 

on the grid since they deposited quickly on the bottom of the reaction vessel instead 

of the grid and thus the resulting diameter was decreased compared to the air-dried 

particles. It can be seen that the standard deviation for MIP 16, MIP 16 II and NIP 16 

II are much lower than the standard deviation of NIP 16. Since the bar charts of both 

NIPs show a similar distribution it is supposed that only a few very large particles 

shifted the average size diameter of NIP 16 to a higher value and thus a decrease 

was seen for the particles of NIP 16 II. The difference between the results for MIPs 

and NIPs could also be due to different linkages in the polymer network since the 

template was not present during synthesis of the NIP. 

 

6.4  CONCLUSIONS AND OUTLOOK 

The difference between the average particle diameters in the wet and solvated state 

and the dry state can clearly be seen for the MIP and the NIP particles when DLS 

and air-dried TEM particles were evaluated. Supposedly, the „real“ average particle 

diameters for the polymers lie in between those values. Therefore, another TEM 

study was carried out.  

Since air-drying of the polymers at RT represents the harshest conditions for drying, 

the particles were also dried with a freeze-dryer after they were frozen in liquid 

nitrogen. The drying process is slower and the swelling, respectively the shrinking of 

the particles should be less intense or even negligible.  

The data for the MIP particles emphasize this theory since the average particle 

diameter for the freeze-dried particles lies between the swollen and solvated particles 

obtained via DLS and the normally dried particles from TEM measurements. This 

could not be confirmed for the NIP particles. A reason for this could be that the bigger 

particles are sedimented on the bottom of the vessel before the solution was 

completely frozen in the liquid nitrogen or that some very large particles shift the 

average diameters of the NIP 16 particles.  

 

Another possibility to study the average particle diameter in the swollen state could 

be cryo-measurements via TEM or SEM. Here, the water would still be present 

during the measurements and thus the techniques are more complex. Besides, the 
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average particle diameters could be influenced by the expansion of water during 

freezing. 

Generally, using freeze-dried particles to study the average particle diameters is a 

promising way to obtain diameters with a value closer to the „real“ value and the 

sample preparation and the measurements are still quite simple. 
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8  APPENDIX 

8.1 METHODS AND MATERIALS 

CHEMICALS 

Thermolysin, ethyleneglycol dimethacrylate (EDMA, 98%), 2,2-dimethoxy-2-

phenylacetophenone (DMPAP), (3-acrylamidopropyl)trimethylammonium chloride 

(APTMA 75 wt.% solution in water), divinylbenzene (DVB, techn., 80%), β-

Lactoglobulin from bovine milk (≥ 90%), 2-mercaptoethanol (99%), bromophenol 

blue, glycerol (≥ 99%), sodium dodecyl sulfate (SDS, ≥ 98%) and irone (II, III) oxide 

(< 50 nm, ≥ 98% trace metals basis), PEG, toulene (≥ 99.5%) and trypsin were 

purchased from Sigma-Aldrich (Steinheim, Germany). 

 

Methacrylic acid (MAA, ≥ 99%), glycine and acetic acid (100%) were purchased from 

Merck KGaA (Darmstadt, Germany). 

 

n-Hexadecane (HD, 99%) and tris(hydroxymethylaminomethan (TRIS) were 

purchased from Alfa Aesar GmbH & Co KG (Karlsruhe, Germany). 

 

Albumin Bovine Serum (BSA), hydrochloric acid (37%) and methanol (techn.) were 

purchased from VWR International (Darmstadt, Germany). 

 

Coomassie Brilliant blue G-250 was purchased from AppliChem GmbH. 

 

A free sample of Lutensol AT50 Powder was provided by BASF SE (Ludwigshafen, 

Germany). 

 

Ultrapure water (UPW) was freshly prepared with a Milli-Q academic filter station 

from Millipore (Billerica, USA). 

 

Argon gas (99.996%) was purchased from MTI Industriegase AG. 

 

EDMA, DVB, and MAA were distilled under vacuum prior to use to remove the 

inhibitor. 
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INSTRUMENTATION 

In order to remove the inhibitor from MAA and cross-linkers, vacuum-distillation was 

performed using a P6Z-101 two-storage rotary vane pump from Ilmvac GmbH 

(Ilmenau, Germany). 

 

For weighing chemicals analytical scale balances from Sartorius AG (Göttingen, 

Germany) were used. 

 

Magnetic stirrers Variomag Mono from Thermo Fisher Scientific (Waltham, MA, USA) 

and MR Hei-Standard from Heidolph Instruments GmbH & Co. KG (Schwabach, 

Germany), the sonifier W450 Digital with a ½ “ tip from Branson (Danbury, CT, USA) 

and a UV lamp from UVP (365 nm, Cambridge, United Kingdom) were used for the 

synthesis of the polymer particles. 

 

A Vortex-genie® 2 from Scientific Industries, Inc. (Bohemia, NY, USA) and a 

Heraeus Megafuge 16 from Thermo Fisher Scientific (Waltham, MA, USA) were used 

during the washing procedure and the batch rebinding studies. 

 

The MIPs and NIPs were dried using a vacuum Heraeus drying oven VT 6025 from 

Thermo Fisher Scientific (Waltham, MA, USA). 

 

Brand microtubes, which were used for the batch rebinding studies and Brand 1000, 

200 and 20 μL and 10 mL micropipettes were all purchased from Brand GmbH & Co. 

KG (Wertheim, Germany). 

 

For batch rebinding experiments, centrifugal filters with a molecular weight cut-off 

(MWCO) of 100 kDa (modified polyethersulfone, Nanosep) from Pall GmbH 

(Dreieich, Germany) were used. 

 

For UV-Vis measurements, a nanodrop 2000C from Thermo Fisher Scientific 

(Waltham, MA, USA) with 70 μL microcuvettes from Brand GmbH & Co. KG 

(Wertheim, Germany) was used. 
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SDS-PAGE measurements were performed using Any kD Mini-PROTEAN® TGX 

precast gels and a Mini-PROTEAN Tetra cell from Bio-Rad Laboratories (Munich, 

Germany). 

 

For the sample preparation for the SDS-PAGE, the protein solutions were heated up 

with the Laemmli buffer with an Accublock Digital Dry Bath form Labnet International 

Inc. (Edison, NJ, USA). 

 

The rocking platform for staining and destaining the gels was purchased from VWR 

International GmbH (Darmstadt, Germany). 

 

For dynamic light scattering and zeta-potential measurements, a Zetasizer Nano ZS 

from Malvern Panalytical (Kassel, Germany) was used. 

 

The Quanta 3D FEG (Hillsboro, OR, USA) was used for the scanning electron 

microscopy (SEM) images of the MIP and NIP particles.  

 

A JEOL1400 from JEOL USA Inc. (Peabody, MA, USA) was used to record TEM 

measurements. 

 

The freeze-dryer Alpha 2-4 LD from Martin Christ Gefriertrocknungsanlagen GmbH 

(Osterode am Harz, Germany) was used to dry the polymers for TEM studies.  
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