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IV Zusammenfassung 

 

Molekular geprägte Polymere (MIPs) etablierten sich in den letzten Jahren in 

zunehmendem Maße als Alternative oder zumindest als Ergänzung für ausgewählte 

analytische und biomedizinische Methoden. Dabei ermöglichten vergleichsweise 

gering polare aprotische Lösungsmittel wie Acetonitril, Aceton und Chloroform die 

Synthese dieser biomimetischen Materialien mit hervorragenden Eigenschaften in 

der molekularen Erkennung. Hochpolare (Templat-)Moleküle konnten allerdings bis 

jetzt noch kaum erfolgreich geprägt werden, obgleich genau für diese Moleküle 

aufgrund ihrer Bedeutung in vielen Bereichen des Lebens ein besonderes Interesse 

besteht. Dies liegt vor allem daran, dass für das Prägen dieser Template auch eine 

hochpolare Syntheseumgebung in einem hochpolaren Lösungsmittel benötigt wird. In 

dieser Umgebung werden allerdings nicht-kovalente Wechselwirkungen wie vor 

allem Wasserstoffbrückenbindungen aber auch elektrostatische und hydrophobe 

Wechselwirkungen stark zurückgedrängt. Diese Wechselwirkungen sind allerdings 

von entscheidender Bedeutung bei der Synthese von hochselektiven molekular 

geprägten Polymeren, da sie die Stabilität des sogenannten Präpolymerisations-

komplexes, also die Selbstanordnung von Templatmolekülen mit funktionellen 

Monomeren wesentlich beeinflussen. Die in dieser Dissertation verwendeten 

iodierten Röntgenkontrastmittel Iodixanol (IOX) und Iohexol (IH) sind Beispiele für 

hochpolare Templatmoleküle. Um sie prägen zu können, muss auf diese eher 

ungewöhnlichen Lösungsmittel in der MIP-Synthese zurückgegriffen werden. 

Ziel dieser Doktorarbeit ist die Entwicklung und Evaluierung von molekular geprägten 

Polymeren für Iodixanol und Iohexol. Besonderer Schwerpunkt wurde dabei sowohl 

auf die Herstellung von MIPs mit einer hohen Bindungskapazität für beide 

Templatmoleküle als auch auf die Quantifizierung der Resttemplatmenge in 

vermeintlich ausreichend gewaschenen MIPs gelegt. Dazu wurden mit Hilfe des 

Trial-and-Error-Ansatzes eine Vielzahl von bulk-MIPs synthetisiert, insgesamt acht 

verschiedene IOX- und neun verschiedene IH-MIPs. Als funktionelle Monomere 

wurden dabei Methacrylsäure (MAA), Styrol (STR) und verschiedene 

Konzentrationen an 4-Vinylpyridin (4-VP) eingesetzt, während Divinylbenzol (DVB) 

oder Ethylenglykoldimethacrylat (EDMA) als Vernetzer fungierten. Als hochpolare 

Lösungsmittel für das Prägen wurden neben einer Mischung von Isopropanol und 
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Wasser (4:1, v/v) auch ein bis jetzt noch nicht verwendetes Lösungsmittel eingeführt, 

Ethylenglykolmonomethylether (EGME). Die Bindungseigenschaften der auf diese 

Weise hergestellten Polymere wurden in Gleichgewichtsbindungsstudien in Wasser 

und Blutplasma untersucht, wobei die verwendeten Inkubationslösungen aus zwei 

unterschiedlichen Templat-Konzentrationen bestanden (je 10 mg 10 mL-1 bzw. 1 mg 

10 mL-1 IOX oder IH, was einer absoluten Menge von 1000 bzw. 100 µg Templat pro 

10 mg Adsorbens in den jeweiligen Bindungsstudien entspricht). Für ein Paar aus 

MIP und nichtgeprägtem Polymer (NIP) (IOX6a und IOX6b) wurden weiterhin 

Bindungsisothermen in Wasser aufgenommen. Anschließende Scatchard-Analyse 

ermöglichte die Bestimmung von wichtigen Bindungsparametern wie der 

Gleichgewichtsassoziationskonstante (KA) und der maximalen Anzahl an 

Bindungsstellen (Bmax). Dabei zeigten sowohl das MIP als auch das NIP einen sehr 

ähnlichen Verlauf ihrer Bindungsisothermen, was darauf schließen lässt, dass IOX 

hier nicht erfolgreich geprägt werden konnte. Darüber hinaus konnte mit Hilfe der 

Scatchard-Analyse eine heterogene Verteilung der Bindungsstellen sowohl in IOX6a 

als auch in IOX6b gezeigt werden. Dies spiegelte sich in zwei Arten von 

Bindungsstellen, nämlich hochaffine (ha) und niedrigaffine (la) und deren 

entsprechenden Bmax-Werten wider. Die auf diese Weise erhaltenen 

Bindungsparameter bewegten sich alle im Bereich von in der Literatur bereits 

beschriebenen erfolgreich hergestellten MIPs, allerdings konnten keine stark 

ausgeprägten Unterschiede zwischen den KA-Werten des MIPs IOX6a (KA,ha = 4.97 x 

105 ± 0.04 x 105 M-1)  und des entsprechenden NIPs IOX6b (KA,ha = 3.21 x 105 ± 0.55 

x 105 M-1) beobachtet werden. 

Gleichgewichtsbindungsstudien wurden ebenso analog für alle weiteren MIP-NIP-

Paare durchgeführt. Dabei zeigte keines der untersuchten Paare einen merklichen 

Prägeeffekt, unabhängig davon, ob IOX oder IH als Templat verwendet wurden und 

auch unabhängig von der gewählten Inkubationsmatrix Wasser oder Blutplasma. 

Diese Ergebnisse legen nahe, dass nicht-kovalentes Prägen in hochpolaren 

Lösungsmitteln eher ungeeignet für die hochpolaren iodierten Röntgenkontrastmittel 

ist, da prinzipiell kaum Unterschiede in den Bindungskapazitäten zwischen dem MIP 

und dem wesentlich günstiger herstellbaren NIP (kein teures Templat notwendig 

während der Synthese) zu erkennen sind. Allerdings zeigten die MIPs und NIPs, die 

aus DVB und großen Mengen an 4-VP in EGME als Lösungsmittel hergestellt 

wurden signifikant erhöhte Bindungskapazitäten in reinem Wasser, vor allem für IOX 
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(bis zu 87.6 ± 0.8 µg IOX mg-1 Polymer beim NIP IOX10b). Für IH hingegen konnten 

lediglich maximale Bindungskapazitäten von 33.5 ± 0.1 µg IH mg-1 Polymer beim NIP 

IH3b erzielt werden. 

Ein allgemein beobachtbarer Trend während der Bindungsstudien war die 

signifikante Abnahme der Bindungskapazitäten, sobald die Inkubationsmatrix zu 

Blutplasma gewechselt wurde. So reduzierte sich die maximale Bindungskapazität 

des besten Polymers für IOX zu nur noch lediglich 32.9 ± 0.6 µg IOX mg-1 Polymer 

(NIP IOX10b). Noch dramatischer fiel der Rückgang bei IH aus. Hier zeigte das beste 

Polymer nur noch eine Bindungskapazität von 10.9 ± 0.1 µg IOX mg-1 Polymer (MIP 

IH3a). Beim Vergleich der erhaltenen Bindungskapazitäten mit denen von Aktivkohle 

und mehrwandigen Kohlenstoffnanoröhrchen (CNT) zeigten die kohlenstoffbasierten 

Adsorbentien in den meisten Fällen wesentlich höhere Bindungskapazitäten. Vor 

allem Aktivkohle konnte aufgrund seiner hohen spezifischen Oberfläche (839 ± 9 m2 

g-1) sowohl IOX als auch IH quasi quantitativ aus den wässrigen Inkubationslösungen 

binden (> 99.9 µg mg-1). Eine Abnahme der Bindungskapazität von Aktivkohle in 

Blutplasma konnte ebenfalls beobachtet werden. Jedoch fiel diese mit 55.3 ± 8.3 µg 

mg-1 für IOX und 72.6 ± 25.6 µg mg-1 für IH weit weniger drastisch als bei den selbst-

synthetisierten Polymeren. Der Preis für die hohen Bindungskapazitäten dieser 

kohlenstoffbasierten Adsorbentien in den Bindungsstudien war augenscheinlich 

allerdings eine leichte Entfärbung des Blutplasmas bei Aktivkohle und eine fast 

vollständige Entfärbung des Blutplasmas bei den CNTs. Dies könnte darauf 

hindeuten, dass neben den eigentlichen Zielmolekülen IOX und IH auch sehr 

wahrscheinlich noch weitere Bestandteile des Blutplasmas adsorbiert wurden, was 

einer reduzierten Selektivität entsprechen würde. Da das Ziel dieser Doktorarbeit 

jedoch Adsorbentien mit einer hohen Bindungskapazität bei gleichzeitig hoher 

Selektivität für beide iodierten Röntgenkontrastmittel war, kann diese Beobachtung 

als ernstzunehmender Nachteil dieser kohlenstoffbasierten Adsorbentien angesehen 

werden. 

Neben der Begründung über einen unzureichend stabilen Präpolymerisations-

komplex kann die Abwesenheit eines Prägeeffektes auch im Zusammenhang mit 

einer unvollständigen Extraktion des Templates vor der Verwendung des jeweiligen 

MIPs stehen. Das sogenannte „Templatbluten“, also das weitere Freisetzen von 

Templatmolekülen aus der MIP-Matrix nach einer vermeintlich vollständigen 
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Extraktion stellt dabei ein allgegenwärtiges Problem bei MIPs dar. Doch trotz dessen 

Wichtigkeit wurde diesem Thema bis jetzt noch immer relativ wenig Beachtung 

innerhalb der MIP-Gemeinschaft geschenkt. Ein weiteres Ziel dieser Doktorarbeit war 

somit die Entwicklung von Verfahren, die sowohl die einfache Überwachung der 

Templatextraktionsprozesses als auch die direkte Bestimmung der 

Resttemplatmenge in vermeintlich ausreichend gewaschenen MIPs ermöglichen. 

Anhand von IH-MIPs konnte hierbei gezeigt werden, dass Totalreflexions-

Röntgenfluoreszenz-analyse (TXRFA) und induktiv gekoppeltes Plasma optische 

Emmissions-spektrometrie (ICP-OES) geeignete analytische Methoden sind, um den 

Restgehalt an Iohexol in diesen Polymeren zu quantifizieren. Während die TXRFA 

hier allerdings gewöhnlich eine leichte Überbestimmung des Restgehalts an Iohexol 

in den MIP-Matrizes bis zu einem Faktor von 2.2 zeigte, ermöglichte die ICP-OES 

hervorragende Wiederfindungsraten und eine sehr hohe Richtigkeit der 

Analysenergebnisse für Iohexol bis in den sub-µg mg-1 Bereich. Die höhere 

Richtigkeit der ICP-OES muss allerdings mit höheren Kosten und einer erhöhten 

Analysedauer bezahlt werden, da ein Aufschluss der MIP-Matrix vor der Analyse 

unumgänglich ist. Hier hingegen zeigt die TXRFA ihre Vorzüge. Die geringe 

notwendige Probemenge (< 1 mg) und die einfache Probenvorbereitung ermöglicht 

eine schnelle und kostengünstige Analyse, welche die TXRFA prädestiniert für die 

Routineüberwachung während der Templatextraktion bei MIPs. 
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V Summary 

 

In recent years, molecularly imprinted polymers (MIPs) have more and more become 

a serious alternative or at least a supplement for selected analytical and biomedical 

procedures. Thereby, it was demonstrated that comparably low polar aprotic 

porogens such as e.g., acetonitrile (ACN), acetone or chloroform (CHCl3) are most 

suitable for the preparation of MIPs offering excellent recognition properties. 

However, successful preparation of MIPs for highly polar template molecules is, 

besides its scientific significance, still rarely described in literature, yet. This is mainly 

due to the fact that molecular imprinting of highly polar template molecules 

necessitates the application of highly polar porogens. This creates an environment, 

where the self-assembly of template molecules (TM) and functional monomers (FM) 

based on non-covalent interactions such as first and foremost hydrogen bonding, but 

also electrostatic and hydrophobic interactions is certainly more disturbed as with 

above-mentioned low polar aprotic porogens. This self-assembly however, referred 

to as prepolymerization complex in MIP research, is supposed to be crucial for the 

creation of highly selective binding sites within the MIP matrix. Hence, its stability is 

essential for the preparation of a successful MIP. Iodinated x-ray contrast media 

(IOCM) such as e.g., iodixanol (IOX) and iohexol (IH) belong to the category of highly 

polar template molecules and therefore demand for these quite unusual porogens. 

In this thesis, the preparation and evaluation of MIPs for IOX and IH with focus on a 

high binding capacity as well as the determination of residual template molecules 

within the MIP-matrix after extraction is described. Thereto, in a trial and error 

approach, various bulk polymers were synthesized using methacrylic acid (MAA), 

styrene (STR) and different ratios of 4-vinylpyridine (4-VP) as functional monomer 

and divinylbenzene (DVB) and ethyleneglycol dimethacrylate (EDMA) as crosslinkers 

(CL). Thereby, a novel porogen – ethyleneglycol monomethyl ether (EGME) – was 

introduced to molecular imprinting of highly polar templates and compared to similar 

MIPs prepared in a mixture of isopropanol (ISA) and ultrapure water (UPW) (4:1, v/v). 

The rebinding properties were investigated using equilibrium batch rebinding assays 

in UPW and porcine blood plasma applying solutions offering two different 

concentrations of template (either 10 mg 10 mL-1 or 1 mg 10 mL-1 of IOX or IH 

corresponding to an absolute amount of 1000 or 100 µg template per 10 mg 
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adsorbent in the respective batch rebinding assays). For one pair of IOX-MIPs and 

IOX-non-imprinted polymers (NIP) (IOX6a and IOX6b) binding isotherms in UPW 

were recorded with subsequent Scatchard-analysis in order to gain knowledge of 

important binding parameters such as the equilibrium association constant (KA) and 

the maximum binding capacity (Bmax). Thereby, both MIP and NIP revealed almost 

similar binding isotherms indicating the absence of a distinct imprinting effect. 

Furthermore, Scatchard analysis revealed a heterogeneous binding site distribution 

reflected in high (ha) and low affinity (la) binding sites offering high and low affinity 

KA-values and corresponding Bmax-values for both IOX6a and IOX6b, respectively. 

Thus obtained binding parameters were all in the range of other successfully 

prepared MIPs reported in literature, however no distinct differences were observed 

between the KA-values of MIP IOX6a (KA,ha = 4.97 x 105 ± 0.04 x 105 M-1) and its 

corresponding NIP IOX6b (KA,ha = 3.21 x 105 ± 0.55 x 105 M-1).  

Equilibrium batch rebinding assays performed with all MIPs and NIPs likewise 

revealed no distinct imprinting effect independent from whether the MIPs were 

prepared for IOX or IH and incubated in UPW or porcine blood plasma. These finding 

may assume that non-covalent imprinting in highly polar porogens may not be the 

appropriate approach toward the molecular imprinting of highly polar IOCM, since the 

much cheaper NIPs (no expensive template molecules necessary in the preparation) 

usually showed comparably or even slightly enhanced binding capacities for the 

respective template molecules. However, MIPs and NIPs prepared with DVB and 

high amounts of 4-VP (ratio TM:FM = 1:32/64) in EGME revealed enhanced binding 

capacities in UPW particularly for IOX (up to 87.6 ± 0.8 µg IOX mg-1 polymer, 

IOX10b), while MIPs and NIPs for IH offered significantly reduced binding capacities 

(only up to 33.5 ± 0.1 µg IH mg-1 polymer, IH3b).  

In general, a significant decrease of the binding capacities in porcine blood plasma 

was observed for all MIPs and NIPs. Thereby, the best polymer for IOX revealed a 

binding capacity of only 32.9 ± 0.6 µg IOX mg-1 polymer (IOX10b), whereas the 

binding capacity of the best polymer for IH dramatically decreased to only 10.9 ± 0.1 

µg IOX mg-1 polymer (IH3a). Moreover, comparison with activated carbon and multi-

wall carbon nano tubes (CNT) revealed a superior binding capacity of these carbon-

based sorbents in most cases. Particularly activated carbon was capable to 

quantitatively remove IOX and IH from aqueous incubation solutions up to a 

concentration of 10 mg IOX or IH in 10 mL corresponding to a binding capacity of     
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> 99.9 µg mg-1. This is certainly connected to its very high specific surface area (839 

± 9 m2 g-1). A decrease of the binding capacities of activated carbon in porcine blood 

plasma was also observed; however 55.3 ± 8.3 µg mg-1 for IOX and 72.6 ± 25.6 µg 

mg-1 for IH is still significantly above the highest binding capacities of the prepared 

polymers in this more complex matrix. The high binding capacities of these carbon-

based adsorbents are accompanied by a slight (activated carbon) and even 

pronounced discoloration (CNT) of the porcine blood plasma. This may indicate that 

not only the respective IOCM as target molecules, but also plasma components were 

very likely removed from the solution, a phenomenon, which was apparently not 

observed for the prepared MIPs and NIPs. This may be considered a serious 

drawback of these carbon-based adsorbents, since the main scope of this thesis was 

the development of scavenging materials offering high binding capacities, which are 

capable of selectively removing IOCM from human blood ideally without significantly 

changing its composition. 

The absence of a distinct imprinting effect in the prepared MIPs may be associated 

with an insufficient extraction of the template prior to application of the MIPs in 

equilibrium batch rebinding assays. Likewise, it is known that residual template 

molecules are an omnipresent issue in MIPs, which usually contribute to the so 

called “template bleeding”. However, up to now, despite this awareness, there are 

only few publications dealing with this important issue. Hence, in order to investigate 

the extraction progress of the prepared MIPs and to gain knowledge of how much of 

the template molecules are usually entrapped in the MIP-matrix despite an assumed 

exhaustive extraction, total reflectance x-ray fluorescence analysis (TXRFA) and 

inductively-coupled plasma optical emission spectrometry (ICP-OES) were 

introduced in order to enable the direct determination of residual iohexol in IH-

imprinted polymers. Thereby, with both analysis methods residual iohexol could be 

successfully quantified. While TXRFA usually showed a slight overdetermination of 

the amount of residual iohexol up to a factor of 2.2 in comparison to ICP-OES, latter 

analysis method revealed excellent recovery rates along with a high accuracy for 

iohexol down to the sub-µg mg-1 range. The higher accuracy of ICP-OES, however, 

has to be paid with higher costs and a prolonged analysis time, since a digestion step 

is mandatory prior to analysis. Hereby, TXRFA reveals its advantages, since it 

facilitates particularly easy sample preparation and low required sample quantities   
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(< 1 mg), and may thus be established as a routine tool for monitoring of the template 

extraction progress in MIPs. 
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1 Introduction 

 

1.1 Molecularly imprinted polymers – already a(n almost) success story 

Since its introduction by Wulff et al.[1], Shea et al.[2] and Mosbach et al.[3] about thirty 

years ago, molecularly imprinted polymers (MIPs) have become a versatile tool in 

various fields of research. Offering a facile and straightforward strategy toward 

artificial (biomimetic) receptors, MIPs have already been successfully established 

amongst others in antibody mimicking pseudo immunoassays[4-6], intelligent drug 

delivery[7-9], enzyme mimicking catalysis[10-13], sensing devices[14-17], membranes[18-21] 

and first and foremost chromatography-based selective separation/enrichment 

applications[22-27]. Particularly in the latter case, MIP-based products such as 

molecularly imprinted solid phase extraction (MISPE) cartridges for the selective 

enrichment of analytes are already commercially available, hereby clearly indicating 

the potential of this maturing technology. The still rising interest in this novel and 

rapidly growing field of research is also reflected in the number of annual 

publications, which has continuously increased since the first mentioning of the 

terminology “molecular imprinting” in literature in 1984[28] (Figure 1). However, 

besides this success story, MIPs still face some serious challenges. Particularly with 

either bulky and/or highly polar template molecules such as e.g., proteins, sugars or 

water-soluble drugs (e.g., IOCM) conventional molecular imprinting strategies quickly 

reach their limitations. Novel approaches including more sophisticated syntheses 

routes (surface imprinting, epitope approach etc.) in combination with rational design 

(molecular dynamics simulations; IR-, NMR-titration studies) of MIPs were introduced 

to meet these challenges facilitating the preparation of more versatile next generation 

MIPs.  
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Figure 1: Increase of publications in the field of molecular imprinting up to the year 2011 derived from 

a search using SciFinder Scholar
®
 based on the terminology “molecular imprinting”. 

 

1.2 Scope of this work 

Iodinated x-ray contrast media (IOCM) play an indispensable role in modern 

radiography. Usually applied in high dosages (e.g., iodixanol up to 652 mg mL-1 and 

iohexol up to 350 mg mL-1) IOCM pose severe stress to the renal system, which is of 

particular importance for patients who already suffer from renal dysfunction[29]. 

Eliminating or at least reducing the concentration of IOCM in blood prior to reaching 

the kidneys is a potential path toward diminishing adverse effects on the renal 

system. Molecularly imprinted polymers as highly versatile selective scavenging 

materials may be a viable way to face this issue. Hence, the scope of this thesis 

comprises the synthesis and characterization of high-binding-capacity-adsorbents 

based on molecularly imprinted polymers capable of removing IOCM from blood 

ideally without significantly changing its composition. Iodixanol and iohexol hereby 

served as model template molecules. 
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2 Molecularly imprinted polymers as artificial receptors  

 

2.1 Basics of molecular imprinting 

Based on the book chapter “Molecularly imprinted polymers as artificial receptors” by 

F. Meier and B. Mizaikoff published in “Artificial receptors for chemical sensors”[30], 

the basic concept behind molecular imprinting is described within the following 

chapter. This comprises the two important approaches toward MIPs, the non-

covalent and the covalent approach including a comparison of their advantages and 

disadvantages in terms of a variety of parameters such as e.g., the general 

preparation, the binding site affinity and the rebinding properties. Moreover, the role 

of the porogen in molecular imprinting is discussed, general approaches toward the 

preparation of micrometer-sized MIPs are presented and a comparison of MIPs with 

natural receptors is provided. 

 

2.1.1 What are MIPs? 

The general concept behind molecular imprinting entails generating selective 

recognition sites for a selected template within a synthetic polymer network. The 

corresponding recognition processes in MIPs show similarities to biochemical 

recognition processes occurring in nature, as they are taking advantage of similar 

fundamental interactions such as e.g., hydrogen bonding, electrostatic interactions, 

and hydrophobic interactions (π-π stacking and van-der-Waals interactions). 

However, simply taking these fundamental interactions into consideration is not 

sufficient to explain recognition processes neither in nature nor in MIPs. Additionally, 

the steric arrangement of these interactions around a given template molecule is a 

crucial aspect necessary for the creation of binding cavity providing complementary 

size, shape, and functionality for preferentially facilitating selective recognition along 

with a high affinity toward the template molecule. Thus, the recognition process in 

MIPs may be described in analogy with mechanisms established for enzyme-

substrate-complexes such as e.g. the “lock-and-key” principle[31]. 

During the generation of MIPs, functional monomers are responsible for the 

introduction of complementary functionality into the polymer matrix offering either 

preferably stable non-covalent or covalent interactions with the template, thereby 
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establishing a so-called prepolymerization complex. In order to maintain this sterical 

arrangement, and hence, retain complementary size, shape, and functionality 

resulting in the required selectivity of the final polymer matrix, the prepolymerization 

complexes are co-polymerized in the presence of a crosslinker, which provides the 

polymeric backbone of the MIP. After the polymerization, the template has to be 

extracted to expose the binding cavities, thereby activating the MIP for selective 

rebinding. The general principle of molecular imprinting using the most prevalent 

non-covalent approach is schematically shown in Figure 2. 

 

 

 

2.1.2 Approaches toward molecularly imprinted polymers 

There are two general approaches for generating MIPs mainly differing in the type of 

interaction between the functional monomer and the template in the 

prepolymerization solution, namely non-covalent and covalent imprinting. Besides, 

some derivatives of these approaches have been described in literature such as e.g. 

the semi-covalent approach. The following two sections shall provide insight into the 

basics of these general synthesis strategies highlighting the advantages and 

disadvantages of each approach. 

 

2.1.2.1 Non-covalent imprinting (Self-assembly approach) 

K. Mosbach et al.[3] have pioneered the non-covalent imprinting approach taking 

advantage of non-covalent interactions primarily including hydrogen-bonding and 

electrostatic interactions, but also hydrophobic interactions, which are considered the 

dominating driving forces during the formation of the prepolymerization complex 

between functional monomers and template molecules. Therefore, this approach 

most closely resembles the mechanism of molecular recognition in nature, where 

Figure 2: General synthesis scheme of molecularly imprinted polymers. 
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hydrogen-bonding and electrostatic interactions are considered the most prevalent 

non-covalent interactions. Since non-covalent interactions only provide comparatively 

weak binding strengths, the functional monomer is usually introduced in molar 

excess (at least 4-fold)[32] vs. the template within the prepolymerization solution. 

Thereby, the equilibrium is shifted toward forming prepolymerization complexes 

according to the principle of Le Chatelier. However, the probability of creating non-

selective binding sites caused by an excess of functional monomers randomly 

incorporated into the polymer matrix, and which are not associated with the template, 

is increased[33]. Furthermore, due to the low binding constants particular attention has 

to be paid to the selection of an appropriate functional monomer and the properties of 

the porogen to ensure a preferably stable prepolymerization complex. This is a 

critical aspect, as the number of stable template-functional monomer complexes in 

the prepolymerization solution usually amounts to only 0.3 to 0.6%[33] and this 

number certainly critically affects the number of selective binding sites generated 

within the final polymer matrix[34]. 

 

2.1.2.2 Covalent imprinting (Pre-organized approach) 

In the covalent imprinting approach introduced by G. Wulff et al.[1], the functional 

monomer is covalently bound to the template, thus forming the prepolymerization 

complex. After the polymerization, the covalent bonds have to be cleaved during the 

extraction process in order to remove the template, and to expose the binding sites 

within the polymer matrix. Any rebinding of the template then occurs by either re-

establishing this covalent bond or alternatively by non-covalent interactions (known 

as semi-covalent approach[35]). The high binding strength of the covalent bonds 

usually leads to MIPs with superior selectivity in comparison to MIPs prepared by the 

non-covalent approach, as it is more likely that the prepolymerization complex 

survives the rather harsh conditions during the usually applied free radical 

polymerization process. Furthermore, stoichiometric interactions between the 

functional monomer and the template in covalent imprinting provide a narrower 

binding site affinity distribution, and reduce the probability of non-selective binding[36]. 

However, the higher binding energy of covalent bonds in comparison to non-covalent 

binding results in slow binding kinetics during the rebinding process, and – if 
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rebinding is based on covalent interactions – more efforts in regenerating the MIP for 

repeated usage[37]. 

 

2.1.2.3 Advantages and disadvantages of different imprinting approaches 

The comparative ease and straightforwardness of the preparation together with the 

large variety of possible templates renders the non-covalent imprinting approach 

among the most popular strategies in molecular imprinting technology. However, the 

covalent imprinting approach also offers some significant benefits while being 

restricted to a limited number of templates such as e.g. alcohols, amines, aldehydes, 

ketones, and carboxylic acids. In Table 1, a summary of the main advantages and 

disadvantages of both approaches is provided. 

The selection of a particular approach strongly depends on the final application of the 

respective MIP. As MIPs prepared by non-covalent imprinting usually offer fast 

binding kinetics, they are ideally suitable for applications such as e.g. pseudo 

immunoassays and solid phase extraction, where a fast mass transfer is favorable. 

However, MIPs prepared by covalent imprinting are suitable for applications, where a 

highly selective signal generation is required, such as e.g. in sensing devices, and 

where the MIP may have a scavenger function rather than being repeatedly used. 

 

  non-covalent imprinting covalent imprinting 

choice of the template and 
functional monomer 

wide variety 
restricted to templates and 
functional monomers with 
appropriate functionalities 

preparation of the MIP easy and straightforward  
preparation of a covalently 
bound prepolymerization 

complex necessary 

polymerization conditions 
critical; only non-covalent 

interactions govern the 
prepolymerization complex 

less critical; the 
prepolymerization complex is 

more stable 

binding sites (affinity) heterogeneous homogeneous 

selectivity lower selectivity higher selectivity 

removal of the template after 
polymerization 

easy and at mild conditions 
cleavage of the monomer-
template linkage necessary 

rebinding kinetics fast slow 

Table 1: General advantages and disadvantages of non-covalent and covalent imprinting. 

Reproduced with permission from F. Meier and B. Mizaikoff
[30]

. 
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2.1.3 The role of the porogen 

Next to dissolving all reaction components prior to the polymerization, the porogen 

plays an essential role in molecular imprinting. In combination with the selected 

crosslinker, the porogen has significant impact on the morphology of the finally 

obtained MIP not only governing the porosity (e.g. the availability of pores and the 

pore-size distribution), but also the format of the resulting MIP (i.e. bulk co-polymer, 

nanospheres, microspheres, rigid or soft polymer, etc.). Sufficient porosity is 

desirable for ensuring adequate binding kinetics and rapid mass transfer of the 

template toward and away from the binding cavities.  

Furthermore, the choice of the porogen strongly affects the recognition properties of 

the MIP, as the stability of the prepolymerization complex depends on the chemical 

environment. For example, highly polar protic porogens such as e.g. methanol or 

water adversely affect hydrogen bonding interactions between template molecules 

and functional monomers, thereby potentially destabilizing the prepolymerization 

complex, which in turn may lead to MIPs with reduced selectivity. These aspects 

have to be especially considered during the preparation of non-covalent MIPs.  

Early studies on the influence of the porogen performed by Sellergren et al.[38] have 

shown the superior properties of aprotic porogens such as e.g. dichloromethane or 

acetonitrile in comparison to polar protic porogens such as e.g. methanol (MeOH) or 

acetic acid for the preparation of MIPs by observing an improved chromatographic 

separation of two phenylalanine anilide enantiomers on MAA/EDMA-MIP stationary 

phases prepared in aprotic porogens. Likewise, in a theoretical and experimental 

approach Wu et al.[39] have studied the imprinting efficiency of MAA/EDMA-MIPs for 

nicotinamide prepared in various porogens. In these studies, a high correlation 

between the dielectric constant as well as the hydrogen bond donor/acceptor ability 

of the respective porogen and the selectivity of the resulting MIP was determined. In 

summary, it was concluded that with increasing dielectric constant of an apolar 

solvent the selectivity of the resulting MIP decreases. Moreover, in highly polar protic 

porogens the hydrogen bond donor/acceptor ability together with the dielectric 

constant strongly affect the formation of the prepolymerization complex, again 

leading to MIPs with lower selectivity. The highest selectivity was observed for MIPs 

prepared in apolar porogens with low dielectric constants.  

A summary of selected porogens with respect to their dielectric constants and 

hydrogen bond donor/acceptor ability is given in Table 2. 
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name chemical structure dielectric constant [20 °C] H-bonding 

toluene 

 

 
 

2.4 (23 °C) poor 

chloroform 

 

 
 

4.8 poor 

acetone 

 

 
 

21.0 moderate 

acetonitrile 

 

 
 

36.6 moderate 

methanol 

 

 
 

33.0 strong 

dimethylformamide 

 

 
 

38.3 moderate 

dimethylsulfoxide 

 

 
 

47.2 moderate 

isopropanol 

 

 
 

20.2 strong 

water 

 

 
 

80.1 strong 

ethyleneglycol 
monomethyl ether  

16.9 (25 °C) strong 

Table 2: Common porogens used in molecular imprinting. Except for ethyleneglycol monomethyl ether 

(EGME)
[40]

 all dielectric constants are derived from the CRC Handbook of Chemistry and Physics
[41]

. 

 

Belonging to the class of glycol ethers (glymes), ethyleneglycol monomethyl ether 

(EGME) is a well-established industrial solvent for coatings, inks and varnishes[40,42]. 

However, up to now, only diglyme has been used in molecular imprinting serving as a 

porogen for spin-coated MIP films onto functionalized silicon wafers[43]. EGME offers 

some remarkably different physical properties in comparison to conventional highly 

polar proton-donating porogens such as e.g., methanol, isopropanol or water    
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(Table 3). Particularly due to its low dielectric constant, EGME may less interfere with 

the prepolymerization complex, which may finally lead to MIPs with improved 

recognition properties. 

 

  ε d [g cm
-3

] bp [°C]  η [ mPa s] p [mbar] 

EGME 16.93 0.96 124.6 1.60 13.0 

methanol 32.66 0.79 64.5 0.55 169.4 

isopropanol 20.18 (20 °C) 0.78 82.0 2.04 33.6 

water 78.36 1.00 100.0 0.89 31.7 

Table 3: Physical properties of EGME in comparison to methanol, isopropanol and water (ε: dielectric 
constant, d: density, bp: boiling point at 1013 hPa, η: viscosity, p: vapor pressure at 1013 hPa; all 
values determined at 25 °C)

[44]
. Physical properties of isopropanol are derived from the CRC 

Handbook of Chemistry and Physics
[41]

. 

 

2.1.4 How to prepare a MIP? 

The preparation of a MIP starts by mixing of all reaction components including a 

template, functional monomer(s), crosslinker, and a radical initiator within the 

porogen. Typical ratios of TM:FM :CL are in the range of 1:4:20 or 1:8:40. Even ratios 

of TM to FM of 1:100[38,45] or 1:1000[46] have been reported without significant 

decrease in the performance of the resulting MIPs. After removal of the dissolved 

oxygen from the reaction mixture – which otherwise may affect the polymerization 

process – by usually bubbling with nitrogen or argon or by sonication, the 

polymerization process is either thermally or photochemically initiated. Typical 

polymerization durations are in the range of 4 – 24 hours, whereby thermal 

polymerization is routinely performed at 45 – 70 °C depending on the respective 

radical initiator. In contrast, photochemically induced polymerization is usually 

performed at lower temperatures (e.g. 0 °C) using UV-irradiation (e.g. mercury vapor 

lamp) to decompose the radical initiator. After the polymerization process has 

finished, the obtained MIP has to be prepared for application. Bulk MIPs have to be 

subsequently crushed, ground, sieved, and the fines have to be removed, whereas 

MIPs prepared by other polymerization methods (e.g. precipitation or suspension 

polymerization) may be directly applicable after removal of the template (e.g. via 

soxhlet extraction or more sophisticated extraction methods such as the ULEX[47]). 
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2.2 Popular polymerization methods toward micrometer-sized MIPs 

This section comprises polymerization methods, which were applied within this thesis 

or related publications enabling access to micrometer-sized MIP particles particularly 

suitable for chromatographic applications. These polymerization methods include 

conventional bulk polymerization as well as the more sophisticated precipitation and 

suspension polymerization adopted from polymer science, which facilitate the direct 

preparation of microbeads. Figure 3 displays the different polymer formats and 

particle sizes obtained by above-mentioned polymerization techniques. In the 

following, each of these methods is introduced and in each case, a selection of 

successfully imprinted template molecules is presented. 

 

 

Figure 3: Polymer formats and particle sizes obtained by bulk (A), precipitation (B), and suspension 

polymerization (C). 

 

2.2.1 Bulk polymerization 

Today, bulk polymerization can be considered the most universal approach for 

generating MIPs. By far most of the MIPs are prepared via this method, given that it 

is straightforward and experimentally easy to handle. Hence, this polymerization 

technique was also applied in the preparation of MIPs for the two iodinated x-ray 

contrast media iodixanol and iohexol described in the experimental part of this thesis. 

Even though the initial preparation is simple, subsequent processing of bulk MIPs is 

wasteful and time consuming, as the resulting monolithic structure has to be ground 

and sieved for separating into particle sizes of interest, usually in the range of 10 – 

25 µm for e.g. chromatographic applications (Figure 4).  
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Figure 4: General scheme for the preparation of bulk MIPs. 

 

Evidently, grinding bulk polymers leads to wide-range particle size distributions and 

irregular particle shapes, which may be unfavorable properties for some applications. 

In addition, a considerable fraction of particles end up as so-called fines (particle size 

< 1 µm), which significantly reduces the yield of the desired µm-sized MIP fraction. In 

general, less than 50% of the MIP prepared via bulk polymerization will be available 

for application as stationary phase e.g. in chromatography[48], thus rendering this 

method not only tedious and wasteful, but also costly, especially if expensive TM are 

imprinted. 

Nonetheless, bulk polymerization has proven to be a powerful preparation technique 

for MIPs for a large number of templates including for example drugs such as e.g. 

penicillin G[49] and ibuprofen[50], herbicides such as e.g. phenoxy acetic acids[51] and 

atrazine[52], flavonoids such as e.g. quercetin[25,53], and even a variety of mycotoxins 

such as e.g. deoxynivalenol and zearalenone[26,54] moniliformin[55], and ochratoxin 

A[56,57] (for chemical structures of above-mentioned templates see Figure 5).  
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Figure 5: Selection of template molecules imprinted via bulk polymerization. 

 

2.2.2 Precipitation polymerization 

The precipitation polymerization technique is most closely related to conventional 

bulk polymerization except for one essential difference. In contrary to latter 

polymerization technique, precipitation polymerization is usually performed in a highly 

diluted solution consisting of one continuous liquid phase. In this polymerization 

environment, instead of forming a monolithic block, small oligomers consisting of 

template molecules, functional monomers and crosslinker are formed under 

continuous stirring after thermal or UV-initiation. With ongoing polymerization, these 

dissolved oligomers grow to polymer microspheres by capturing other oligomers until 

the particles reach a critical size, where they became insoluble in the porogen and 

precipitate (Figure 6).  
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Figure 6: General scheme for the preparation of MIPs via precipitation polymerization. 

 

With this polymerization technique, monodisperse particles are readily available with 

particle sizes ranging from 0.13 up to 10 µm already prepared for a variety of 

templates including e.g., theophylline/caffeine[58], pinacolyl methylphosphonate[59], 5-

fluorouracil[9], di-(2-ethylhexyl)phthalate[60], propranolol[61] or carbaryl[62]. Due to their 

particle size, thus prepared microbeads may be directly suitable as molecularly 

imprinted stationary phases in affinity chromatography (for chemical structures of 

above-mentioned templates see Figure 7).  

During the practical part of this thesis, precipitation polymerization was applied in the 

preparation of molecularly imprinted microbeads for oxybutynin for chromatographic 

applications. However, due to too small particle diameters (predominantly ≤ 1 µm) 

the obtained particles were unsuitable for the application as stationary phase material 

in HPLC. Hence, the obtained findings are not presented herein, however, based on 

the findings from precipitation polymerization, suspension polymerization in silicone 

oil, which is introduced in the next section, was be successfully applied.  
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Figure 7: Selection of template molecules imprinted via precipitation polymerization. 

 

2.2.3 Suspension polymerization 

In contrast to precipitation polymerization, suspension polymerization demands for 

two immiscible liquid phases. In the so-called polymerization solution, the template, 

the functional monomer, the crosslinker and the radical initiator are dissolved in a 

small amount of porogen. This polymerization solution is added to a large volume of 

the so-called dispersing phase forming an immiscible two-phase-system, which is 

subsequently emulsified with the aid of e.g., a magnetic stir bar. After stirring, the 

thus prepared droplets of the polymerization solution are polymerized by either 

thermal or preferred UV-initiation leading to polydisperse microbeads, whose particle 

diameters are usually in the range of 1 – 100 µm depending on the stirring speed and 

the form of the magnetic stir bar. After particle size fractionation by sieving, the 

microbeads are readily applicable not only as imprinted stationary phases in HPLC 

(fraction < 25 µm), but also as highly selective sorbent materials in SPE (fraction > 40 

µm) (see Figure 8). 
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Figure 8: General scheme for the preparation of MIPs via suspension polymerization. 

 

To date, mainly three dispersing phases have been successfully established in the 

preparation of non-covalent MIPs via suspension polymerization so far. While liquid 

perfluorocarbons, introduced by Mayes and Mosbach[48], are not only costly but also 

require the laborious synthesis of perfluorinated surfactants (PFPS) in order to 

stabilize the emulsion, mineral oil introduced by Kempe and Kempe[63] and silicone oil 

introduced by Wang et al.[64] offer some remarkable benefits. Such as liquid 

perfluorocarbons, both oils are virtually immiscible with most porogens applied in the 

preparation of MIPs. Beyond that, they are inexpensive and offer a high viscosity 

rendering the application of surfactants and continuous stirring during polymerization 

unnecessary. Both are possible drawbacks, since the application of a surfactant may 

interact with the prepolymerization complex, hence negatively affecting the imprinting 

process and the recognition properties of the final MIP. Furthermore, continuous 

stirring may support the agglomeration of MIP beads leading to unwanted 

aggregated or linked beads. 

Besides its undeniable advantages, suspension polymerization has only been rarely 

applied, yet, e.g., in the preparation of microspherical MIPs for tert-butoxycarbonyl-L-

phenylalanine[48], morphine[65], propranolol[63] or 2,4-dichlorophenoxy acetic acid (2,4-

D)[66]. However, particularly with silicone oil as a cheap and excellent alternative to 

liquid perfluorocarbons as a dispersing phase, this might change in near future. 

Recently, a successful application of suspension polymerization was already 

reported in our group by S. Zink, F. Meier and B. Mizaikoff, who demonstrated a fast 

and easy preparation of highly selective MIP microbeads for chromatographic 
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applications using oxybutynin, a well-established remedy in the treatment of urinary 

incontinence in adults as template molecule[67] (for all chemical structures of above-

mentioned TM see Figure 9). 

 

 

Figure 9: Selection of template molecules imprinted via suspension polymerization. 

 

2.3 Evaluation of MIP performance – imprinting efficiency 

The performance of MIPs is mainly described by three factors: (i) the binding 

capacity, (ii) the binding affinity, and (iii) the obtained selectivity, which may be 

summarized as the overall imprinting efficiency (Figure 10). Binding assays and 

chromatographic evaluations are among the most widespread methods for the 

determination of these critical factors, and will be discussed within the following 

sections. 



 37 

 

Figure 10: Common strategy for the evaluation of the imprinting efficiency. Reproduced with 

permission from F. Meier and B. Mizaikoff
[30]

. 

 

One crucial point in the evaluation of the performance of MIPs is the contribution of 

non-selective binding to the total binding, since it falsifies the results obtained for the 

imprinting efficiency of the MIP in any case. This circumstance is regularly taken into 

account by polymers prepared in the same manner as the MIP, but in absence of the 

template. In literature, these polymers are often referred to as non-imprinted polymer 

(NIP or NP), control polymer (CP) or blank polymer (BP).  

A further, although more qualitative way to evaluate the performance of a MIP is the 

examination of the shape of the template peak in chromatography. A pronounced 

tailing hereby usually indicates successful imprinting. An explanation of this MIP-

exclusive phenomenon is given at the end of this section. 
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2.3.1 Binding capacity and binding affinity 

In general, the binding capacity BC describes the maximum amount of template 

molecules, which can be selectively bound by the MIP matrix, for example during a 

rebinding experiment. Thereby, with knowledge of the binding capacities of both, the 

MIP and the NIP toward the respective template molecule, an imprinting factor IF can 

be derived from the following equation (1). 

 

    
     

     

         (1) 

 

The binding capacity is related to the porosity of the material, and hence, to the 

specific surface area of a MIP. Usually, one can observe a direct correlation between 

the specific surface area and the binding capacity of a MIP, however, the amount of 

available binding cavities and the pore size distribution may limit the rebinding of the 

template. Thus, one has to keep in mind that for example in non-covalent imprinting 

usually only approx. 15% of the binding cavities are available for rebinding of the 

template, e.g. due to the shrinking of the binding cavities[32]. Such effects not only 

decrease the binding capacity of the MIP, but also contribute to so-called template 

bleeding or leaching (i.e. continuous leaching of remaining template molecules from 

the MIP due to its incomplete removal during the extraction), which is among the 

critical aspects when applying MIPs in ultra-trace enrichment and analysis. 

As the binding affinity reflects the binding strength between the template and its 

respective binding cavity in the MIP, it is directly related to the equilibrium association 

constant KA, and to the equilibrium dissociation constant KD of the template/binding 

cavity associate, which is defined as: 

 

Both parameters are most commonly determined by frontal analysis[68-70] or via batch 

rebinding assays[62,71,72] In the latter case (see Figure 11), a defined amount of MIP 

is incubated with initial solutions I of different concentrations of the neat template or – 

alternatively – a radiolabeled template molecules (i.e. TM where e.g. protons 1H are 
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exchanged by radioactive tritium 3H), thereby establishing a radioligand binding 

assay[23,73,74]. After equilibration involving typically 2 – 24 hours of stirring, the 

supernatant solution is separated from the MIP particles by filtration or centrifugation, 

and the concentration of the free template F left in solution is determined, e.g. via 

HPLC, spectroscopic measurements or scintillation detection, if a radiolabeled 

template is applied.  

 

 

Figure 11: Scheme of a batch rebinding assay. Reproduced with permission from F. Meier and B. 

Mizaikoff
[30]

. 

 

The amount of bound template B may be calculated using equation (2). 

 

                  ( ) 

 

From the experimental binding data, an experimental binding isotherm (Figure 12) 

may then be obtained by plotting the amount of template bound to the MIP against 

the concentration of the free template within the respective individual incubation 

solutions (B vs. F). By comparing the experimental binding isotherms obtained from a 
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MIP and a NIP in one plot, a qualitative statement on the success of imprinting may 

be derived simply by comparing the amount of template rebound by the MIP and the 

NIP. 

 

 

Figure 12: Binding isotherms of an exemplary MIP and its respective NIP. 

 

Moreover, quantitative conclusions on the equilibrium dissociation constant KD 

(which represents the inverted equilibrium association (affinity) constant KA), and the 

maximum number of binding sites Bmax (i.e. the binding capacity) of the MIP may be 

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

bound template B according to the Scatchard equation[75] (3). 

 

 

 
   

      –   

  

         ( ) 

 

After linear regression, Bmax and KD may be determined by the x-intercept and the 

slope, respectively. This data representation is usually referred to as Scatchard plot 
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(Figure 13) in literature, and is frequently applied for the determination of the binding 

parameters of MIPs[76,77]. However, for the analysis of the binding properties of MIPs, 

usually more than one linear area is observed in the Scatchard plot due to the 

heterogeneous binding site distribution, which is especially prevalent in MIPs 

prepared by the non-covalent approach. Thus, a differentiation into low and high 

affinity binding sites is necessary. 

 

 

Figure 13: Scatchard plot of an exemplary MIP offering high- (ha) and low-affinity (la) binding sites. 

 

A Scatchard analysis is based on the Langmuir isotherm, which is a homogeneous 

binding model assuming that all binding sites are identical, which is the case e.g. for 

enzymatic systems or monoclonal antibodies. However, low average binding affinities 

(i.e. high KD-values), as well as highly heterogeneous binding site distributions are 

most commonly observed in MIPs[69]. Thus, the application of homogeneous binding 

models, although most commonly applied, might not be the most appropriate model 

for generically describing the binding site properties of MIPs. Consequently, great 

emphasis has been laid on the adaptation of theoretical binding models considering 

the heterogeneity of the binding site distribution encountered for most MIPs during 

the evaluation of their binding behavior. Therefore, experimental binding isotherms 
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have been adapted to binding models such as e.g. the Freundlich[78-80] or the 

Langmuir-Freundlich isotherm[79], which describe the binding adsorption behavior at 

heterogeneous surfaces.  

 

2.3.2 Binding selectivity 

Determining the selectivity generally provides information on the ability of a MIP to 

discriminate between the template and its (structural) analogues or simply any other 

compound. Therefore, in describing the selectivity of MIPs one has to discriminate 

between selective and non-selective binding, with the latter also referred to as cross-

reactivity in literature, which is a term adopted from antibody assay experiments. 

High selectivity in general describes that the MIP predominantly rebinds the template 

molecule, which has been used during its respective preparation instead of structural 

analogues, which are offered for example in a competitive batch rebinding assay. 

Competitive batch rebinding assays include analogues of the template within the 

respective incubation solution, which are competing with the template for the 

available binding cavities (see Figure 14). Besides conventional competitive batch 

rebinding assays, where structural analogs of the template are applied, radioligand 

binding assays – as described in the previous section – may also be performed to 

determine the selectivity of a MIP. Here, radiolabeled template molecules compete 

with regular template molecules and/or structural analogs for the free binding sites of 

the MIP. After subsequent separation of the MIP particles from the incubation 

solution, the amount of bound radioligand may be calculated by measuring the 

radioactive decay in the separated solution using a scintillation counter. Since the 

radiolabeled template most closely resembles the regular template used during MIP 

preparation, radioligand binding assays are among the few methods providing 

information on the absolute selectivity of a MIP. However, radioligands are frequently 

very expensive and not available for all templates of interest. Furthermore, additional 

precautionary measures are required for handling radioactive/radiolabeled materials. 
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Figure 14: Scheme of a competitive batch rebinding assay. Reproduced with permission from F. 

Meier and B. Mizaikoff
[30]

. 

 

Besides the application of competitive batch rebinding assays, the selectivity of MIPs 

is most commonly determined by liquid chromatography, i.e. first and foremost by 

HPLC measurements. However, using HPLC is limited to MIP particles with 

appropriate particles dimensions (several micrometers and above) and rigidity to be 

packed into a HPLC column. To evaluate the selectivity of a MIP, chromatographic 

data such as the capacity factor k’, the separation factor α, the selectivity factor S, 

and the already mentioned imprinting factor IF are frequently applied. The capacity 

factor k’ indicates, how strong the respective compound is retained by the stationary 

phase, thus not only providing information on the selectivity, but primarily on the 

binding affinity. The capacity factor k’ is generally defined by equation (4), where tR is 

the retention time of the respective compound, e.g. the template or a structural 

analog, and t0 is the retention time of a void marker (e.g. acetone or thiourea). 

 

k
 
   

       

  
          (4) 
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In the case of successful molecular imprinting, the capacity factor k’ of the template 

on the MIP column should be remarkably elevated in comparison the one obtained 

on the NIP column, whereas the capacity factors k’ of the structural analogs should 

remain almost unchanged on both columns, respectively. This circumstance can be 

described by the imprinting factor IF (equation (5)), which hereby represents the 

quotient of two respective capacity factors (in comparison to the quotient of the 

binding capacities of MIP and NIP toward the template after equilibrium batch 

rebinding assays). 

 

     
k   
 

k   
 

          ( ) 

 

For a direct comparison of the capacity factors of the template and a structural 

analog, the separation factor α (equation (6)) has been adopted from conventional 

chromatographic separations. The separation factor thereby represents the quality of 

the separation between the template and a structural analog on the same MIP 

column; in other words, α represents how much better the template binds to the 

polymer in comparison to its structural analog. Thereby, α is defined as the ratio of 

the capacity factor of the template and of one structural analog, respectively. 

Consequently, the higher the separation factor, the better the discrimination between 

the template and the structural analog, and therefore the selectivity of the 

synthesized MIP matrix. However, it should be once again noted that the peak shape 

and peak width especially of the template peak also need to be considered (further 

discussed at the end of this section). 

 

α   
k  
 

k      
 

          ( ) 
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A direct relation between the separation factors of the template on the MIP and on 

the NIP is provided by the selectivity factor S (equation (7)). The retention index RI 

(equation (8)) and the selectivity factor S representing the quotient between 

separation factors ultimately describe the selectivity of the MIP toward its template, 

thereby numerically removing the amount of non-selective binding. Thereby, high 

selectivity is achieved, when the difference between the separation factors is 

maximized. 

  

     
    

    

              

 

    
    

    

          (8) 

 

A phenomenon regularly observed in MIP-based chromatography especially with 

MIPs prepared via non-covalent interactions – independent of whether applied as 

ground bulk polymer particles or monodisperse microspheres – is the asymmetry of 

the template peak (Figure 15), which usually shows a strong tailing behavior along 

with a very broad peak width. This observation is mainly associated with the 

heterogeneous binding site affinity distribution, and slow desorption kinetics[81]. 

However, a heterogeneous binding site distribution – and thus lower selectivity – is 

not per se disadvantageous, and depends on the application of the synthesized MIP. 

For example, for a one-step simultaneous selection and/or enrichment of a variety of 

structurally analogous templates such as e.g. metabolites, a MIP with lower 

selectivity may offer advantages. Likewise, MIPs with a relatively low selectivity 

though offering a high binding capacity may provide desirable properties for the 

removal of certain constituents. Last but not least, slow desorption kinetics may 

further favor applications involving scavenging and removing certain constituents 

from a sample matrix. 
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Figure 15: Different types of binding sites in non-covalently imprinted polymers contributing to the 
binding site/affinity heterogeneity. Reproduced with permission from F. Meier and B. Mizaikoff

[30]
. 

 

2.4 MIPs mimicking natural receptors 

In literature, MIPs are frequently referred to as enzyme mimics, enzyme analogues, 

artificial antibodies, plastic antibodies, or plastibodies emphasizing the potential 

functionality of MIPs as a biomimetic material. Besides selective separation or 

enrichment, MIPs offer a replacement or at least a complement to natural receptors 

such as enzymes or antibodies in a variety of applications. The next two sections 

deal with the advantages and disadvantages of MIPs in comparison to natural 

receptors, including enzymes and antibodies, and how close MIPs are in mimicking 

their natural counterparts. Thereto, also quantitative data on binding parameters such 

as equilibrium association/dissociation constants (i.e. a measure for the binding 

affinity), and estimates on the number of binding sites (i.e. a measure for the binding 

capacity) of MIPs are provided. 

 

2.4.1 Comparison of MIPs and antibodies 

The relatively low production costs and their inherent stability render MIPs an ideal 

complement – and in some applications a viable replacement – for natural receptors. 

However, the economic competitiveness of MIPs equally depends on their 

performance with respect to binding strength, selectivity, and binding capacity. 

Hence, a main emphasis in MIP development has been focused on closely mimicking 

their natural counterparts for these parameters, while retaining the distinct 
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advantages of an artificial polymeric matrix and its inherent robustness. Table 4 

gives a summarized comparison between MIPs and antibodies. 

 

  MIPs antibodies 

structural 
characteristics 

synthetic polymers, in which binding 
sites are stabilized by cross-linked 3D 

network structures 

polypeptides folded into defined 3D 
structures 

preparation 

synthetic chemistry based on rational 
design; MIPs can be produced on a 
large scale; production costs are low 

and are often determined by the 
template molecules 

use of an animal's immune response 
by means of a complicated 

combinatorial process, monoclonal 
antibodies can be produced on a large 

scale using hybridoma technique 

stability 
high stability; can be used in both 

aqueous and organic solvents 
low stability; use only under aqueous 

conditions 

binding site 
characteristics 

non-covalently imprinted polymers 
often have heterogeneous binding 

sites showing broad affinity 
distributions 

monoclonal antibodies have 
homogeneous binding sites 

structural 
characterization 

difficult for cross-linked amorphous 
materials 

possible 

main target 
molecules 

low molecular weight (< 1000) 
compounds and metal ions  

biomacromolecules and small 
immunogenic molecules that can be 

conjugated to protein carriers 

Table 4: Comparison of MIPs and antibodies (adapted from Ye and Mosbach
[82]

). 

 

2.4.2 Quantitative data on the binding properties of MIPs 

In order to compare MIPs with natural receptors besides the achievable selectivity, 

quantitative data on binding parameters such as the binding affinity and the binding 

capacity are indispensable. Thus, Table 5 provides an overview on these crucial 

parameters defining the performance of MIPs. 
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template 

equilibrium association 
constant KA [M

-1
] 

number of binding sites Bmax  
[µmol g

-1
 dry polymer] 

reference 

High affinity Low affinity High affinity Low affinity 

cortisol 1.75 x 10
6 a

 629 
a
 0.21 ± 0.05  280 ± 120 

Ramström et 
al.

[83]
 

corticosterone 8.13 x 10
5 a

 1.19 x 10
3 a

 0.37 ± 0.12  130 ± 60 
Ramström et 

al.
[83]

 

17ß-estradiol 
0.469 x 10

6 
± 

0.108 x 10
6
 

1.03 x 10
4 
± 

0.19 x 10
4
 

2.98 ± 0.75 700 ± 80  Ye et al.
[84]

 

theophylline 
3.13 x 10

6
 ± 

0.72 x 10
6
 

2.02 x 10
4 
± 

0.47 x 10
4
 

56.8 ± 11.8 2120 ± 340  Ye et al.
[84]

 

theophylline 2.86 x 10
6 a

 1.54 x 10
4 a

 0.016 1.3 Vlatakis et al.
[4]

 

diazepam 5.56 x 10
7 a

 1.67 x 10
4 a

 
0.0062 ± 
0.0024 

1.2 ± 1.0  Vlatakis et al.
[4]

 

4-nitrophenol 2.2 x 10
4
 197 0.44 8.24 Janotta et al.

[23]
 

boc-L-phe-OH         159 
a
 28 

Kempe and 
Mosbach

[68]
 

boc-D-phe-OH 123 
a
 28 

Kempe and 
Mosbach

[68]
 

vancomyzin 640 44 
Asanuma et 

al.
[85]

 

metsulfuron-
methyl 

3.10 x 10
4 a

 588 
a
 9.8 62.9 Zhu et al.

[72]
 

Table 5: Overview of the binding affinity and the binding capacity of MIPs and antibodies for selected 
examples (a: KA-values calculated from the equilibrium dissociation constant KD using the equation: KA 

= 1/KD). Adapted with permission from F. Meier and B. Mizaikoff
[30]

. 

 

Furthermore, information on selected antibody-antigen binding constants is 

presented enabling a side-by-side comparison of the performance of MIPs vs. natural 

receptors such as antibodies. 

 

 



 49 

antibody 
against 

equilibrium association constant KA [M
-1

] reference 

nitrophenol 1.0 x 10
7
 - 1.0 x 10

8
 Mariuzza and Strand

[86]
 

ß-estradiol 5.6 x 10
9
 Raam and Cohen

[87]
 

theophylline 2 x 10
7
 Locascio-Brown et al.

[88]
 

tetrodotoxin 0.98 x 10
8
 Zhou et al.

[89]
 

aflatoxin 1 x 10
9
 Groopman et al.

[90]
 

Table 6: Examples of selected antibody-antigen binding affinities. Reproduced with permission from F. 

Meier and B. Mizaikoff
[30]

. 

 

The data provided in Table 5 clearly indicate the binding site heterogeneity of MIPs, 

as the overall binding affinity is given in a range from low to high affinity binding sites. 

However, there are also examples of MIPs offering a more homogeneous binding 

site distribution, as indicated by only one value for the KA-values in lieu of a 

bracketed value or several ranges, if different binding models are applied. While the 

superior binding affinity of natural (monoclonal) antibodies remains evident (see 

Table 6), MIPs with KA-values close to their natural counterparts have already been 

reported. 

 

2.5 Molecular imprinting in highly polar porogens – state of the art 

Up to now, highly polar porogens are still rarely applied in the field of (non-covalent) 

molecular imprinting, particularly due to their well-known drawbacks (see 2.1.3). 

However, the rising interest in molecular imprinting of highly polar and water-soluble 

template molecules, such as first and foremost proteins, but also sugars and drugs 

has necessitated the search for alternative preparation routes for MIPs. Amongst 

others, this may include the application of unconventional porogen formulations 

based on highly polar solvents such as e.g., water, methanol, isopropanol, 

dimethylformamide or dimethylsulfoxide. However, only few successful applications 

have been reported so far. A selection of remarkable examples shall be presented in 

the following. 
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Already in 1998, Haupt et al.[91] reported the successful preparation of a non-covalent 

bulk-MIP for the herbicide 2,4-D in a mixture of methanol and UPW (4:1, v/v). The 

rebinding properties of thus prepared MIPs were investigated via a radioligand 

binding assay revealing an appreciable binding specificity toward the original 

template among a variety of structural analogs. Hence, it was assumed that mainly 

hydrophobic and ionic interactions were responsible for this successful imprinting 

approach. 

Baggiani et al.[92] prepared bulk-MIPs for the herbicide 2,4,5-trichlorophenoxy acetic 

acid using a mixture of methanol and UPW (3:1, v/v) as porogen and 4-VP and 

EDMA as functional monomer and crosslinker, respectively. Thus prepared MIPs 

were investigated using HPLC. After optimization of the mobile phase, the columns 

acted like a true reversed phase system additionally showing a good level of 

selectivity toward the template and structurally related compounds. In agreement to 

the findings obtained by K. Haupt et al. two years ago, this was also related to 

hydrophobic and ionic interactions between the template and the molecularly 

imprinted stationary phase. 

In a combinatorial approach, Liu et al.[93] prepared a large variety of bulk-MIPs for 

IOX in a mixture of ethanol and UPW (5:1) and dimethylsulfoxide using different 

ratios of 4-VP and EDMA as functional monomer and crosslinker, respectively. In 

batch rebinding studies, the MIPs showed enhanced binding properties in 

comparison to their NIPs in aqueous media and sheep plasma. Hereby, the best MIP 

revealed a binding capacity of 284 mg g-1 in aqueous solution, which is 8.8 times 

higher than for the comparable NIP. In sheep plasma, the binding capacity of the 

best MIP decreased to 232 mg g-1, which is still 4.3 times higher than for the 

comparable NIP. However, the obtained results have to be carefully evaluated, since 

the applied amount of IOX in the performed rebinding studies exceeded the 

maximum amount of available selective binding sites within the respective MIP 

matrices by far (more than 20-fold!). Furthermore, the almost twofold higher specific 

surface area for the best MIP in comparison to the respective MIP is only mentioned, 

but not critically evaluated. 

A successful adaption of existing MIP syntheses formula together with novel 

syntheses approaches toward water-soluble template molecules certainly offer 

groundbreaking possibilities for this still young and rising field of research. Among a 

variety of approaches, the application of EGME might be an easy and convenient 
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strategy toward the molecular imprinting of highly polar templates. Nonetheless, 

molecular imprinting in highly polar porogens remains a challenging task.  

More recent publications mainly deal with the molecular imprinting of proteins and 

other biomolecules in highly polar and particularly aqueous media using more 

sophisticated synthesis approaches. This shall not be discussed within this thesis; 

however, it shall be referred to three recently published elaborate reviews on this 

exciting topic within MIP research, provided by Janiak and Kofinas[94] Whitcombe et 

al.[95] and Kryscio and Peppas[96]. 

 

2.6 Determination of residual template in MIP matrices – state of the art 

Residual template molecules are an unwanted yet omnipresent issue in MIPs. They 

not only decrease the availability of selective binding sites, but also contribute 

substantially to the so-called template bleeding. This phenomenon directly affects the 

performance of MIPs and limits their analytical applicability, particularly in trace 

analysis using MIPs in e.g., solid phase extraction, i.e. molecularly imprinted solid 

phase microextraction (MISPE)[27,50,97,98]. However, despite its significance the 

determination of residual template is still a comparatively unattended issue in MIP 

research. This is reflected within the majority of MIP publications, where the process 

of template removal is only briefly mentioned, and the determination of residual TM is 

usually entirely neglected[26,84,99,100].  

Only few reports focus on the removal of template from MIPs. Ellwanger et al.[101] and 

Luliński et al.[102] for example comprehensively investigated different extraction 

methods such as e.g., soxhlet extraction and microwave-assisted extraction in order 

to minimize template bleeding, while Batlokwa et al.[103] applied pressurized water 

extraction for optimized removal of template from MIPs prepared against chlorophyll, 

quercetin and phthalocyanine. These publications indicate a rising awareness toward 

an efficient template removal, thus recently resulting in a first review explicitly 

discussing this issue[104]. However, within all these studies residual template 

molecules were indirectly determined, i.e., by analyzing the amount of TM in the 

washing/extraction solution rather than directly in the MIP matrix. 

To date, studies focusing on the direct determination of residual template in MIPs are 

still largely absent with only few exceptions. Pasetto et al.[13] for example determined 

the residual amount of a phosphate template in a catalytically active MIP nanogel at 
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4.2%. Thereby, the dissolution of the MIP-matrix in 4 M NaOH solution and 

subsequent quantification via UV/Vis-spectroscopy required approximately one 

month of work. In another example, Apocada et al.[105] prepared an 

electropolymerized MIP film against folic acid and determined the amount of residual 

template via x-ray photoelectron spetroscopy (XPS). Removal of folic acid was 

monitored via the decrease of the nitrogen signal in the XPS-spectrum, which served 

as a unique marker as the MIP-matrix itself was nitrogen-free.  

Considering available publications, it is evident that there is lack of (direct) 

quantitative determination methods for residual template leading to a remarkable lack 

of information about the amount of residual template in MIPs in general. Hence, a 

further development of easy and straightforward methods for the determination of 

residual template will certainly offer essential contributions to a deeper understanding 

of this fundamental issue in molecular imprinting technology. 
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3 Molecular imprinting of iodinated x-ray contrast media 

 

3.1 Introduction 

This chapter deals with the development and evaluation of highly selective sorbent 

materials for iodinated contrast media based on molecularly imprinted polymers. In 

detail, bulk-MIPs for iodixanol and iohexol were prepared using methacrylic acid, 4-

vinylpyridine and styrene as functional monomers and ethyleneglycol dimethacrylate 

and divinylbenzene as crosslinker, respectively. Different molar ratios of template to 

functional monomer to crosslinker in highly polar porogens such as a mixture of 

isopropanol (ISA) and ultrapure water and ethyleneglycol monomethyl ether (EGME) 

were applied in order to maximize the binding capacity. Besides the investigation of 

the morphology via Brunauer-Emmett-Teller (BET) analysis and scanning electron 

microscopy (SEM) images, the binding capacity of thus prepared MIPs was 

evaluated using equilibrium batch rebinding assays both in UPW and porcine blood 

plasma in order to closely mimic the desired application area of such MIPs: the 

removal of IOCM directly from human blood during angiography or comparable 

surgeries. Likewise, Scatchard analysis was performed for at least one selected MIP-

NIP-pair (IOX6a and IOX6b) in order to generate quantitative data of the binding 

affinity as well as the maximum amount of binding sites (Bmax) in UPW. Furthermore, 

the binding capacity of the prepared MIPs and NIPs was compared to high-capacity 

non-selective adsorbents such as multi-wall carbon nano tubes (CNT) and activated 

carbon (AC). 

Despite its significance for the performance of MIPs, residual template molecules in 

molecularly imprinted polymer matrices are still a much neglected issue. Within this 

chapter, inductively coupled plasma optical emission spectrometry (ICP-OES) and 

total reflectance x-ray fluorescence analysis (TXRFA) – two independent analysis 

methods – were introduced and compared enabling the direct quantitative 

determination of residual template molecules in MIP matrices. Hereby, iohexol-

imprinted polymers served as model MIPs. 
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3.2 Facts on iodinated x-ray contrast media 

Introduced in the early twentieth century[106] iodinated x-ray contrast media (IOCM) 

quickly developed into contrast media of choice during x-ray imaging. With iodine 

offering a large electron shell capable of efficiently absorbing x-rays, particular focus 

was laid to enhance the mass concentration of iodine in IOCM leading to IOCM 

based on a triiodobenzene framework[107]. In order to ensure a high solubility and to 

diminish adverse effects, triiodobenzene was gradually modified with suitable 

hydrophilic side chains enabling both good transportation properties in blood and a 

sufficient absorption by specific organs. Two common modern IOCM, iodixanol (IOX) 

and iohexol (IH), which are subject to the research described within this thesis, shall 

be shortly introduced within the next two sections.  

 

3.2.1 Iodixanol 

Launched in 1996, iodixanol (IOX, Figure 16) has soon been established among the 

most widely applied contrast media in the western world. Developed by Nycomed 

Pharma AS, Norway[108] as a dimer of the already available iohexol (IH, see next 

section), IOX is commercially available under its trade name “Visipaque”[109] in 

solutions with concentrations of 270 and 320 mg organically bound iodine per mL 

corresponding to 550 and 652 mg mL-1 IOX, respectively (molecular weight 1550.18 

g mol-1; iodine content 49.1%)[110]. Since it is iso-osmolar and non-ionic, IOX offers 

reduced adverse effects – first and foremost nephrotoxicity – in comparison to higher 

osmolar ionic contrast media[111] rendering it particularly suitable for high risk 

patients, who already suffer from pre-existing renal dysfunction.  

 

 

 

Figure 16: Chemical structure of iodixanol 
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Due to its high amount of 1,3-diol-groups and further hydrophilic amide-groups, IOX 

may be capable of forming multiple hydrogen bonds with suitable hydrogen bond 

donating and accepting functional monomers, such as e.g., methacrylic acid. On the 

other hand, both triiodinated benzene-rings may be accessible to π-π stacking, 

although the three bound iodine atoms may shield the benzene-core from 

pronounced π-π-interactions (Figure 17).  

 

 

Figure 17: Electron density distribution of benzene, triiodobenzene and a section of IOX (from left to 

right) determined with Gaussian. Red color indicates high, blue color low electron density. 

 

A suitable functional monomer in this case may certainly be 4-vinylpyridine (4-VP), 

which additionally provides hydrogen bond accepting functionalities. Since IOX is 

highly hydrophilic, conventional aprotic porogens are unsuitable for molecular 

imprinting and alternative porogenic formulations based on water-organic solvent 

mixtures or highly polar organic porogens are indispensable. 

 

3.2.2 Iohexol 

Developed in the 1970s by Nycomed Pharma AS, Norway[108], iohexol (IH, Figure 

18), also known as “Histodenz” or “Omnipaque”[112] is commercially available in 

solutions containing 240, 300 and 350 mg iodine per mL (molecular weight 821.14 g 

mol-1; iodine content 46.4%)[113]. It is frequently applied as x-ray contrast medium in 

computerized tomography as well as myelography, aortography, angiography and 

further intravascular examinations[113,114]. In comparison to IOX, in clinical studies, IH 

showed stronger nephrotoxic effects with patients undergoing angiography[115] and in 

patients with intra-arterial administration and preexisting renal insufficiency[116]. 
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Figure 18: Chemical structure of iohexol 

 

In analogy to IOX, IH offers the same functionalities. Hence, exploitation of similar 

interactions, basically hydrogen bonding and π-π stacking, and similar porogenic 

formulations may be suitable for the preparation of MIPs for IH.  

 

3.3 Experimental 

3.3.1 Methods and materials 

3.3.1.1 Chemicals 

Iodixanol (IOX, no purity grade available) was purchased from US Pharmacopeia 

(Rockville, MD, USA). 

4-Vinylpyridine (4-VP, 9 %), styrene (STR, ≥ 99%), ethyleneglycol dimethacrylate 

(EDMA, 98%), divinylbenzene (DVB techn., 80%), azobisisobutyronitrile (AIBN, ≥ 

98%) and iohexol (IH, Histodenz™, no purity grade available) were purchased from 

Sigma-Aldrich (Steinheim, Germany). 

Methacrylic acid (MAA, ≥ 99%), ethyleneglycol monomethyl ether (EGME, ≥ 99. %, 

p.a.), isopropanol (ISA, ≥ 99.7%, p.a.), hydrochloric acid (fuming,  7%, p.a) nitric acid 

(≥   %, p.a.), perchloric acid ( 0%, p.a.), sulfuric acid (9 -97%, p.a.), hydrogen 

peroxide (Perhydrol®, 30%, p.a.) and vanadium standard solution (1000 ± 5 mg L-1) 

were purchased from Merck KGaA (Darmstadt, Germany). 

Acetone techn. and hydrochloric acid (32%, p.a.) were purchased from VWR 

International GmbH (Darmstadt, Germany). 
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Activated carbon (granular about 1.5 mm, extra pure) was purchased from Merck 

KGaA (Darmstadt, Germany). 

A free sample of multi-wall carbon nano tubes (CNT, Baytubes C 150P) was 

generously provided by Bayer MaterialScience (Leverkusen, Germany). 

Acetonitrile (ACN, HPLC grade, ≥ 99.99%) was purchased from Applichem GmbH 

(Darmstadt, Germany), Carl Roth GmbH & Co. KG (Karlsruhe, Germany) and Poch 

S.A. (Gliwice, Poland). 

Iodide standard solution (ion chromatography anion standard, 1000 mg L-1) was 

purchased from Spex Certiprep Inc. (Metuchen, USA). 

Nitrogen gas (99.999%) and argon gas (99.996%) were purchased from MTI 

Industriegase AG (Neu-Ulm, Germany). 

Ultrapure water (UPW) was routinely freshly prepared prior to use with a Milli-Q 

academic filter station from Millipore (Billerica, USA). 

Porcine blood plasma was generously provided by Prof. P. Radermacher (Klinik für 

Anästhesiologie, Sektion Anästhesiologische Pathophysiologie und Verfahrens-

entwicklung, Universitätsklinikum Ulm, Gemany) 

4-VP, MAA, STR, EDMA and DVB were distilled under vacuum prior to use in order 

to remove the inhibitor. EGME was distilled under vacuum prior to use in order to 

remove water and stored over molecular sieve (4 Å). IH and IOX were vacuum-dried 

for at least 2 hours at 100 °C prior to use. All other chemicals were used as supplied. 

  

3.3.1.2 Instrumentation 

Vacuum-distillation of the applied functional monomers, crosslinkers and 

solvents/porogens was performed using a P6Z-101 two-stage rotary vane pump from 

Ilmvac GmbH (Ilmenau, Germany). 

IH, IOX and the prepared MIP particles were dried using a drying furnace Tv30u from 

Memmert (Schwabach, Germany) or a vacuum Heraeus drying oven VT 6025 from 

Thermo Scientific (Waltham, MA, USA) 
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After grinding using a mechanical mortar RM 100 from Retsch (Haan, Germany), the 

MIP particles were subsequently wet-sieved through a 25 µm sieve from Linker 

Industrie-Technik GmbH (Kassel, Germany) and sedimented several times. 

Thus proceeded polymer particles were washed: 

i. using several ULEX-extraction devices[47] developed at the Institute of 

Analytical and Bioanalytical Chemistry, University of Ulm, connected to an 

infusiomat peristaltic pump from B. Braun Melsungen AG (Melsungen, 

Germany) or a peristaltic pump MS-REGLO from Ismatec SA (Wertheim-

Mondfeld, Germany) or a computer-controlled peristaltic pump from FIAlab 

instruments, Inc. (Bellevue, WA, USA) or  

ii. by packing the particles into stainless steel HPLC-columns connected to an 

HPLC pump 64 from Knauer (Berlin, Gemany) or 

iii. by discontinuous washing, where the washing suspensions were regularly 

renewed after centrifugation using a Heraeus Megafuge 16 from Thermo 

Scientific ((Waltham, MA, USA) equipped with a TX-200 rotor. This centrifuge 

was also applied during all equilibrium batch binding studies. 

For monitoring the extraction progress, washing solutions from the three above-

mentioned washing procedures (i-iii) were regularly removed and subsequently 

analyzed using a Dionex HPLC system consisting of a P580 pump, an ASI-100 

automated sample injector and a UVD 340U diode array detector operated with a 

chromeleon 6.80 SR 6 build 2491 chromatography software from Dionex (Idstein, 

Germany). Thereto, for the determination of IH and IOX in the washing solutions, a 

Pinnacle II aminopropyl HPLC column (150 x 4.6 mm, 3 µm) protected with a 

aminopropyl precolumn both from Restek GmbH (Bad Homburg, Germany) was 

applied. The same system was also applied in the analysis of the equilibrium batch 

rebinding studies in ultrapure water. Analysis of the equilibrium batch rebinding 

studies in porcine blood plasma was performed with a C18(2) reversed-phase HPLC 

column (150 x 4.6 mm, 5 µm) protected with a C18 precolumn both from 

Phenomenex (Aschaffenburg, Germany). 

Scanning electron microscopy (SEM) images of the MIP particles were collected with 

the combined SEM/FIB device Quanta 3D FEG and the DualBeam Helios NanoLab 

600, both from FEI Company (Hillsboro, OR, USA). 
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Syringe filters (13 mm, 0.2 µm PTFE and 0.45 µm cellulose) were purchased from 

VWR International GmbH (Darmstadt, Germany).  

Determination of the specific surface area of the prepared polymers according to 

Brunauer-Emmett-Teller (BET) was performed using a QuadraSorb SI nitrogen 

adsorption/desorption analysis device from Quantachrome GmbH & Co. KG 

(Odelzhausen, Germany). 

Equilibrium batch rebinding studies were performed using a Vortex-genie® 2 from 

Scientific Industries, Inc. (Bohemia, NY, USA) 

Digestion of IH-MIPs was performed using a microwave 3000 equipped with an 

8SXQ80 rotor and eight XQ80 vessels from Anton Paar GmbH (Graz, Austria). 

The direct determination of residual IH in IH-MIPs was performed either with an 

Ultima 2 inductively-coupled optical emission spectrometer (ICP-OES) from HORIBA 

Jobin Yvon S.A.S. (Longjumeau, France) or a S2 Picofox total reflectance x-ray 

fluorescence analysis (TXRFA) spectrometer with molybdenum excitation from 

Bruker nano GmbH (Berlin, Germany). 

Weighing of the polymer samples prior to TXRFA was performed on a MC 5 

microbalance (5.1 g ± 1µg) from Sartorius AG (Göttingen, Germany). 

 

3.3.2 MIPs for iodixanol 

3.3.2.1 MIP preparation 

MIPs for IOX were prepared using standard procedures known from conventional 

bulk-imprinting approaches[23,26]. However, instead of usually applied low-polar 

porogens, as low as possible volumes of EGME or a mixture of isopropanol and 

UPW (ISA/UPW = 4:1, v/v) were applied in order to dissolve all reaction components 

of the prepolymerization solution and to obtain rigid bulk polymers. Thereby, MAA, 4-

VP and STR served as functional monomers, while DVB and EDMA were applied as 

crosslinkers and AIBN as radical initiator, respectively. The prepolymerization 

solutions were prepared in snap cap vials, deoxygenated with argon for 5 min and 

subsequently placed in an oil bath, whose temperature was elevated and kept 

constant at 60 °C. After 24 h, the obtained bulk polymers were crushed, ground and 

wet-sieved with acetone to obtain particle sizes < 25 µm. In order to remove the 
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fines, sedimentation steps in acetone were performed. Thereto, after sonication for 5 

min, the particles were allowed to settle for approximately 2 min and the supernatant 

suspension was discarded. This procedure was repeated for at least three times. 

Removal of IOX was subsequently performed using three different extraction 

techniques (i-iii):  

i. multiple discontinuous washing steps in a variety of washing solutions 

including different mixtures of hydrochloric acid and ACN or MeOH and 

subsequent neutral-washing of the polymers with UPW (IOX3a, IOX3b, 

IOX4b, IOX5b, IOX6b)  or  

ii. continuous washing of the polymer particles using an HPLC column (IOX4a, 

IOX5a, IOX6a) or  

iii. continuous washing of the polymer particles using the ULEX (IOX7-IOX10, 

both MIPs and NIPs) both with a mixture of UPW and 20% ACN.  

Complete template removal was assumed, when no IOX-peak in samples of the 

washing solution was observable any more in the chromatograms obtained from 

HPLC-UV-analysis. 

Thus washed particles were finally dried at 60 °C for at least 4 h prior to application. 

In order to ensure comparability, non-imprinted polymers (NIPs) without the template 

IOX were analogously prepared and treated as the MIPs. Detailed information on the 

applied washing solutions for the optimization of the extraction process especially 

with the ULEX are available in the Staatsexamensarbeit of M. Stegmaier[117]. 

A general scheme of the prepared MIPs and the molar ratios of the respective 

reaction components is given in Table 7. A detailed synthesis protocol including the 

net weights and volumes of all reaction components is listed in the appendix (A1). 

 

  TM FM CL porogen molar ratio TM:FM:CL 

IOX3 IOX MAA DVB EGME 1:16:80 

IOX4 IOX 4-VP DVB EGME 1:16:80 

IOX5 IOX 4-VP DVB EGME 1:8:80 

IOX6 IOX 4-VP DVB EGME 1:32:80 

IOX7 IOX 4-VP EDMA EGME 1:16:80 

IOX8 IOX STR DVB EGME 1:16:80 

IOX9 IOX 4-VP DVB ISA/UPW (4:1) 1:32:80 

IOX10 IOX 4-VP DVB EGME 1:32:40 

Table 7: Composition of the prepared IOX-MIPs. 
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As already discussed in section 3.2.1, IOX as a comparatively large molecule offers 

multiple possibilities of interaction with a functional monomer, particularly with the 

1,3-diol groups. Hence, a relatively high amount of functional monomer up to a molar 

ratio of TM:FM = 1:32 (IOX6, IOX9, IOX10) was applied, which differs from common 

imprinting approaches of small molecules offering less functionalities, which are 

usually performed with much lower molar ratios, such as e.g., 1:4:20[91,118] or 

1:8:40[53]. The high amount of functional monomer may certainly promote non-

selective binding[33], however, focus was particularly laid on the preparation of MIPs 

offering a high binding capacity rather than a high selectivity due to the particularly 

high concentrations of administered IOX during surgeries. 

 

3.3.2.2 Morphology 

The morphology of the prepared IOX-MIPs was evaluated using both SEM images 

and BET-analysis. Thereby, duplicate measurements were performed in order to 

determine the specific surface area of the respective polymers. 

 

3.3.2.3 Binding properties 

The binding properties of the prepared IOX-MIPs and NIPs were evaluated in 

ultrapure water (UPW) and porcine blood plasma. Porcine blood plasma was thereby 

obtained in a first step by addition of 100 mL aqueous EDTA solution (5 g EDTA per 

100 mL UPW) to approximately 1 L of porcine blood in order to prevent coagulation. 

After vigorous mixing, the thus stabilized porcine blood was carefully centrifuged at 

1200 RPM for 30 min in order to prevent the red blood cells from lyophilization. The 

supernatant pale red porcine plasma was subsequently decanted, filtrated through a 

0.45 µm cellulose syringe filter and stored at 4 °C until application. 

For equilibrium batch rebinding assays in UPW, duplicates of 10 mg of each polymer 

IOX3-IOX10 were placed in an Eppendorf vial and 1 mL of an aqueous IOX-solution 

of two different concentrations (10 mg 10 mL-1, 1 mg 10 mL-1) was added. The 

resulting suspensions were shaken for 24 h and subsequently centrifuged at 5400 

RPM for 30 min. Thus obtained supernatant solutions were filtered through a 0.2 µm 

PTFE syringe filter, transferred to an autosampler vial and finally analyzed in 

duplicate measurements via HPLC using an aminopropyl column with a mobile 
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phase composed of ACN:UPW = 65:35 (v/v) at a flow rate of 2.0 mL min-1 and a 

wavelength of 245 nm. Quantification was finally enabled using a six point calibration 

curve obtained from IOX standard solutions ranging in concentration from 10 to 0.001 

mg 10 mL-1 in UPW. Hereby, each calibration point was determined in triplicate. Error 

estimation was performed via determination of the standard deviation of each 

collective of repeated measurements for each polymer. An exemplary calibration 

curve is available in the appendix (A2). 

Equilibrium batch rebinding assays in porcine blood plasma were analogously 

performed as already described for UPW, however, the incubation time was 

prolonged to 72 h. Analysis was performed using an HPLC system equipped with a 

C18(2) reversed-phase column applying a mobile phase composition of 

ACN/formiate (0.1 volume percent in UPW) = 10:90 (v/v) at a flow rate of 2.0 mL  

min-1 at 245 nm. Quantification was finally enabled using a four point calibration curve 

obtained from IOX standard solutions ranging in concentration from 10 to 0.01 mg 10 

mL-1 in blood plasma. Hereby, each calibration point was determined in triplicate. 

Error estimation was also performed via determination of the standard deviation of 

each collective of repeated measurements for each polymer. An exemplary 

calibration curve is available in the appendix (A3). 

For exemplary binding isotherms enabling Scatchard analysis, comprehensive 

equilibrium binding assays were performed with IOX6a and IOX6b. Thereto, 10 mg of 

each polymer were respectively incubated with at least ten different IOX-solutions 

with concentrations ranging from 0.05 mg 10 mL-1 up to 10 mg 10 mL-1 in singlet. 

Obtained suspensions were shaken for 24 h, subsequently centrifuged and filtered 

through a 0.2 µm PTFE syringe filter. The concentration of IOX in the supernatant 

solutions was finally determined in triplicate via HPLC under the same conditions 

mentioned above for equilibrium batch rebinding assays in UPW. Quantification was 

hereby enabled using a six point calibration curve obtained from IOX standard 

solutions ranging in concentration from 10 to 0.003 mg 10 mL-1 in UPW, where every 

calibration point was determined in triplicate. Error estimation was performed by 

calculation of the standard deviation of the triplicate HPLC measurements. 
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3.3.3 MIPs for iohexol 

3.3.3.1 MIP preparation 

MIPs for IH (Table 8) were analogously prepared and treated as described for IOX in 

section 3.3.2. However, all polymers were continuously washed with a mixture of 

UPW and 20% ACN using the ULEX. Likewise, focus was laid on a more elaborate 

evaluation of MIPs prepared in ISA/UPW (4:1, v/v). Since first studies showed a 

noticeably reduced binding capacity of the prepared MIPs toward IH in comparison to 

similarly prepared MIPs for IOX, the amount of functional monomer in the molar ratio 

of TM:FM:CL was increased up to 1:64:80 (IH6 – IH9). Likewise, first and foremost 4-

VP was applied as functional monomer, since it revealed the highest binding 

capacities in IOX-MIPs.  

 

  TM FM CL porogen molar ratio TM:FM:CL 

IH1 IH 4-VP DVB EGME 1:16:80 

IH2 IH 4-VP DVB EGME 1:8:80 

IH3 IH 4-VP DVB EGME 1:32:80 

IH4 IH 4-VP DVB ISA/UPW (4:1) 1:32:80 

IH5 IH 4-VP EDMA ISA/UPW (4:1) 1:32:80 

IH6 IH 4-VP DVB ISA/UPW (4:1) 1:64:80 

IH7 IH MAA DVB ISA/UPW (4:1) 1:64:80 

IH8 IH 4-VP EDMA ISA/UPW (4:1) 1:64:80 

IH9 IH MAA EDMA ISA/UPW (4:1) 1:64:80 

Table 8: Composition of the prepared IH-MIPs. 

 

A detailed synthesis protocol of all prepared IH-MIPs is summarized in the appendix 

(A4). 

 

3.3.3.2 Morphology 

In analogy to the IOX-MIPs already described, the morphology of the IH-MIPs and 

their corresponding NIPs was evaluated using SEM-images and BET-analysis. 

Thereby, the specific surface area was determined in a single measurement. 
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3.3.3.3 Binding properties  

Equilibrium batch rebinding assays in UPW were performed in analogy to those 

described for IOX-MIPs within section 3.3.2.3. Thereby, duplicates of 10 mg of each 

polymer were shaken with 1 mL of two different concentrations of IH-solution (10 and 

1 mg 10 mL-1). After 24 h, the suspensions were centrifuged at 5400 RPM for 30 min. 

Thus obtained supernatant solutions were filtered through a 0.2 µm PTFE syringe 

filter and the concentration of free IH was subsequently analyzed via HPLC using an 

aminopropyl column with a mobile phase composed of ACN:UPW = 70:30 (v/v) at a 

flow rate of 2.0 mL min-1 and a wavelength of 245 nm. Quantification was finally 

enabled using a four point calibration curve obtained from IH standard solutions 

ranging in concentration from 10 to 0.01 mg 10 mL-1 in UPW. Hereby, each 

calibration point was determined in triplicate. As known from the IOX-MIPs, error 

estimation was performed via determination of the standard deviation of each 

collective of repeated measurements for each polymer. An exemplary calibration 

curve is available in the appendix (A5). 

Equilibrium batch rebinding assays in porcine blood plasma were similarly performed 

as described for IOX-MIPs within section 3.3.2.3. However, HPLC analysis was 

performed using a mobile phase consisting of ACN/formiate (0.1 volume percent in 

UPW = 5:95, v/v). Quantification was finally enabled using a four point calibration 

curve obtained from IH standard solutions ranging in concentration from 10 to 0.01 

mg 10 mL-1 in blood plasma. Hereby, each calibration point was determined in 

triplicate. Error estimation was analogously performed as already described for all 

other equilibrium batch rebinding studies. An exemplary calibration curve is available 

in the appendix (A6). 

 

3.3.3.4 Direct determination of residual iohexol in IH-MIPs via ICP-OES 

In the determination of residual template molecules, besides above-mentioned 

polymers IH1-IH9, IH10 (IH:4-VP:DVB = 1:64:80, EGME as porogen) and IH11 (IH:4-

VP:DVB = 1:128:80, EGME) were additionally prepared and also evaluated. Due to 

the lack of sufficient polymer particles of IH2 and IH6, no further evaluation of both 

polymers was possible. 
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3.3.3.4.1 Microwave-assisted digestion 

Prior to ICP-OES analysis, exhaustive digestion of the polymer matrix is necessary. 

Thereto, a microwave-assisted acidic digestion method was adapted from Besecker 

et al.[119] and Knapp et al.[120] in order to enable both an exhaustive digestion of the 

MIP matrix and excellent recovery rates for iodine. Hereby, 100 mg of the respective 

MIP (IH1-IH9) was weighed into an 80 mL quartz glass sample vessel and 

suspended in 8 mL of nitric and 2 mL of perchloric acid using ultrasonication followed 

by a digestion step (for the applied digestion program see Table 9). The obtained 

solutions were transferred to 100 mL Teflon flasks and filled up to 100 mL with UPW. 

 

microwave 

power   1400 W 

rotor  8SXQ80 

vessels  XQ80 

digestion program 
  

20 min power ramp, 40 min hold at 80 
bar (~210 °C) 

Table 9: Operating parameters of the applied microwave-assisted digestion. 

 

For the determination of the recovery rates of iodine from iodide standard solutions 

and IH solutions, and for determining the influence of the respective polymer matrix 

on the recovery rate of iodine, the corresponding NIPs were analogously digested as 

described for the MIPs. 

 

3.3.3.4.2 ICP-OES 

Throughout all measurements, the ICP-OES system was continuously purged with 

nitrogen in order to enable quantification with the most sensitive iodine emission line 

at 178.218 nm (Figure 19). The respective operating parameters of the applied ICP-

OES are listed in Table 10. 
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Figure 19: Evaluated iodine emission line at 178.218 nm in the ICP-OES spectrum. 

 

ICP-OES 

plasma   40.68 MHz solid-state, 1000 W   

peristaltic pump speed   20 mL min
-1

 

air flow rate  nebulizer 1 mL min
-1

  

  plasma gas 12 L min
-1

  

  sheath gas 0.2 L min
-1

  

detection  dual photo multiplier tube  

quantification 
 

maximum acquisition mode, 
background correction 

analytical line   iodine, 178.218 nm   

Table 10: Operating parameters of the applied ICP-OES. 

 

For the determination of the recovery rates of iodine, a NIP sample was spiked with 

either iodide standard solution or IH solution, and was subsequently digested such 

that the resulting solutions after digestion contained 1 mg mL-1 iodine, respectively. 

Quantification was then performed using calibration solutions prepared from digested 

IH11b upon addition of iodide standard solutions (Figure 20). 
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Figure 20: Exemplary calibration curve for iodine determination (error bars represent the standard 

deviation of quintuplicate measurements). 

 

For studying the influence of the polymer matrix on the recovery rate of iodine, 

several NIPs (IH3b, IH7b, and IH11b) were spiked with iodide standard solution and 

subsequently digested providing a concentration of 1 mg mL-1 iodine each. Recovery 

rates were determined using calibration solutions prepared from digested NIPs (IH7b 

and IH11b) after addition of iodide standard solutions. The determination of residual 

IH within MIP matrices was finally performed using the calibration function based on 

NIP IH11b.  

In general, the determination of the recovery rates of iodine was performed in 

triplicate. The investigation of the influence of the polymer matrix on the recovery rate 

was performed in singlet for each NIP, and the determination of residual IH in MIPs 

was performed in duplicate. All quantifications were performed using a six-point 

calibration function based on iodide standard solutions ranging in concentration from 

0 to 10 mg L-1. 

 



 68 

3.3.3.5 Direct determination of residual iohexol in IH-MIPs via TXRFA 

10 mg of dried MIP particles were suspended in 1 mL of a solvent mixture comprising 

methanol and UPW (1:1). After addition of 10 µL of vanadium standard solution, the 

suspensions were treated with ultrasound for 3 min. 10 µL of the now homogeneous 

suspensions were subsequently deposited onto a quartz glass carrier and vaporized 

at 60 °C until complete dryness (Figure 21).  

 

 

Figure 21: MIP sample preparation for TXRF-analysis (images were adapted from the bachelor thesis 

of S. Elbert). 

 

Triplicates of each MIP were analyzed six times each. The applied operating 

parameters of the TXRFA and the respective analytical line for the determination of 

iodine are listed in Table 11. An exemplary TXRFA-spectrum, upon which 

quantification of IH is performed, is given in Figure 22 

 

TXRFA 

excitation   molybdenum anode (50 W, 40 kV, 1 mA) 

measurement time  300 s  

detection  Peltier-cooled silicon drift detector  

quantification  vanadium standard  

analytical line   iodine, Lα1, 3.938 keV   

Table 11: Operating parameters of the applied TXRFA. 
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Figure 22: TXRF-spectrum of IH7a. 

 

3.4 Results and discussion 

3.4.1 MIPs for iodixanol 

3.4.1.1 Morphology 

The variety of different compositions and applied porogens in the preparation of the 

respective MIPs and NIPs lead to large differences in their morphology, clearly 

reflected in their respective SEM images (Figure 23) and their specific surface areas 

ranging from 14 m2 g-1 (IOX9b) up to 511 m2 g-1 (IOX6b) (Figure 24). Thereby, it is 

generally evident that, due to their major percentage, the crosslinker and the porogen 

are first and foremost responsible for the morphology of the resulting polymers, while 

the functional monomer usually plays a minor role and the influence of the template 

on the morphology is almost negligible. 

Comparing polymers prepared in EGME with different ratios of 4-VP, but a constant 

amount of DVB (IOX4-IOX6), an increasing specific surface area with increasing 

amount of 4-VP is observable. These observations are in good agreement with the 

SEM-images of these polymers showing “cauliflower-like” structures, whose 

diameters of the agglomerated particles become more and more small, and hence, 

leading to a more porous polymer structure. However, a noticeable spreading 
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between the specific surface area of the MIPs and its corresponding NIPs is 

observable. 

The minor influence of the applied functional monomer is reflected in polymers 

prepared with MAA and 4-VP with a constant amount of DVB in EGME (IOX3 and 

IOX4). Hereby, comparable “cauliflower-like” structures are evident in the respective 

SEM images of all four polymers. However, both IOX4 polymers show slightly higher 

specific surface areas, accompanied by a high spreading for all MIPs and their 

respective NIPs. A stronger influence of the functional monomer can be observed, 

when comparing IOX3 and IOX4 with IOX8, which was similarly prepared as the 

latter polymers, however with styrene as functional monomer. Hereby, the strongly 

hydrophobic styrene leads to polymers with a much smoother and less porous 

surface, and hence, a diminished specific surface area. 

Polymers prepared with the same ratios of 4-VP and either DVB (IOX4) or EDMA 

(IOX7) as crosslinkers in EGME reveal almost similar specific surface areas, 

however, SEM images indicate a more “sponge-like” morphology of IOX7 in 

comparison to the “cauliflower-like” morphology of IOX4. 

A bisection of the amount of DVB (IOX10) in the prepolymerization solution lead to a 

slight reduction of the specific surface area of the obtained polymer. This is also 

noticeable in the respective SEM images, which reveal fewer pores for IOX10a and 

IOX10b rather than for the IOX6 polymers. 

A striking example for the huge influence of the porogen on the morphology of the 

polymer is evident, when comparing IOX6 with IOX9. The composition of these 

polymers is similar (4-VP:DVB = 32:80), however, IOX6 was prepared in EGME and 

IOX9 in a mixture of ISA and UPW (4:1, v/v).Thereby, both IOX6a and IOX6b reveal 

a rough and porous surface offering high specific surface areas, while IOX9a and 

IOX9b show a smooth and non-porous surface offering significantly reduced specific 

surface areas. 
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Figure 23: SEM images of all prepared IOX-MIPs and -NIPs (magnification 40000x). 

 

As already repeatedly mentioned in this section, some MIPs show unexpected but 

remarkably high differences in their specific surface areas in comparison to their 

corresponding NIPs. Likewise, enhanced mean variations of the specific surface 

areas are hereby evident (IOX3-IOX6, Figure 24). Since all polymers were similarly 

processed up to the sedimentation step (consecutive crushing, grinding and sieving) 

the reason for this discrepancy may be found in the washing step. This is most likely, 

since the clean-up of the polymers was performed using different washing solutions 

and, first and foremost, different techniques (Table 12). 
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discontinuous washing HPLC washing ULEX 

polymer SSA [m
2
 g

-1
] polymer SSA [m

2
 g

-1
] polymer SSA [m

2
 g

-1
] 

IOX3a 209 ± 40   IOX7a 349 ± 10 

IOX3b 469 ± 27   IOX7b 354 ± 17 

IOX4b 168 ± 13 IOX4a 349 ± 87 IOX8a 114 ± 20 

IOX5b 162 ± 19 IOX5a 347 ± 22 IOX8b 160 ± 33 

IOX6b 511 ± 57 IOX6a 360 ± 36 IOX9a 21 ± 1 

    IOX9b 14 ± 1 

    IOX10a 371 ± 5 

        IOX10b 429 ± 8 

Table 12: Correlation of the washing techniques applied during the clean-up of the different MIPs and 

NIPs and their respective specific surface areas. 

 

Particularly evident is the fact, that two out of three polymers (IOX4a and IOX5a), 

which were packed into HPLC columns and washed with different washing solutions, 

show significantly higher specific surface areas in comparison to their corresponding 

NIPs, which were cleaned-up via the time-consuming discontinuous washing 

procedure. A possible explanation for this observation may be found in the high 

pressure, which is applied during the polymer clean-up in the HPLC-column (up to 

200 bar). While discontinuous washing may be considered as a time-consuming but 

“mild” extraction technique, the high pressure in the HPLC column may provide a 

faster extraction, but also a higher abrasion and thus smaller particles with a higher 

specific surface area. However, this does not explain the contrary results obtained for 

IOX6a and IOX6b, where IOX6b, which was cleaned-up via discontinuous washing, 

show a higher specific surface area than IOX6a, which was cleaned-up in an HPLC 

column under high pressure. Furthermore, the remarkable differences between the 

specific surface areas of IOX3a and IOX3b, which were both cleaned-up via 

discontinuous washing may only be explained by the influence of the applied 

composition of the washing solutions (1 M hydrochloric acid or UPW with addition of 

MeOH or ACN), which may differently influence the pore structure due to different 

swelling properties.  

On the other hand, MIP and NIP-pairs, which were both cleaned-up in the ULEX with 

similar washing solutions (UPW + 20% ACN, v/v), show considerably more 

comparable specific surface areas (except for IOX8a and IOX8b). These findings 

underline the importance of a comparable work-up for both the MIPs and its 

respective NIPs in order to enable a comparable starting point for all further 

investigations, hence avoiding misleading results. 
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Figure 24: SSA of IOX-MIPs and -NIPs obtained from duplicate determination. 

 

3.4.1.2 Binding properties 

In order to reasonably investigate the binding properties of MIPs in a first place, 

equilibrium batch rebinding assays should be performed with template concentrations 

below the theoretical maximum binding capacity of the investigated MIPs. Otherwise, 

an existing imprinting effect may be overlaid by too much non-selective binding, 

hence underestimating the imprinting performance of thus investigated MIPs. A 

rough estimation of the theoretical maximum of selective binding sites (Bmax, theor.) 

may be derived from the total amount of applied functional monomer and crosslinker 

divided by the amount of applied template (Table 13).  
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  IOX3a IOX4a IOX5a IOX6a IOX7a IOX8a IOX9a IOX10a 

total amount of polymer [mg] 1179 1210 1126 1378 1754 1209 1378 1129 

amount of template [mg] 155 

Bmax, theor. [µg IOX 10 mg
-1

 
polymer] 

1314 1281 1377 1125 884 1282 1125 1373 

amount of IOX in 1 mL of the 
first incubation solution [µg] 

1000 

amount of IOX in 1 mL of the 
second incubation solution 

[µg] 
100 

Table 13: Estimation of the theoretical maximum of selective binding sites (Bmax, theor.) in IOX-MIPs. 

 

Since it is highly likely that only a small percentage of the theoretically available 

selective binding sites survive the harsh conditions during the polymerization and the 

subsequent work-up – as already mentioned, Wulff et al. determined this amount to 

approx. 15%[32] – the following equilibrium batch rebinding studies were performed 

with incubation solutions of two different concentrations of IOX. The first 

concentration, 10 mg IOX in 10 mL-1, corresponding to 1000 µg IOX in 1 mL solution, 

mimics a high dosage of IOX, although still far below the administered concentration 

during x-ray examinations (at least 550 mg mL-1). This first and foremost enables the 

investigation of the binding capacity of the prepared polymers close to or above the 

theoretical maximum of selective binding sites. The second concentration, 1 mg IOX 

10 mL-1, corresponding to 100 µg IOX in 1 mL solution, represents a concentration 

far below the theoretical maximum of selective binding sites in order to more 

effectively highlight a possible imprinting effect. For both concentrations, equilibrium 

batch rebinding assays were performed both in UPW and in porcine blood plasma in 

order to investigate matrix influences on the rebinding. Moreover, the application of 

porcine blood plasma enables the evaluation of the binding properties in a matrix 

closely related to human blood, the matrix, in which the respective polymers are 

planned to be finally applied. 

Equilibrium batch rebinding assays with only two different concentrations are 

certainly suitable for a fast screening of the presence of a possible imprinting effect. 

However, a more elaborate investigation of the binding properties and a possible 

imprinting effect obligatorily necessitates the application of a wider range of different 

concentrations. This may enable the recording of binding isotherms, from which 
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quantitative data such as e.g., the equilibrium affinity constant (KA) and the maximum 

amount of binding sites (Bmax) may be derived for example via Scatchard analysis. 

Within this section, the recording of binding isotherms and subsequent Scatchard 

analysis is exemplarily shown for IOX6a and IOX6b. 

 

3.4.1.2.1 Equilibrium batch rebinding assays in UPW 

Based on the obtained findings, no distinct imprinting effect is observable for all MIPs 

independent from their compositions and the applied concentration of IOX during the 

equilibrium batch rebinding assays (Figure 25 and Figure 26). This indicates that 

even for the lower IOX concentration (100 µg IOX), where a good correlation 

between the amount of theoretically available selective binding sites and the applied 

concentration of IOX is assumed, no distinct differences between the binding 

capacities of the MIPs and their corresponding NIPs are noticeable. The most 

probable explanation for these findings may be found in the stability of the 

prepolymerization complex. Due to the high polarity of the applied porogens, which 

are capable of strongly solubilizing the components of the prepolymerization solution, 

the formation of interactions between the template IOX and the functional monomers 

may be severely hampered. However, without the formation of a sufficiently stable 

prepolymerization complex, the formation of selective binding sites within the MIP 

matrix is highly unlikely. 
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Figure 25:  Results obtained from equilibrium batch binding assays with 1000 µg IOX in UPW. 

 

 

Figure 26: Results obtained from equilibrium batch binding assays with 100 µg IOX in UPW. 
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Although, no distinct imprinting effect is noticeable, there are three MIP-NIP-pairs, 

where the MIP offers at least a slightly enhanced binding capacity in comparison to 

its corresponding NIP. The respective imprinting factors (IF) of IOX4, IOX6 and IOX9 

calculated from equation (1) are listed in Table 14. 

  

MIP IF1000 µg IOX in UPW IF100 µg IOX in UPW 

IOX4a 1.4 ± 0.1 1.3 ± 0.1 

IOX6a 1.1 ± 0.1 1.0 ± 0.1 

IOX9a 1.4 ± 0.3 1.8 ± 0.1 

Table 14: Imprinting factors (IF) of the MIP-NIP-pairs, where the MIP reveals a higher binding capacity 
in comparison to its corresponding NIP. Left side: IF obtained from incubation with 1000 µg IOX, right 
side: IF obtained from incubation with 100 µg IOX. 

 

However, an imprinting factor > 1 does not necessarily proof the existence of 

selective binding sites. Especially for IOX4 and IOX6, it is more likely that these 

findings are a result of the different work-up of the respective MIPs and NIPs 

mentioned earlier in this chapter. This is most apparently reflected in the spread of 

the specific surface areas of the MIPs and their corresponding NIPs, which may lead 

to the observed differences in the respective binding capacities of MIP and NIP. 

However, regarding IOX9, where the MIP as well as the NIP were similarly worked-

up, at least two reasons may indicate an existing minor imprinting effect. First of all, 

the repeatability of the equilibrium batch rebinding assays indicated by the low 

deviation of the binding capacities obtained from duplicate determinations of IOX9a 

and IOX9b and secondly, the increase of the imprinting factor with decreasing 

amount of IOX in the incubation solution, which is in correlation with the above-

mentioned assumption of the theoretical maximum of selective binding sites (Bmax, 

theor., Table 13). However, although a minor imprinting effect may be assumed, the 

binding capacity of IOX9 is significantly lower in comparison to the polymers 

prepared in EGME, especially IOX6 and IOX10, rendering this MIP eventually less 

suitable for the removal of IOX from human blood. Furthermore, although only slight 

absolute differences are evident, the approximate percentage difference of ~30% of 

the specific surface areas of IOX9a and IOX9b may also be the reason for the 

enhanced binding capacity of the MIP. 

When comparing the binding capacities of the polymers after incubation with 1000 

and 100 µg IOX, it is clearly visible that with decreasing amount of available IOX for 
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rebinding, the percentage binding capacities of all polymers strongly increase (Table 

15). This may be associated with the fact that the binding sites with a higher affinity 

toward IOX are primarily occupied. With increasing concentration of IOX in the 

incubation solutions, binding sites with consecutively lower binding affinities have to 

be necessarily occupied. Thereby, the equilibrium between the binding cavity – 

template – associate and the free template in solution is more and more shifted 

toward the free template, hence decreasing the percentage amount of bound IOX. 

This assumption is based on a heterogeneous binding site distribution, which is 

commonly known from working MIPs[121,122]. However, this phenomenon is also 

observed for MIPs and NIPs prepared within this thesis, exemplarily demonstrated 

for IOX6 via Scatchard analysis in section 3.4.1.2.3. This indicates that a 

heterogeneous binding site distribution is not necessarily connected to an imprinting 

effect, but may also be a result of a random distribution of functional monomers in the 

polymer matrix. 

Despite of a lack of a distinct imprinting effect, huge differences in the binding 

capacities of the respective polymers toward IOX are evident strongly correlating with 

their specific surface areas (Table 15). Thereby, the binding capacities of the 

respective polymers generally increase with an increasing specific surface area. 

While IOX9, prepared in a mixture of ISA and UPW (4:1, v/v) hereby shows a very 

poor binding capacity correlating with a very low specific surface area, all polymers 

prepared in EGME show a remarkably enhanced specific surface area, and hence, a 

remarkably increased binding capacity for IOX. This is particularly evident for IOX6 

and IOX10, who reveal percentage binding capacities up to (87.6 ± 0.8) % 

corresponding to an absolute binding capacity of 87.6 ± 0.8 µg mg-1 polymer 

(IOX10b). 
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polymer SSA [m
2
 g

-1
] 

bound IOX in UPW [%] 

from 1000 µg IOX from 100 µg IOX 

IOX3a 209 ± 40 28.1 ± 0.7 71.7 ± 1.5 

IOX3b 469 ± 27 50.8 ± 0.7 90.1 ± 0.5 

IOX4a 349 ± 87 38.2 ± 1.4 89.3 ± 2.9 

IOX4b 168 ± 13 27.6 ± 0.5 70.3 ± 3.9 

IOX5a 347 ± 22 11.1 ± 0.1 36.9 ± 1.0 

IOX5b 162 ± 19 14.8 ± 0.2 56.9 ± 3.6 

IOX6a 360 ± 36 81.9 ± 0.9 97.9 ± 0.5 

IOX6b 511 ± 57 74.6 ± 4.3 96.8 ± 3.2 

IOX7a 349 ± 10 26.3 ± 0.3 34.7 ± 0.1 

IOX7b 354 ± 17 27.8 ± 0.2 38.0 ± 0.2 

IOX8a 114 ± 20 7.1 ± 0.1 26.2 ± 0.1 

IOX8b 160 ± 33 7.1 ± 0.1 25.8 ± 0.1 

IOX9a 21 ± 1 7.2 ± 0.1 15.3 ± 0.1 

IOX9b 14 ± 1 5.1 ± 0.7 8.4 ± 0.1 

IOX10a 376 ± 5 67.5 ± 2.9 94.7 ± 5.3 

IOX10b 421 ± 8 87.6 ± 0.8 98.8 ± 1.2 

AC 839 ± 9 > 99.9 > 99.9 

CNT 246 ± 40 > 99.9 > 99.9 

Table 15: Results of the equilibrium batch binding assays with 1000 (middle column) and 100 µg IOX 
(right column) in UPW additionally compared with the non-selective adsorbents activated carbon (AC) 
and multi-wall carbon nanotubes (CNT). 

 

The binding capacity of the polymers not only strongly depends on the applied 

porogen, as it is particularly obvious, when comparing IOX6 and IOX10 with IOX9, it 

also depends on the respective applied functional monomer. Thereby, conclusions 

on the affinity of the respective functional monomer toward IOX may be drawn from 

the obtained binding capacities enabling a statement on the predominant interactions 

between the template and the functional monomer. When comparing IOX3, IOX4 and 

IOX8, all similarly prepared, however with MAA, 4-VP and styrene as functional 

monomer, respectively, it is obvious that IOX3 reveals significantly enhanced binding 

capacities in comparison to IOX8. This may indicate that first and foremost pure 

hydrogen bonding is the predominant interaction between the template and the 

functional monomer, whereas pure π-π stacking has only a minor influence. This 

result is plausible, when you a look at the chemical structure of the template (Figure 

16), however, the comparably lower specific surface area of IOX8 has also to be 

considered, which significantly reduces the amount of available binding sites. 

Likewise, IOX4, which was prepared with 4-VP, reveals a comparable binding 

capacity to IOX3. Since both polymers show comparable specific surface areas, it 
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may be assumed that besides pure hydrogen bonding, a combination of hydrogen 

bond accepting functionality and π-π stacking may also be a suitable combination for 

MIPs offering a high binding capacity toward IOX. Based on the obtained finding, 

investigations on the influence of the amount of 4-VP on the binding capacity of the 

polymer were performed. Thereby, with increasing amount of 4-VP, from IOX5 to 

IOX4 to IOX6 to IOX10, the binding capacity of the respective polymers could be 

significantly increased demonstrating the strong influence of the amount of applied 4-

VP on the binding capacity of the resulting polymers. Likewise with IOX10, it could be 

demonstrated that a bisection of the crosslinker DVB, which de facto corresponds to 

an increase of the ratio of 4-VP in comparison to IOX6, has only a minor influence on 

the binding capacity of the polymers, at least in the applied concentration range for 

IOX during the performed equilibrium batch rebinding assays. 

As already mentioned, in comparison to the choice and amount of functional 

monomer, the crosslinker usually has a minor influence on the rebinding properties of 

MIPs. However, when comparing IOX4 with IOX7, it is evident that IOX4, which was 

prepared with DVB shows an enhanced binding capacity in comparison to IOX7, 

which was prepared with EDMA, although both polymers offer comparable specific 

surface areas. However, closer examination reveals that this observation is only 

valid, when the incubation solution with 100 µg IOX was applied. Equilibrium batch 

rebinding assays with 1000 µg IOX actually reveal a comparable binding capacity for 

both IOX4 and IOX7. This may assume that IOX4 offers more high affinity binding 

sites, while the sum of all binding sites may be comparable for IOX4 and IOX7. 

In order to classify the binding capacities of the prepared MIPs and NIPs with 

conventional non-selective adsorbents, equilibrium batch rebinding assays with 

activated carbon and the more and more popular multi-wall carbon nano tubes were 

analogously performed. Thereby, activated carbon as well as multi-wall carbon nano 

tubes were able to successfully remove all IOX from both incubation solutions, which 

indicates the superiority of both non-selective adsorbents in the efficient removal of 

IOX from UPW, at least at a first sight.  
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3.4.1.2.2 Equilibrium batch rebinding assays in porcine blood plasma 

A step closer toward the intended application of the prepared MIPs is the 

investigation of their rebinding properties in porcine blood plasma. Thereby, in 

analogy to the findings obtained from the equilibrium rebinding assays in UPW, no 

distinct imprinting effect is observable independent from the applied concentration of 

IOX in the incubation solution (Figure 27 and Figure 28).  

 

 

Figure 27: Results obtained from equilibrium batch binding assays with 1000 µg IOX in porcine blood 

plasma. 
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Figure 28: Results obtained from equilibrium batch binding assays with 100 µg IOX in porcine blood 

plasma. 

 

One exception may be IOX6, where surprisingly, the MIP IOX6a showed a strongly 

enhanced binding capacity in comparison to its NIP IOX6b, corresponding to 

calculated imprinting factors of 4.8 ± 0.2 (1000 µg IOX) and 3.3 ± 0.1 (100 µg IOX), 

respectively (determination followed equation (1)). However, since IOX6 shows no 

distinct imprinting effect in UPW, it may be assumed that these differences may not 

be attributed to a successful imprinting, but rather to a more complex environment 

(e.g., higher viscosity, reduced rebinding kinetics) in the porcine blood plasma 

incubation samples (Table 16). 

  

  IF1000 µg IOX in UPW IF1000 µg IOX in plasma IF100 µg IOX in UPW IF100 µg IOX in plasma 

IOX4 1.4 ± 0.1 2.9 ± 0.3 1.3 ± 0.1 1.3 ± 0.1 

IOX6 1.1 ± 0.1 4.8 ± 0.2 1.0 ± 0.1 3.3 ± 0.1 

IOX9 1.4 ± 0.3 nd 1.8 ± 0.1 nd 

Table 16: Comparison of the imprinting factors of IOX4, IOX6 and IOX9 obtained from equilibrium 
batch rebinding assays in UPW and porcine blood plasma with 1000 µg and 100 µg IOX. nd: not 
determinable. 
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Thus, it may be possible that the high viscosity of the incubation solution stuck the 

IOX6b particles at the bottom of the incubation vial leading to an inhomogeneous 

distribution of IOX6b particles in the suspension during the 72 h of shaking, whereas 

IOX6a directly provided a homogeneous suspension. As a result, IOX6b may have 

provided less surface area for rebinding, hence leading to an underestimated binding 

capacity. 

A comparable, however less significant result to IOX6 is observable for IOX4, where 

an enhanced imprinting factor in porcine blood plasma is noticeable in comparison to 

UPW. This may also be attributed to the more complex environment in porcine blood 

plasma incubation samples, since it is unlikely that the imprinting factor increases 

with an increasing complexity of the incubation matrix, where not only IOX but also 

plasma components compete for the free binding sites. For IOX9, the only MIP, 

which shows at least a slight, but relatively consistent imprinting effect in UPW, a 

comparison of the imprinting factors in UPW and porcine blood plasma is not 

possible, since the already low binding capacities in UPW are even more reduced in 

porcine blood plasma. This behavior, however, is in good correlation with the 

assumption that additional plasma components occupy binding sites of the MIP, 

thereby reducing the binding capacity for IOX, a phenomenon, which was also 

already described by Liu et al.[93], who used sheep blood plasma instead of porcine 

blood plasma in the equilibrium batch rebinding assays. A further reason for the 

obtained reduced binding capacities may also be seen in the high amount of added 

EDTA (Figure 29, approx. 5 g L-1 plasma), which should prevent the porcine blood 

from coagulation prior to the separation of the plasma. 

  

 

Figure 29: Chemical structure of EDTA. 
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EDTA is known as a complexation agent for a large variety of multivalent cations 

such as e.g., Ca2+, Fe3+ or Pb2+, however, it may be also capable to form hydrogen 

bonds, both with IOX and the binding sites of the respective polymer, thereby 

possibly hindering IOX from adsorption due to self-adsorption onto the polymer 

surface and/or complexation of IOX. 

When comparing the percentage binding capacities obtained from the evaluation of 

the equilibrium batch rebinding assays in porcine blood plasma, similar findings 

known from the rebinding assays performed in UPW are noticeable. Thereby, with a 

decreasing concentration of IOX in the porcine blood plasma incubation solution, the 

respective percentage binding capacities of the investigated polymers increase 

(Table 17), which may be likewise explained by the consecutive occupation of 

binding sites with decreasing affinity toward IOX. 

 

polymer SSA [m
2
 g

-1
] 

bound IOX in plasma [%] 

from 1000 µg IOX from 100 µg IOX 

IOX3a 209 ± 40 1.4 ± 0.1 < 0.1 

IOX3b 469 ± 27 5.0 ± 0.1 9.4 ± 0.2 

IOX4a 349 ± 87 4.0 ± 0.1 7.7 ± 0.1 

IOX4b 168 ± 13 1.4 ± 0.1 6.0 ± 0.1 

IOX5a 347 ± 22 < 0.1 < 0.1 

IOX5b 162 ± 19 < 0.1 < 0.1 

IOX6a 360 ± 36 26.6 ± 0.5 59.5 ± 0.2 

IOX6b 511 ± 57 5.5 ± 0.1 18.0 ± 0.3 

IOX7a 349 ± 10 5.8 ± 0.1 11.7 ± 0.1 

IOX7b 354 ± 17 9.5 ± 0.1 13.2 ± 0.1 

IOX8a 114 ± 20 < 0.1 < 0.1 

IOX8b 160 ± 33 1.5 ± 0.1 < 0.1 

IOX9a 21 ± 1 < 0.1 < 0.1 

IOX9b 14 ± 1 < 0.1 < 0.1 

IOX10a 376 ± 5 16.2 ± 0.1 31.9 ± 7.5 

IOX10b 421 ± 8 32.9 ± 0.6 62.4 ± 2.9 

AC 839 ± 9 55.3 ± 8.3 84.1 ± 15.9 

CNT 246 ± 40 6.0 ± 0.1 16.4 ± 0.5 

Table 17: Results of the equilibrium batch binding assays with 1000 (middle column) and 100 µg IOX 
(right column) in porcine blood plasma additionally compared with the non-selective adsorbents 
activated carbon (AC) and multi-wall carbon nanotubes (CNT). 

 

In general, a significant loss of binding capacity for all polymers as well as for 

activated carbon and multi-wall carbon nano tubes is evident, which can be 

quantified by the deviation of the binding capacity in UPW and porcine blood plasma 
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(exemplarily compared for the incubation with 1000 µg IOX, Table 18). Hereby, 

IOX5, IOX8 and IOX9 reveal almost no measureable binding capacity in porcine 

blood plasma any more, whereas for all other polymers a significant quantifiable 

decrease up to a factor of approx. 20 is noticeable (IOX3a and IOX4b). The highest 

binding capacity besides activated carbon, however, still reveals IOX10b (32.9 µg 

IOX mg-1), hence offering the highest binding capacities of all prepared polymers in 

both UPW and porcine blood plasma. Possible explanations for this enhanced loss of 

binding capacity were already discussed within this section including the influence of 

EDTA as well as additional competitors for the available binding sites from the more 

complex plasma matrix and the higher viscosity or porcine blood plasma, which may 

significantly reduce the rebinding kinetics of IOX. 

  

polymer bound IOX in UPW [%] bound IOX in plasma [%] deviation BCUPW/BCplasma 

IOX3a 28.1 ± 0.7 1.4 ± 0.1 20.1 

IOX3b 50.8 ± 0.7 5.0 ± 0.1 10.2 

IOX4a 38.2 ± 1.4 4.0 ± 0.1 9.6 

IOX4b 27.6 ± 0.5 1.4 ± 0.1 19.7 

IOX5a 11.1 ± 0.1 < 0.1 nd 

IOX5b 14.8 ± 0.2 < 0.1 nd 

IOX6a 81.9 ± 0.9 26.6 ± 0.5 3.1 

IOX6b 74.6 ± 4.3 5.5 ± 0.1 13.6 

IOX7a 26.3 ± 0.3 5.8 ± 0.1 4.5 

IOX7b 27.8 ± 0.2 9.5 ± 0.1 2.9 

IOX8a 7.1 ± 0.1 < 0.1 nd 

IOX8b 7.1 ± 0.1 1.5 ± 0.1 4.7 

IOX9a 7.2 ± 0.1 < 0.1 nd 

IOX9b 5.1 ± 0.7 < 0.1 nd 

IOX10a 67.5 ± 2.9 16.2 ± 0.1 4.2 

IOX10b 87.6 ± 0.8 32.9 ± 0.6 2.7 

AC > 99.9 55.3 ± 8.3 nd 

CNT > 99.9 6.0 ± 0.1 nd 

Table 18: Direct comparison of the binding capacities of the investigated IOX-MIPs, -NIPs, activated 
carbon (AC) and multi-wall carbon nano tubes (CNT) in UPW and porcine blood plasma incubated 
with 1000 µg IOX. 

 

A dramatic decrease of the binding capacity for IOX in porcine blood plasma can be 

observed for the multi-wall carbon nano tubes. This might be explained by the typical 

structure of these nano-wires (Figure 30), where a significant amount of the specific 

surface area is located on the inside of the tubes, which offer an average diameter of 
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only 13-16 nm[123]. With the higher viscosity of the porcine blood plasma in 

comparison to UPW, it may be possible that even after 72 h of shaking, the inner 

surface of the multi-wall carbon nano tubes is still only insufficiently wetted and, 

hence, may not be completely available for the binding of IOX. Furthermore, in 

addition to the high viscosity of the incubation medium, the comparably large 

dimensions of an IOX molecule (length: ~ 2.5 nm, height: ~ 1.3 nm, width: ~ 1.2 nm, 

in vacuum, approximated with the aid of ArgusLab 4.0.1 after geometry optimization 

with the COMPASS force field, Figure 31) may also contribute to reduced binding 

kinetics, especially for the binding sites on the inner surface of the multi-wall carbon 

nano tubes, hence in combination leading to the observed significantly reduced 

binding capacity.  

 

 

Figure 30: SEM image of the applied multi-wall carbon nano tubes (magnification 75000x) 
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Figure 31: Estimated dimensions of an IOX molecule in vacuum determined via ArgusLab 4.0.1 after 

geometry optimization with the COMPASS force field (adjustment: ultrafine). 

 

All in all, it is obvious that none of the prepared polymers offer such enhanced 

binding capacities as multi-wall carbon nano tubes (at least in UPW) and activated 

carbon (both in UPW and porcine blood plasma). However, IOX6 and IOX10 reveal 

satisfactory binding capacities, particularly in UPW. Furthermore, those polymers 

may reveal a possible significant advantage in comparison to latter mentioned 

unselective adsorbents. This is indicated by the color of the incubation solutions in 

porcine blood plasma after incubation for 72 h and subsequent filtration. Hereby, it is 

obvious that the solutions, which were shaken with activated carbon and multi-wall 

carbon nano tubes reveal a slightly reduced pale red color (activated carbon) or are 

almost colorless (multi-wall carbon nano tubes), whereas the color of the solutions, in 

which the prepared MIPs and NIPs were shaken, is apparently unchanged in 

comparison to the native blood plasma color (exemplarily shown for IOX4a, IOX6b, 

IOX10a CNT and AC in Figure 32). This observation may be associated with a high 

affinity of plasma components (here first and foremost probably hemoglobin, which 

might be set free from red blood cells by lyophilization during centrifugation) toward 

activated carbon and first and foremost multi-wall carbon nano tubes. This 

unselective high affinity, however, is certainly a major drawback concerning a later 

application directly in human blood, since it is desirable that the applied adsorbents 

ideally not interact with other components than IOX. Hence, the prepared MIPs and 
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NIPs may be the more suitable choice for the removal of IOX directly from human 

blood, although revealing a less binding capacity. However, despite these 

encouraging findings, further investigations are certainly necessary. This includes a 

better knowledge of the plasma components (e.g., hormones and proteins) as well as 

the development of an analysis method toward their quantification in order to 

ultimately characterize the ability of a respective adsorbent to distinguish between 

plasma components and the relevant target molecule. 

 

 

Figure 32: Comparison of the color of the plasma after incubation. From left to right: Pure plasma as 

reference, then plasma after 72 h incubation with IOX4a, IOX6b, IOX10a, CNT and AC. 

 

3.4.1.2.3 Binding isotherms and Scatchard analysis 

Binding isotherms are recorded and subsequently evaluated via Scatchard analysis 

in order to obtain more detailed information of the binding properties of the prepared 

polymers. Therefore, IOX6a and IOX6b, which already showed a high binding 

capacity toward IOX, are exemplarily investigated in detail in order to enable the 

quantification of binding data such as the maximum amount of binding sites (Bmax) 

and the equilibrium association constant (KA). Thereby, the findings from simple 

equilibrium rebinding assays can be confirmed, since no distinct imprinting effect is 

observable even at very low concentrations of IOX down to 0.05 mg 10 mL-1 (5 µg 

IOX absolute per 10 mg polymer), which is far below the estimated theoretical 

maximum of selective binding sites for the MIP IOX6a (Table 13). This is also visible 
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in the respective binding isotherms of IOX6a and IOX6b, where the binding curve of 

IOX6a progresses only slightly above the binding curve of IOX6b (Figure 33). For a 

distinct imprinting effect, the binding isotherm of the MIP usually progresses far 

above the one of the NIP[78,124] indicating the significantly enhanced binding capacity 

of the MIP in comparison to its corresponding NIP. 

 

 

Figure 33: Binding isotherms of IOX6a and IOX6b. 

 

Transformation of these binding isotherms via Scatchard equation (equation (3)) 

enables the preparation of Scatchard plots, which reveal that IOX6a as well as IOX6b 

offer both low (la) and high affinity (ha) binding sites (Figure 34 and Figure 35), a 

phenomenon, which is usually exclusively investigated for non-covalent MIPs and not 

for their corresponding NIPs[72,125]. Thus derived quantified binding data hereby show 

a slightly enhanced maximum amount of low and high-affinity binding sites (Bmax) for 

the NIP IOX6b, whereas the obtained low and high-affinity equilibrium association 

constants (KA) are slightly enhanced for the MIP IOX6a (Table 19). Thereby, a 

significantly higher spread of the high-affinity KA-value of IOX6b (~ 17%) is 

observable indicating the increasing imprecision of the obtained data with decreasing 

IOX-concentrations near the estimated limit of quantification of the HPLC 
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quantification method. Although no distinct imprinting effect is observable, the 

obtained KA- and Bmax-values are in the range of values, which have already been 

reported in the evaluation of successfully prepared MIPs (Table 5) indicating that 

IOX6a, despite a lack of an imprinting effect, at least offers a comparable affinity 

toward its template molecule. 

 

 

Figure 34: Scatchard plot of IOX6a. 
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Figure 35: Scatchard plot of IOX6b. 

 

  IOX6a IOX6b 

Bmax (ha) [µmol g
-1

] 2.1 ± 0.1 2.3 ± 0.2 

Bmax (la) [µmol g
-1

] 40.9 ± 0.1 49.7 ± 0.1 

Bmax (ha) [µg IOX mg
-1 

polymer] 3.3 ± 0.1 3.6 ± 0.3 

Bmax (la) [µg IOX mg
-1 

polymer] 63.4 ± 0.1 77.1 ± 0.2 

KD [mM] (ha) 0.0020 ± 0.0001 0.0031 ± 0.0006 

KD [mM] (la) 0.14 ± 0.01 0.26 ± 0.01 

KA [M
-1

] (ha) 496900 ± 3700 320800 ± 55000 

KA [M
-1

] (la) 6900 ± 20 3800 ± 10 

Table 19: Results obtained from Scatchard analyses of IOX6a and IOX6b (ha: high affinity, la: low 

affinity). 

 

In general, a comparably good correlation between the binding capacities (BC) 

obtained from the equilibrium batch rebinding assay with 1000 µg IOX and the sum of 

high and low-affinity binding sites obtained from Scatchard analysis could be 

observed (Table 20). This is quite surprising, since equilibrium batch rebinding 

assays with only two different concentrations may certainly provide only a rough 

estimation of the binding capacity and Scatchard analysis, which is based on the 

Langmuir isotherm, is actually a tool to investigate homogeneous binding sites as 

they can be found in antibodies or enzymes, but not in MIPs. However, based on the 
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obtained findings, simple equilibrium batch rebinding assays may provide sufficient 

accuracy to investigate the maximum binding capacity of MIPs, when the 

experimenter is aware of the theoretical maximum of selective binding sites in order 

to adjust the template concentration of the incubation solutions. The more 

quantitative, but also time-consuming approach toward binding data, however, is 

certainly provided by Scatchard analysis or any other binding site model capable of 

describing the obtained binding isotherms of MIPs and NIPs (Freundlich[79,80], 

Langmuir-Freundlich[126] etc.). 

 

polymer 
BC [µg IOX mg

-1
 polymer] obtained from deviation 

inc./Scatchard [%] inc. with 1000 µg IOX Scatchard analysis 

IOX6a 81.9 ± 0.9 66.7 ± 0.2 -18.6 ± 1.1 

IOX6b 74.6 ± 4.3 80.7 ± 0.5 8.2 ± 7.3 

Table 20: Comparison of the binding capacities for IOX6a and IOX6b obtained from both simple 
equilibrium batch rebinding assays (inc.) and Scatchard analysis. 

 

3.4.2 MIPs for iohexol 

3.4.2.1 Morphology 

Based on the findings obtained from the work-up of all MIPs prepared for IOX and 

their corresponding NIPs, the clean-up of the IH-MIPs and their corresponding NIPs 

was exclusively performed using the ULEX and a mixture of UPW and 20% ACN 

(v/v). As a result, comparable specific surface areas for almost every corresponding 

MIP-NIP pair were obtained, except for IH1 and IH6 (Figure 36). 
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 Figure 36: SSA of all IH-MIPs and -NIPs obtained from a singlet determination. 

 

Likewise, the obtained SEM images show no distinct differences between the MIPs 

and their analogously prepared and treated NIPs additionally indicating that the 

presence of the template during the polymerization has only a negligible influence on 

the polymer morphology (Figure 37). One exception may be IH2, where both MIP 

and NIP indeed show comparable specific surface areas, however, while IH2b offers 

a more “cauliflower-like” structure, IH2a reveals larger platelets already known from 

the comparably prepared IOX5a and IOX5b. The distinct differences between the 

specific surface areas of the IH1- and the IH6-MIP in comparison to their respective 

NIPs are not reflected in their corresponding SEM images. Hence, it may be 

assumed that a single determination of the specific surface area via BET-analysis 

may be usually sufficient for similarly worked-up bulk MIPs and NIPs, however, a 

possible spreading may still have to be taken into account. 

Apart from that, similar results as observed for the IOX-MIPs and NIPs (IOX6 and 

IOX9) were obtained for the IH-MIPs concerning the influence of the porogen. While 

IH3a and IH3b, which were prepared in EGME, show a highly porous morphology 

with respective high specific surface areas, IH4, which was analogously prepared as 

IH3, but in a mixture of ISA and UPW (4:1, v/v) shows a strongly reduced specific 

surface area evident in a much smoother and less porous morphology.  
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When comparing DVB and EDMA as crosslinkers in IH-MIPs and -NIPs prepared in a 

mixture of ISA and UPW (4:1, v/v) with either 4-VP (IH4 and IH5) or MAA (IH7 and 

IH9), it is evident that independent from the kind and amount of functional monomer, 

polymers prepared with EDMA (IH5 and IH9) show significantly enhanced specific 

surface areas. These findings are in contrary to those obtained from BET analysis for 

IOX4 and IOX7. Hereby, both MIP-NIP-pairs, which were either prepared with DVB 

or EDMA in EGME as porogen, show comparable specific surface areas. These 

differences may be explained with the different polarities of the respective porogens 

and crosslinkers. While DVB as the less polar crosslinker may be less miscible in the 

more polar ISA/UPW (4:1, v/v), EDMA may be better miscible in this porogenic 

mixture. Hence, DVB-monomers more likely stick together during the polymerization 

and prevent the porogen from establishing pronounced pores within the emerging 

polymeric structure. 

Another interesting finding is the influence of MAA and 4-VP on the morphology of 

the resulting polymers. Thereto, IH6 (4-VP) and IH7 (MAA), both prepared in 

ISA/UPW (4:1, v/v) with DVB in a ratio of FM:CL = 64:80, as well as IH8 (4-VP) and 

IH9 (MAA), both prepared with EDMA in a similar porogenic mixture and ratio are 

compared. Thereby, in accordance to the SEM images, IH6a and IH6b show an 

enhanced specific surface area in comparison to IH7a and IH7b, however remarkably 

below those obtained for the polymers IH2 and IH3, prepared in EGME. However, 

particularly noticeable is the fact that IH7a and IH7b look like less porous 

agglomerated microspheres. Improved synthesis recipes may hereby provide access 

to easily processible microspheres. When comparing IH8 and IH9, IH9a and IH9b 

reveal a noticeably enhanced specific surface area in comparison to IH8a and IH8b. 

This is remarkable, since for IH6 and IH7, IH6 with 4-VP as functional monomer 

reveals a higher specific surface area, whereas for IH8 and IH9, IH9 with MAA as 

functional monomer reveals a higher specific surface area. A possible explanation for 

this phenomenon may also be found in the miscibility of the prepolymerization 

components in the porogen. However, since the ratio of FM:CL is increased to 64:80, 

additional miscibility differences between the functional monomer and the crosslinker 

have to be taken into account leading to more complicated ternary mixtures. The 

development of strategies toward an efficient governing of the morphology of MIPs is 

certainly of great interest; however, this is beyond the scope of this phD thesis. 

Thereto, no further investigations of the observed phenomena were performed.  
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Figure 37: SEM images of all prepared IH-MIPs and -NIPs (magnification 40000x). 
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In general, it is evident that all polymers prepared in EGME as porogen reveal much 

higher specific surface areas in comparison to their counterparts prepared in 

ISA/UPW (4:1, v/v). Hence, EGME may be the porogen of choice for the preparation 

of high-binding-capacity-MIPs for highly polar template molecules. 

 

3.4.2.2 Binding properties 

After the successful application of equilibrium batch rebinding assays with only two 

concentrations of IOX in order to reasonably screen for an imprinting effect in IOX-

MIPs, the binding properties of the prepared IH-MIPs were similarly investigated. 

Thereto, with 10 mg IH 10 mL-1 (1000 µg IH per 10 mg polymer) and 1 mg IH 10 mL-1 

(100 µg IH per 10 mg polymer), similar concentrations already known from the 

incubation solutions with IOX were applied both in UPW and porcine blood plasma. 

However, due to the reduced estimated theoretical maximum of selective binding 

sites in IH-MIPs (Table 21), the actually applied amount of IH per theoretical binding 

site is increased by an approximate factor of 2 in comparison to the equilibrium batch 

rebinding assays performed with IOX. Therewith, 10 mg IH 10 mL-1 represents an IH-

concentration above, whereas 1 mg IH 10 mL-1 is still far below Bmax, theor., hence still 

representing suitable concentrations for a fast screening of an imprinting effect. 

 

  IH1a IH2a IH3a IH4a IH5a IH6a IH7a IH8a IH9a 

total amount of polymer [mg] 2419 2251 2756 2756 3844 6857 6370 9033 8546 

amount of template [mg] 164 164 164 164 164 328 328 328 328 

Bmax, theor. [µg IH 10 mg
-1

 polymer] 678 729 595 595 427 478 515 363 384 

amount of IH in 1 mL of the first 
incubation solution [µg] 

1000 

amount of IH in 1 mL of the 
second incubation solution [µg] 

100 

Table 21: Estimation of the theoretical maximum of selective binding sites (Bmax, theor.) in IH-MIPs. 

 

3.4.2.2.1 Equilibrium batch rebinding assays in UPW 

In analogy to the obtained findings for the IOX-MIPs, no distinct imprinting effect is 

observable for all IH-MIPs. Although, IH5a, IH8a and IH9a show an enhanced 
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binding capacity for IH in comparison to their respective NIPs, these differences are 

too marginal to confirm a successful imprinting. As a conclusion, all IH-MIPs may be 

regarded as unselective adsorbents just like their corresponding NIPs and particular 

focus may exclusively be laid on the binding capacities of the prepared polymers. 

Hereby, when comparing the MIPs and NIPs prepared for IH with those prepared for 

IOX, a strongly reduced binding capacity of IH-MIPs and -NIPs toward their 

respective template is evident. Therewith, even more striking differences in 

comparison to the unselective adsorbents activated carbon and multi-wall carbon 

nano tubes are observable. While the NIP IH3b offers the highest binding capacity for 

IH among the prepared polymers (33.5 µg IH mg-1 polymer), activated carbon as well 

as multi-wall carbon nano tubes almost completely remove IH from their incubation 

solutions (AC: 99.2 µg IH mg-1, CNT: 91..2 µg mg-1 (Figure 38 and Figure 39). The 

main reason for this reduced binding capacity may be seen in the smaller molecular 

size of IH in comparison to IOX Since IH can be considered as a monomer of IOX 

(compare Figure 18 with Figure 16), it offers only half of the possible points of 

interactions (hydrogen bonds and π-π-stacking) with available binding sites in 

comparison to IOX. Furthermore, IH lacks the enhanced flexibility of IOX, which 

offers an at least limited rotation around its mirror-symmetric central carbon atom[127] 

facilitating a better matching with the binding sites. Hence, both the smaller molecular 

size and the lower flexibility of IH may be reflected in a reduced binding capacity of 

the investigated adsorbents. 

When investigating the obtained binding capacities of the prepared polymers, it is 

obvious that basically similar conclusions as for the polymers prepared for IOX can 

be drawn. In more detail, it is again evident that a decreasing concentration of 

available template molecules in the incubation solution leads to an increased binding 

capacity. This phenomenon may be similarly explained with the heterogeneous 

binding site distribution in those polymers as already observed for the IOX-MIPs and 

-NIPs and particularly quantified for IOX6 via Scatchard analysis. Moreover, the 

polymer prepared in EGME (IH3) offers an significantly enhanced specific surface 

area in comparison to the similar polymer prepared in a mixture of ISA and UPW 

(4:1, v/v, IH4), which directly correlates with a significantly enhanced binding capacity 

for IH. A similar phenomenon was already observed in the comparison of IOX6 with 

IOX9. 
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Likewise, it is shown that enhanced binding capacities are achievable with an 

increasing amount of 4-VP, independent of in which porogen the respective polymers 

are prepared. This is particularly obvious for IH1, IH2, and IH3 (in analogy to IOX4, 

IOX5 and IOX6), which were prepared in EGME, but also for IH4 and IH6, which 

were prepared in a mixture ISA and UPW (4:1, v/v). However, for latter polymers, this 

effect is less pronounced, since the differences in the specific surface areas are less 

distinctive. 

 

 

Figure 38: Results obtained from equilibrium batch binding assays with 1000 µg IH in UPW. 

 



 99 

 

Figure 39: Results obtained from equilibrium batch binding assays with 100 µg IH in UPW. 

 

A comparison of IH6 with IH7 and IH8 with IH9 reveals that independent from the 

applied crosslinker, polymers prepared with 4-VP (IH6 and IH8) as functional 

monomer reveal enhanced binding capacities for IH in comparison to those prepared 

with MAA (IH7 and IH9). Thereby, even more distinct differences are observable than 

revealed for the respective IOX-MIPs and -NIPs offering the same composition (IOX3 

with IOX4, Table 15). These differences in the respective binding capacities are not 

surprising, since both IH6a and IH6b offer higher specific surface areas than IH7a 

and IH7b. However, it is indeed surprising for IH8 and IH9, as the polymers with the 

significantly lower specific surface (IH8) areas hereby show an almost doubled 

binding capacity, which may indicate a significantly higher binding affinity for IH. 

However, one has to keep in mind that both IH8 and IH9 only bind very low amounts 

of IH, generally less than 5%, hence the significance of these results may be 

considered as negligible.  

The influence of the applied crosslinkers DVB and EDMA on the binding capacity for 

IH can be evaluated by comparison of IH6 with IH8 and IH7 with IH9. Thereby, 

another interesting finding is evident. While the binding capacities of IH6 and IH8 

directly correlate with their respective specific surface areas, a contrary phenomenon 
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is observable for IH7 and IH9. Hereby, although the binding capacities obtained from 

the evaluation of the batch rebinding assays with 1000 µg IH still follow the usual 

correlation of an increasing binding capacity with an increasing specific surface area, 

contrary results are observable for the binding capacities obtained from the rebinding 

assays with 100 µg IH. These findings may indicate that IH7 offers more high affinity 

binding sites, whereas IH9 overall offers more binding sites due to the enhanced 

specific surface area. Consequently, at low concentrations of IH in the incubation 

solution (100 µg IH), IH7 binds more IH in comparison to IH9. However, at higher 

concentrations of IH in the incubation solution (1000 µg IH), the in summary more 

available binding sites of IH9 finally overlay the amount of the comparably higher 

affine binding sites in IH7. However, further investigations are certainly necessary to 

proof this assumption.  

The obtained binding capacities of the investigated polymers and their respective 

specific surface areas are summarized in Table 22. 

 

polymer SSA [m
2
 g

-1
] 

bound IH in UPW [%] 

from 1000 µg IH from 100 µg IH 

IH1a 53 6.9 ± 0.1 14.4 ± 0.2 

IH1b 114 10.8 ± 0.1 16.9 ± 0.1 

IH2a 362 1.9 ± 0.1 2.7 ± 0.1 

IH2b 344 4.5 ± 0.1 7.8 ± 0.1 

IH3a 452 31.9 ± 0.1 48.3 ± 0.3 

IH3b 417 33.5 ± 0.1 51.4 ± 0.5 

IH4a 55 7.3 ± 0.1 11.3 ± 0.2 

IH4b 58 8.6 ± 0.1 12.2 ± 0.1 

IH5a 168 5.4 ± 0.1 4.4 ± 0.1 

IH5b 154 5.0 ± 0.1 4.0 ± 0.1 

IH6a 79 8.2 ± 0.1 8.7 ± 0.1 

IH6b 130 15.7 ± 0.1 25.0 ± 0.2 

IH7a 12 0.7 ± 0.1 2.7 ± 0.1 

IH7b 16 2.2 ± 0.1 4.2 ± 0.1 

IH8a 13 5.1 ± 0.1 4.2 ± 0.1 

IH8b 14 4.6 ± 0.1 3.6 ± 0.1 

IH9a 126  2.9 ± 0.1 1.6 ± 0.1 

IH9b 129 2.3 ± 0.1 1.3 ± 0.1 

AC 839 ± 9 99.2 ± 0.8 > 99.9 

CNT 246 ± 40 91.2 ± 4.8 > 99.9 

Table 22: Results of the equilibrium batch binding assays with 1000 (middle column) and 100 µg IH 
(right column) in UPW additionally compared with the non-selective adsorbents activated carbon (AC) 
and multi-wall carbon nanotubes (CNT). 
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3.4.2.2.2 Equilibrium batch rebinding assays in porcine blood plasma 

The evaluation of the rebinding assays in porcine blood plasma leads to disillusioning 

results. Besides the known absence of an imprinting effect, the already low binding 

capacities of the polymers in UPW are again drastically decreased with IH3a being 

the only polymer offering a binding capacity of more than 10 µg mg-1 for IH (10.9 ± 

0.1 µg IH mg-1 polymer). All other polymers including the multi-wall carbon nano 

tubes show practically insufficient binding capacities independent from whether they 

were incubated with 1000 µg or 100 µg IH in porcine blood plasma. Only activated 

carbon reveals a sufficient binding capacity (72.6 ± 25.6 µg mg-1), however with a 

significant spread due to the inhomogeneity of the particle sizes (Figure 40, Figure 

41 and Table 23).  

 

 

Figure 40: Results obtained from equilibrium batch binding assays with 1000 µg IH in porcine blood 

plasma. 
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Figure 41: Results obtained from equilibrium batch binding assays with 100 µg IH in porcine blood 

plasma. 

 

The differences in the obtained binding capacities of the investigated adsorbents are 

quantified in the ratio of the binding capacities of the respective adsorbents in UPW 

and porcine blood plasma (deviation BCUPW/BCplasma) (exemplarily shown for the 

incubation solutions with 1000 µg IH). Hereby, a significant decrease in the binding 

capacities is observed, when changing from UPW to porcine blood plasma as the 

respective incubation matrix (Table 24). However, a closer look at IH5a, IH5b and 

activated carbon reveals that this effect is not as pronounced as known from the IOX-

MIPs and -NIPs (Table 18) probably due to the already significantly lower binding 

capacities. For IH8a and IH8b, this effect is even virtually equalized and constant 

binding capacities in both UPW and porcine blood plasma are observable, however, 

at a very low level. 
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polymer SSA [m
2
 g

-1
] 

bound IH in plasma [%] 

from 1000 µg IH from 100 µg IH 

IH1a 53 1.0 ± 0.1 < 0.1 

IH1b 114 1.4 ± 0.1 < 0.1 

IH2a 362 < 0.1 < 0.1 

IH2b 344 1.6 ± 0.1 < 0.1 

IH3a 452 10.9 ± 0.1 16.1 ± 0.2 

IH3b 417 9.1 ± 0.1 12.8 ± 0.2 

IH4a 55 2.0 ± 0.1 < 0.1 

IH4b 58 2.1 ± 0.1 1.0 ± 0.1 

IH5a 168 3.4 ± 0.1 2.7 ± 0.1 

IH5b 154 3.1 ± 0.1 2.7 ± 0.1 

IH6a 79 2.5 ± 0.1 1.5 ± 0.1 

IH6b 130 7.0 ± 0.1 9.6 ± 0.1 

IH7a 12 0.2 ± 0.1 2.0 ± 0.1 

IH7b 16 0.4 ± 0.1 3.7 ± 0.1 

IH8a 13 4.4 ± 0.1 6.5 ± 0.1 

IH8b 14 4.7 ± 0.1 7.1 ± 0.1 

IH9a 126 0.1 ± 0.1 2.2 ± 0.1 

IH9b 129 < 0.1 1.7 ± 0.1 

AC 839 ± 9 72.6 ± 25.6 80.9 ± 14.4 

CNT 246 ± 40 < 0.1 1.5 ± 0.1 

Table 23: Results of the equilibrium batch binding assays with 1000 (middle column) and 100 µg IH 
(right column) in porcine blood plasma additionally compared with the non-selective adsorbents 
activated carbon (AC) and multi-wall carbon nanotubes (CNT). 

 

All in all, although significantly reduced binding capacities were obtained, it is obvious 

that in analogy to the observations made for the IOX-MIPs and -NIPs, polymers 

prepared with 4-VP as functional monomer and DVB as crosslinker revealed the 

highest binding capacities of all prepared polymers. Together with EGME as 

porogen, this may offer the most promising combination toward high capacity 

adsorbents for IOCM. Moreover, as already similarly reported for IOX-MIPs, plasma 

solutions, which were incubated with IH1-IH9 revealed no apparent color change 

after 7  h, which again may be a particular advantage in relation to the “too 

unselective” activated carbon and multi-wall carbon nano tubes. However, in general, 

it is evident that the amount of functional monomer has to be significantly increased 

during the preparation of non-covalent MIPs in order to obtain sufficient binding 

capacities for IH in comparison to IOX. 
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polymer bound IH in UPW [%] bound IH in plasma [%] deviation BCUPW/BCplasma 

IH1a 6.9 ± 0.1 1.0 ± 0.1 6.8 

IH1b 10.8 ± 0.1 1.4 ± 0.1 7.5 

IH2a 1.9 ± 0.1 < 0.1 nd 

IH2b 4.5 ± 0.1 1.6 ± 0.1 2.8 

IH3a 31.9 ± 0.1 10.9 ± 0.1 2.9 

IH3b 33.5 ± 0.1 9.1 ± 0.1 3.7 

IH4a 7.3 ± 0.1 2.0 ± 0.1 3.6 

IH4b 8.6 ± 0.1 2.1 ± 0.1 4.1 

IH5a 5.4 ± 0.1 3.4 ± 0.1 1.6 

IH5b 5.0 ± 0.1 3.1 ± 0.1 1.6 

IH6a 8.2 ± 0.1 2.5 ± 0.1 3.3 

IH6b 15.7 ± 0.1 7.0 ± 0.1 2.2 

IH7a 0.7 ± 0.1 0.2 ± 0.1 4.2 

IH7b 2.2 ± 0.1 0.4 ± 0.1 5.8 

IH8a 5.1 ± 0.1 4.4 ± 0.1 1.2 

IH8b 4.6 ± 0.1 4.7 ± 0.1 1.0 

IH9a  2.9 ± 0.1 0.1 ± 0.1 23.7 

IH9b 2.3 ± 0.1 < 0.1 nd 

AC 99.2 ± 0.8 72.6 ± 25.6 1.4 

CNT 91.2 ± 4.8 < 0.1 nd 

Table 24: Direct comparison of the binding capacities of the investigated IH-MIPs, -NIPs, activated 
carbon (AC) and multi-wall carbon nano tubes (CNT) in UPW and porcine blood plasma incubated 
with 1000 µg IH. 

 

3.4.3 Development and application of analysis methods for the direct 
determination of residual template molecules in MIP-matrices 

In order to examine, whether the above-described absence of an imprinting effect of 

the prepared MIPs for IOX and IH may be at least partially associated with an 

insufficient clean-up of the respective polymers, two analysis methods were 

developed enabling the determination of residual template molecules in MIP-

matrices. Thereby, ICP-OES and TXRF-analysis were applied to quantify the amount 

of residual IH in the prepared IH-MIPs. This not only enables quantitative information 

on the amount of incorporated IH in the MIP-matrix, but also facilitates a statement 

on the extraction efficiency of the applied washing procedures and also the suitability 

of the applied HPLC method in the monitoring of the extraction process. 

Thereby, the findings obtained from ICP-OES measurements and presented in the 

following are adapted from the article “A novel approach for the direct determination 

of residual template molecules in molecularly imprinted polymer matrices” by F. 

Meier, S. Elbert and B. Mizaikoff published in Analytical Methods in 2012[128], 
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whereas the findings obtained from TXRFA were adapted from the bachelor thesis 

“Novel methods for the direct determination of residual template in molecularly 

imprinted polymers” by S. Elbert and supervised by F. Meier. 

 

3.4.3.1 Direct determination of residual iohexol in IH-MIPs via ICP-OES 

ICP-OES is a well-established analysis method for the quantification of iodine in 

various matrices such as e.g., milk[129], algae[130], or waste oil[131]. However, ICP-OES 

has not been applied for the direct determination of residual template molecules in 

MIPs to date. 

 

3.4.3.1.1 Determination of the recovery rate of iodine 

In general, iodine-containing matrices are difficult to analyze due to the high volatility 

of iodine species created e.g., during the digestion, which are predominantly 

elemental iodine and HI. Highly acidic and oxidative digestion environments such as 

the applied combination of concentrated nitric and perchloric acid are capable of 

exhaustively converting these volatile iodine species into non-volatile iodate, which in 

turn ensures high recovery rates[120]. Hence, the influence of the digestion 

environment on the recovery rate of iodine was investigated prior to the 

determination of residual IH. Thereby, no loss of iodine was observed during the 

digestion independent of the fact, whether iodide standard solution or IH solution was 

applied assuming that the initially bound iodine in IH was exhaustively oxidized to 

iodate. This was indicated by the rather excellent recovery rates for both iodine-

containing species (Table 25). The obtained results thereby facilitated the application 

of iodide standard solutions for the quantification of residual IH in MIPs. 

 

  recovery [%] 

I
-
-standard 98.8 ± 6.8 

IH 98.4 ± 6.3 

Table 25: Recovery rates of iodine obtained after digestion. 
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3.4.3.1.2 Influence of the polymer matrix on the recovery rate of iodine 

Matrix effects play an important role during ICP-OES analysis. Consequently, 

precisely matching the matrix composition of the calibration and the analysis solution 

is usually essential for an accurate and reliable determination of the desired 

analytes[132]. Hence, the influence of different NIP matrices on the recovery rate of 

iodine was investigated in order to account for possible matrix effects. For all 

measurements, recovery rates of 95.6 – 112.7% were obtained (Table 26) clearly 

indicating that no distinct differences between the respective NIPs are evident. It 

should be noted that recovery rates > 100% have already been reported during the 

determination of iodine in organic matrices, and usually result from spectral and 

chemical interferences resulting from complex sample matrices[130]. Hence, 

comparable and exhaustive digestion of different polymer matrices may be 

reproducibly assumed. The obtained findings therefore facilitated the application of 

NIP IH11b for all further calibrations, thus simplifying the calibration process. 

 

iodine recovery rate of spiked NIPs [%] 
NIPs used for calibration 

IH3b IH7b IH11b 

95.6 ± 10.7 96.8 ± 8.2 112.7 ± 6.3 IH7b 

96.1 ± 5.7 96.7 ± 5.9 110.7 ± 6.2 IH11b 

Table 26: Iodine recovery rates obtained from three different NIPs spiked with iodide standard 

solution. 

 

3.4.3.1.3 Quantitative determination of residual iohexol via ICP-OES 

ICP-OES analysis enabled the successful quantitative determination of residual IH. 

The obtained results demonstrate that residual template molecules are an 

omnipresent issue in MIPs, and that the mere absence of template in the 

washing/extraction solution does not necessarily correspond to the absence of 

residual template within the MIP matrix, which may be released due to matrix 

swelling, etc., at a later stage. Also for IH, it was shown that extraction was only 

achieved to a certain extent, and hence, that template bleeding during e.g., an 

analytical application of the MIP may not be prevented after using conventional 

extraction approaches. For the investigated MIPs, the average amount of residual IH 

usually ranged in the low µg mg-1 concentration range corresponding to a 

comparatively low percentage of residual IH in contrast to the total amount of applied 
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IH during synthesis of the respective MIPs (Table 27). The comparably high amounts 

of residual IH in IH7a (13.84%) may be regarded as an indication of an incomplete 

extraction process, yet also confirms the substantial dynamic concentration range 

accessible with ICP-OES.  

 

MIP µg IH mg
-1

 polymer residual IH [%] 

IH1a 0.409 ± 0.011 0.64 ± 0.02 

IH3a 0.307 ± 0.022 0.55 ± 0.04 

IH4a 0.690 ± 0.023 1.23 ± 0.04 

IH5a 0.566 ± 0.007 1.38 ± 0.02 

IH7a 6.776 ± 0.053 13.84 ± 0.11 

IH8a 0.309 ± 0.031 0.88 ± 0.09 

IH9a 0.172 ± 0.049 0.47 ± 0.13 

IH10a 0.279 ± 0.044 0.61 ± 0.10 

IH11a 0.194 ± 0.008 0.58 ± 0.02 

Table 27: Residual IH in nine different IH-MIPs determined via ICP-OES. 

 

3.4.3.2 Quantitative determination of residual iohexol via TXRF-analysis and 
comparison with ICP-OES 

ICP-OES has proved to be a powerful tool for the determination of residual IH in IH-

MIPs. However, this analysis method has some drawbacks, such as the microwave-

assisted digestion of the MIP matrix prior to the direct determination of residual 

template molecules via ICP-OES, which is an indispensable additional processing 

step. Moreover, the consecutive application of both methods is not only 

comparatively time-consuming, but also costly particularly concerning the operating 

costs for maintaining the argon plasma. TXRFA, however, may offer an inexpensive 

and fast alternative for the direct determination of residual template molecules in MIP 

matrices, since no digestion step is necessary prior to analysis allowing the direct 

investigation of the native polymer matrix. Hence, the suitability of TXRFA in the 

direct determination of residual IH in the same MIP matrices was also investigated 

and compared with the results obtained from ICP-OES. A comparative study of both 

analysis methods is already described in literature demonstrating that ICP-OES and 

TXRF-analysis are both equally suitable for the determination of iodine in dietary 

supplements and seaweed[133]. However, like ICP-OES, TXRFA has never been 

applied in the direct determination of residual template molecules in MIPs to date. 
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When comparing the findings obtained from TXRFA with those obtained from ICP-

OES analysis, it is evident that, except for IH3a (deviation 0.82), TXRFA usually 

overestimates the amount of residual iodine up to a factor of 2.20 (IH9) (Table 28). 

Hereby, a comprehensive explanation may be the inhomogeneous distribution of 

residual IH within the MIP-matrix, which should be first and foremost located within 

the inner binding cavities, while the applied vanadium standard is possibly enriched 

at the surface of the MIP particles due to adsorption effects. Since TXRFA is a 

surface-sensitive method (i.e., penetration depth of x-rays < 1 µm), this may 

systematically lead to a higher amount of residual iodine in comparison to ICP-OES, 

which is considered the more accurate analysis method due to its excellent recovery 

rates (Table 25 and Table 26). A further systematic error may be evident due to the 

very low amounts of polymer, which were deposited onto the quartz glass carrier 

ranging from 10-97 µg. This is near the lower working range of the applied 

microbalance (1 µg). Hereby, it was evident that the position of the quartz glass 

carrier on the balance had a significant impact on the readable value, hence possibly 

falsifying the obtained results, although the relative standard deviations are not 

remarkably elevated in comparison to those obtained from ICP-OES measurements. 

Besides the already mentioned overestimation of residual iodine, and hence, lower 

accuracy in comparison to ICP-OES analysis, TXRFA proved to be a fast and cost-

effective analysis method basically suitable to replace the solvent-consuming HPLC-

analysis during monitoring of the template extraction. 

 

MIP 
µg IH mg

-1
 polymer residual IH [%] deviation factor 

TXRFA/ICP-OES TXRFA ICP-OES TXRFA ICP-OES 

IH1a 0.596 ± 0.072 0.409 ± 0.011 0.94 ± 0.11 0.64 ± 0.02 1.46 

IH3a 0.250 ± 0.024 0.307 ± 0.022 0.45 ± 0.04 0.55 ± 0.04 0.82 

IH4a 1.130 ± 0.030 0.690 ± 0.023 2.01 ± 0.05 1.23 ± 0.04 1.64 

IH5a 0.937 ± 0.031 0.566 ± 0.007 2.29 ± 0.08 1.38 ± 0.02 1.65 

IH7a 12.609 ± 0.825 6.776 ± 0.053 25.75 ± 1.69 13.84 ± 0.11 1.86 

IH8a 0.554 ± 0.015 0.309 ± 0.031 1.58 ± 0.04 0.88 ± 0.09 1.79 

IH9a 0.379 ± 0.039 0.172 ± 0.049 1.02 ± 0.11 0.47 ± 0.13 2.20 

IH10a 0.399 ± 0.024 0.279 ± 0.044 0.87 ± 0.05 0.61 ± 0.10 1.43 

IH11a 0.356 ± 0.047 0.194 ± 0.008 1.07 ± 0.14 0.58 ± 0.02 1.83 

Table 28: Comparison of the obtained results from TXRF and ICP-OES analysis. 
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4 Conclusions and outlook 

 

After the preparation of eight different MIPs for IOX and nine different MIPs for IH 

and their subsequent comprehensive characterization via BET-analysis, equilibrium 

batch rebinding assays and Scatchard analysis, it may be concluded that none of 

these MIPs reveal a distinct imprinting effect. These findings strongly suggest that 

the preparation of MIPs for highly polar template molecules such as iodinated x-ray 

contrast media remains a challenging task. Particularly the applied non-covalent 

approach with standard functional monomers and crosslinkers such as 4-VP, MAA, 

STR, EDMA and DVB may hereby reach its limits. The main reason for these 

unsatisfactory findings may be found in the application of highly polar porogens. 

Since such porogens are usually capable of strongly interacting with the components 

of the prepolymerization solution particularly via hydrogen bonding, they may 

severely disturb the formation of a sufficiently stable prepolymerization complex 

between the template and functional monomers. As a result, the probability of the 

formation of selective binding cavities may be significantly decreased leading to 

MIPs, which finally show a less pronounced imprinting effect.  

Since an enhanced imprinting effect was already reported with a decreasing 

dielectric constant of the applied porogen[39], the application of EGME was an attempt 

to introduce a porogen, which is not only capable of dissolving all components in a 

polar prepolymerization solution, but also offers a lower dielectric constant than 

commonly applied porogens for the imprinting of highly polar template molecules 

such as e.g., dimethylformamide, dimethylsulfoxide or a mixture of an alcohol 

(ethanol, isopropanol etc.) and water. Hence, with the introduction of EGME, a less 

disturbed prepolymerization complex was assumed, which may lead to MIPs with 

enhanced recognition properties. Although, the MIPs prepared in EGME finally reveal 

no distinct imprinting effect, they show at least significantly enhanced binding 

capacities for IOX and IH in comparison to their counterparts prepared in ISA/UPW 

(4:1, v/v), particularly, when DVB as crosslinker and comparably high amounts of 4-

VP as functional monomer were applied. However, since no distinct imprinting effect 

is evident, a similar statement is also valid for their corresponding NIPs, which 

usually reveal comparable or even slightly enhanced binding capacities and may thus 

be equally suitable for the removal of IOCM. For IOX6a and IOX6b, Scatchard 
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analysis hereby additionally enabled the determination of the binding affinity of both 

the MIP and the NIP toward IOX, thereby clearly indicating that both polymers show 

a comparable heterogeneous binding site distribution with comparable affinities as 

already observed for working MIPs in literature. Based on the obtained results from 

the equilibrium batch rebinding assays with 1000 µg of template, an estimated 

amount of 6.3 g of the polymer offering the highest binding capacity for IOX (i.e. 

IOX10b) would be thereby necessary to completely remove IOX from a regular 

injection containing 550 mg IOX mL-1, however under rather unpractical equilibrium 

conditions. In order to completely remove a similar amount of administered IOX from 

porcine blood plasma, even more IOX10b (approximately 16.7 g) would be 

necessary. For a complete removal of a typical injection of IH (518 mg mL-1), 

significantly higher amounts of polymer would be necessary up to approximately 15.5 

g in UPW (IH3b) and even 47.5 g in blood plasma (IH3a). Hence, the application of 

common unselective carbon-based adsorbents such as activated carbon and multi-

wall carbon nano tubes may be the better choice for the removal of IOCM, since both 

reveal significantly enhanced binding capacities for IOX and IH in comparison to the 

prepared MIPs and NIPs, particularly for IH in UPW. However, whereas activated 

carbon also reveals superior binding capacities for both IOCM in porcine blood 

plasma probably due to the significantly enhanced specific surface area, the binding 

capacities of multi-wall carbon nano tubes drastically decreases in this much more 

complex matrix. Furthermore, discoloration of the blood plasma samples after 

incubation with both carbon-based adsorbents, but particularly with multi-wall carbon 

nano tubes could be observed, although apparently not for the prepared MIPs and 

NIPs. This may be a strong indication that these carbon based adsorbents remove 

more than only the IOCM from porcine blood plasma, at least the colored 

components. This decreased selectivity may hence render them less suitable for a 

further application in human blood, where besides a high binding capacity, a minor 

interaction with blood components is highly desirable. In order to verify the obtained 

qualitative findings, further investigations are certainly necessary. Particularly, deeper 

knowledge of the blood plasma and the development of analysis methods for its 

components may hereby be beneficial toward a more quantitative approach for the 

evaluation of novel adsorbents for IOCM.  

Based on the obtained findings from the equilibrium batch rebinding assays the 

question arises, whether the absence of a distinct imprinting effect may be explained 
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by an insufficient template extraction prior to the application of the MIPs and 

moreover, whether the applied HPLC analysis is basically suitable for the monitoring 

of the complete extraction process. Thereto, with ICP-OES and TXRF-analysis, two 

independent analysis methods were introduced in order to enable a direct and 

quantitative determination of residual iodine in several IH-imprinted polymers of 

different composition. Thereby, prior to ICP-OES analysis, a microwave-assisted 

digestion method was established simultaneously enabling the exhaustive digestion 

of the MIP matrix along with excellent recovery rates for iodine. The obtained results 

demonstrate that despite an exhaustive extraction, a very low percentage of residual 

IH (0.47 – 1.38%) usually remains entrapped in the MIP matrix independent from its 

composition having the potential to contribute to the so-called template bleeding.  

With the accurate and reliable determination of residual template molecules, ICP-

OES enables a widely applicable approach to monitoring the extraction process of 

template molecules in MIPs. Particularly toward the determination of residual metal-

ions in metal-ion imprinted polymers, ICP-OES analysis may be an excellent choice 

due to the very low limits of detection (LODs < 30 µg L-1). Thereby, suitable metals 

may be e.g., Mg (as e.g., in chlorophyll-MIPs[103]), Zn and Pt (as e.g. in metal-ion 

imprinted polymers[134,135]) or Fe (as e.g., in hemoglobin-MIPs[136]. However, also 

template molecules containing non-metal elements such as e.g., chlorine (as e.g., in 

2,4,5-trichloro-phenoxyacetic acid[137]), sulphur (as e.g., in N,N′-didansyl-L-

cystine[138]) or phosphor (as e.g., in phosphorous esters[139]) may be satisfactory 

accessible to ICP-OES analysis (LODs < 200 µg L-1, LODs obtained from Horiba 

Jobin Yvon for the most sensitive emission line of the respective element in pure 

water).  

In comparison to ICP-OES, TXRF-analysis enables a fast and direct, however, less 

accurate determination of residual iodine in IH-MIPs. Thereby, TXRFA facilitates 

particularly easy sample preparation and low required sample quantities (< 1 mg) at a 

comparable sensitivity (TXRFA: experimental LODiodine: 180 µg L-1; ICP-OES: 

experimental LODiodine: 370 µg L-1 at 178.276 nm[133]) and application area as known 

from ICP-OES. TXRFA may thus be established as a routine tool for the analysis of 

MIPs after a seemingly complete extraction process. Hereby, both analysis methods 

may not only be capable of replacing the solvent-consuming and often less sensitive 

HPLC analysis, but may also pave the way toward more sophisticated template 

removal strategies from imprinted polymer matrices. 
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All in all, based on the obtained findings during this thesis, it may be concluded that a 

possible way to enhance the binding capacities for IOCM, particularly for IH may be 

the preparation of polymers with even higher amounts of 4-VP as functional 

monomer, DVB as crosslinker and EGME as porogen. Thereby, the presence of the 

template molecule during the polymerization is not mandatory any more, not only 

leading to significantly reduced costs in the preparation, but also reduce the 

proceeding of thus prepared polymers, since no time-consuming extraction of the 

template prior to application would be necessary. However, this conclusion shall not 

be seen as a sign that molecular imprinting is per se unsuitable for the preparation of 

selective scavenging materials for IOCM in a highly polar environment. It shall rather 

indicate that these kinds of template molecules are not easily accessible to a 

successful molecular imprinting, when conventional functional monomers are 

applied, whose interactions with the template molecule are first and foremost based 

on hydrogen-bonding and π-π-stacking. Here, functional monomers, which may 

provide sufficiently strong ionic-dipole interactions with the template molecule such 

as e.g., (3-Acrylamidopropyl) trimethylammonium chloride (APTMA) may facilitate the 

formation of a stable prepolymerization complex even in a polar environment and 

may thus, be more suitable.  

The most promising, but also most ambitious approach toward the preparation of 

MIPs for IOCM may certainly be covalent imprinting, since both, IOX and IH offer 1,3-

diol groups, which are predestinated for an esterification with polymerizable boronic 

acids such as e.g., 4-vinyl phenylboronic acid (4-VPBA) (Figure 42). Subsequent 

polymerization may hereby provide scavenging matrices with excellent rebinding 

properties particularly in an aqueous environment as already reported for a variety of 

other highly polar template molecules such as e.g., galactose[140] and fructose [141,142], 

but also glycoproteins[143]. However, the preparation of IOCM-boronic acid esters is 

not only an additional, but also critical synthesis step, as the successful preparation 

of boronic acid esters strongly depends on the applied synthesis conditions. 

Furthermore, the rebinding kinetics of thus prepared covalently imprinted polymers 

are known to be slower than for MIPs prepared via the non-covalent imprinting 

approach[37], especially, when three esterifiable 1,3-diol groups are available in the 

template molecule as known for IH. However, for a possible final application in a 

blood dialysis system, fast rebinding kinetics of the MIPs would be highly beneficial. 

This will have to be subject of upcoming studies. First attempts toward the 



 113 

preparation of covalently imprinted polymers for IH, particularly concerning the 

preparation of the IH-boronic acid ester are already described by S. Elbert in his lab 

project report. 

  

 

 

Figure 42: Basic synthesis scheme toward the covalent imprinting of IOCM, exemplarily shown for IH. 
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6 Appendix 

 

Detailed synthesis protocols of the prepared IOX-MIPs: 

 

IOX3 

  EGME IOX MAA DVB AIBN 

mol. Ratio  1 16 80  

mmol  0.1 1.6 8  

mg  155 138 1042 40 

ml 3.5         

            

IOX4 

  EGME IOX 4-VP DVB AIBN 

mol. Ratio  1 16 80  

mmol  0.1 1.6 8  

mg  155 168 1042 40 

ml 3.5         

            

IOX5 

  EGME IOX 4-VP DVB AIBN 

mol. Ratio  1 8 80  

mmol  0.1 0.8 8  

mg  155 84 1042 40 

ml 3.5         

            

IOX6 

  EGME IOX 4-VP DVB AIBN 

mol. Ratio  1 32 80  

mmol  0.1 3.2 8  

mg  155 336 1042 40 

ml 3.5         

            

IOX7 

  EGME IOX 4-VP EDMA AIBN 

mol. Ratio  1 16 80  

mmol  0.1 1.6 8  

mg  155 168 1586 40 

ml 3.5         
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IOX8 

  EGME IOX Styrene DVB AIBN 

mol. Ratio  1 16 80  

mmol  0.1 1.6 8  

mg  155 167 1042 40 

ml 3.5         

            

IOX9 

  ISA/H2O IOX 4-VP DVB AIBN 

mol. Ratio  1 32 80  

mmol  0.1 3.2 8  

mg  155 336 1042 40 

ml 5         

      

IOX10 

  EGME IOX 4-VP DVB AIBN 

mol. Ratio  1 32 40  

mmol  0.1 3.2 4  

mg  155 336 793 40 

ml 3.5         
 

A1: Synthesis protocols IOX-MIPs. 

 

 

A2: Exemplary calibration curve for the quantification of IOX in UPW via HPLC. 
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A3: Exemplary calibration curve for the quantification of IOX in porcine blood plasma via HPLC. 

 

 

Detailed synthesis protocols of the prepared IH-MIPs: 

IH1 

  EGME IH 4-VP DVB AIBN 

mol. Ratio  1 16 80  

mmol  0.2 3.2 16  

mg  164 336 2083 40 

ml 7         

      

IH2 

  EGME IH 4-VP DVB AIBN 

mol. Ratio  1 8 80  

mmol  0.2 1.6 16  

mg  164 168 2083 40 

ml 7         

      

IH3 

  EGME IH 4-VP DVB AIBN 

mol. Ratio  1 32 80  

mmol  0.2 6.4 16  

mg  164 673 2083 40 

ml 7         
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IH4 

  ISA/H2O IH 4-VP DVB AIBN 

mol. Ratio  1 32 80  

mmol  0.2 6.4 16  

mg  164 673 2083 40 

ml 5         

      

IH5 

  ISA/H2O IH 4-VP EDMA AIBN 

mol. Ratio  1 32 80  

mmol  0.2 6.4 16  

mg  164 673 3171 40 

ml 5         

      

IH6 

  ISA/H2O IH 4-VP DVB AIBN 

mol. Ratio  1 64 80  

mmol  0.4 25.6 32  

mg  328 2691 4166 80 

ml 10         

      

IH7 

  ISA/H2O IH MAA DVB AIBN 

mol. Ratio  1 64 80  

mmol  0.4 25.6 32  

mg  328 2204 4166 80 

ml 10         

      

IH8 

  ISA/H2O IH 4-VP EDMA AIBN 

mol. Ratio  1 64 80  

mmol  0.4 25.6 32  

mg  328 2691 6342 80 

ml 10         

      

IH9 

  ISA/H2O IH MAA EDMA AIBN 

mol. Ratio  1 64 80  

mmol  0.4 25.6 32  

mg  328 2204 6342 80 

ml 10         
 

A4: Synthesis protocols IH-MIPs. 
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A5: Exemplary calibration curve for the quantification of IH in UPW via HPLC. 

 

 

A6: Exemplary calibration curve for the quantification of IH in porcine blood plasma via HPLC. 
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